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Preface

We are very pleased to present this book to the English speaking readers. Any author

is contented to have his book published by the world-known Springer publishing

house, which has published most fundamental scholar works. It is also important for

us because we have already published our two previous monographs in Springer

Series in Materials Science: A.D. Pomogailo and V.N. Kestelman, Metallo-
polymer Nanocomposites, (Springer, Berlin Heidelberg: New York, 2005) and

A.D. Pomogailo, G.I. Dzhardimalieva, and V.N. Kestelman, Macromolecular Metal
Carboxylates and Their Nanocomposites, (Springer, Berlin Heidelberg, 2010).

Publishing of this book was initiated by Sonia Ojo, Senior Editor of Springer UK

publishers, who proposed to us writing this book in April 2008 at the Congress of

American Chemical Society in New Orleans, and we are endlessly thankful to her

for tolerance to delays which were inevitable under conditions of permanent time

pressure during writing of this book.

A credit for making this book cannot be given just to the authors. We are grateful

to our colleagues for daily help. Our colleague, Dr. of Chemical Science

Aleksander Rozenberg (1942–2009) was at the upstream of these studies. We

only had time to discuss a plan of this work with him.

We hope that this book will be useful for novices in science, because it has

relatively simply written introductions to each chapter, and also for specialists

experienced in nanoparticle and nanocomposite development, since it contains a

great deal of references to original works in highly rated journals. In this connection

we apologize to the authors whose works are not referred to in this book, because

their remarkable works are inadvertently missed in this publication for the sake of

avalanche of publishing activity (predominantly since 2000).

Chernogolovka, Moscow Region Anatolii D. Pomogailo

Russian Federation Gulzhian I. Dzhardimalieva

May 2014
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Chapter 1

General Introduction

The nanocomposite science concerning the class of composite materials, whose

typical feature is nanometer size of their structural elements (metal particles, their

oxides, chalcogenides, carbides, nitrides, etc.) has appeared in the last decades of

twentieth century at the junction of different fields of knowledge: physical, organic,

colloid, polymer chemistry, biology, and materials science. One of the driving

forces of this is that extensive ways of materials science development have under-

gone essential depletion, giving way to searching for methods of improvement and

modifying of materials properties, miniaturization of their structural elements.

Along with continuous perfection of the known composites, which provide techni-

cal and economic effect due to unique combination of properties, some tends appear

in development of new materials actively interacting with environment. These

materials are called “intellectual”, “smart”, “wise”, “integral”, etc. due to their

ability to “sense” their physical state, environmental impacts, and react in special

way to these “sensations”, i.e. self-diagnose nucleation and growth of a defect,

make its correction, and stabilize a material state in critical zones. Due to variety of

properties of the “intellectual” materials they can be used in different structural

elements, for example in air-space technique (cases, fairings, compartments, fric-

tional units, etc.), and they will allow one to control and predict a state of different

articles and structures in a required time and even in difficultly accessed parts, to

improve significantly life time of the systems, as well as reliability [1].

Successes in chemistry and technology of nanometer materials science have

brought to outbreaking development in many fields in science and industry. General

laws of formation of nanoparticles, methods of their optimization and manipulation,

special methods of fabrication of articles based on these materials, main fields of their

applications have become clear. It follows from expertise of specialists that in the

following 20 years 90 % of contemporary materials used in industry will be replaced

by new ones, in particular, “intellectual”, which will allow development of structures

and devices, and will provide technical progress in twenty-first century. We shall

highlight three main advantages of the nanocomposites as compared to conventional

composites: they have lighter weight due to lower content of a filler; lower cost due to
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less amount of a filler, improved properties (including mechanical, thermal, optical,

electric, barrier, etc.) [2]. While having higher operating characteristics, they envis-

age weight reduction of articles by 30–50 %. Under given operating conditions and

increase in loading an element based with the same weight on these materials pro-

vides increment in rigidity by 60–80 %, increment in reliability by 20–25 %, and

increase in guarantee term by 60–70 % as compared to conventional composites. The

key advantage of nanocomposites is that a possibility of improvement of their

properties without change in technological conditions, and procedures of surface

modifying can be quite easily integrated into the technological process. Providing

that, the surface treatment methods are preferred, because often particularly the

surface characteristics determine quality of a whole article [3]. Besides, with account

for economic aspects, modifying of a surface is more attractive as compared to the

ways of change in bulk characteristics of materials and articles. This approach makes

it possible to use most efficiently combination of properties of a basic material and

the modified surface layer or modification of articles.

Though definitions “nanocomposites”, “nanomaterials”, “nanofillers” used for

description of materials are introduced relatively recently, these materials exist for

a long time. For example, soot is used as reinforcing filler for rubber since 1904.

Roman masterpiece of fourth century known as Lykurgus cup is made of glass with

suspended nanometer (~70 nm) gold and silver particles in the ratio 3:7. The cup

shows unusual properties of dichroism, which appears in green in reflected rays and

in red in transmitted light [4]. It has recently been shown that Maya blue dye used

from ancient times is nanostructural hybrid material: needle-shaped palygorskite

crystals H10Mg2Al2Si7O24.4H2O form superlattice with the period 1.4 nm, and Mg

crystal nanoparticles are impregnated in this matrix. Beautiful blue light appears only

in presence of Mg nanoparticles, indigo molecules, and palygorskite superlattice.

Sizes of the nanoparticles are also important, in many cases it can be found by a

change in color of solution. For example, in the systems with Faraday red gold sol

stabilized with formaldehyde color of the solution changes from red to blue due to

aggregation of the nanoparticles [5]: red (Au particle size is 23.7� 0.9 nm), violet

(24.3� 0.7 nm), lilac (32.5� 1.4 nm), and blue (33.2� 2.0 nm). Since 1940 SiO2

nanoparticles are widely used in many articles, and since 1960 metal nanopowders

have been developed [6]. In 1989 [7] it was shown that compacts of fine crystallites

(~10 nm) have unique physical properties, which can be used in engineering. The

term “polymer nanocomposite” has a clear definition. Nanocomposite is a product of

combination of at least two different materials with a distinct interface boundary; at

least one of them should have nanometer sizes (1–100 nm) no less than in one

direction. This also concerns distances between layers and nets formed by polymer

and inorganic ingredients [8]. In other words, polymer nanocomposite is a two-phase

material in which organic and inorganic phases are mutually distributed at the nano-

level. Although dimensional range of structural elements of the particles is to some

degree conditional, it is comparable with correlation radius of one or other chemical

or physical phenomenon (for example, free path of electrons, phonons, coherence

length in a superconductor, sizes of magnetic domain, or nuclei of a new phase, etc.),

in these systems so called dimensional effects manifest themselves. Nowadays many
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materials can be obtained at the nano-level with usage of high-energy impacts,

electric deposition, spray-pyrolysis, gas phase, vacuum and sol-gel technique, hydro-

thermal and aerosol processes, intercalation, and micellar templates, chemical

reducing agents, etc.

Hybrid organic-inorganic nanostructural materials occupy more and more free

space remained between inorganic and polymer chemistry and biology, progress in

this area depends significantly on competence of materials scientists for develop-

ment of contemporary nanomaterials, the task is not only in creation of

nanostructures, and in reaching the best knowledge of properties of these ensem-

bles, but in processing and controlling of their assembling in any form, in knowl-

edge of its structure at different spatial levels. Thus, the main key to development of

new hierarchically organized hybrid materials is not only in control of the origin,

but also of sizes of the nanoparticles, availability of interior interfaces of a

nanocomposite. Despite variety of methods of production of nanocomposites it

has been found that all versatility of synthetic approaches to preparation of nano-

meter particles and their self-assembling can be reduced to two principally different

ways: “top-down” (descending way) and “bottom-up” (ascending way). The first of

them appears in various ways of grinding of coarse particles to nanometer, the

essence of the “bottom-up” way is in assembling of nanoparticles from different

atoms (or ions with the following reduction) to nanoparticles of a given size in

presence of polymer matrix (or its precursor). The latter method, which is consid-

ered in this monograph, is more widely used due to its variability and potential

abilities than the dispersion method. A researcher can predict in advance properties

of obtained nanoparticles: he can choose a content and properties of initial com-

ponents, stabilizing agents, can estimate their role, predict conditions of nucleation

and growth of the nanoparticles at each stage, thus constructing designed materials.

Properties, which can be reached in these materials, depend strictly in synergetics

between organic and inorganic origin of components and are, undoubtedly, defined

by nano/microstructure and degree of its ordering.

In turn, formation of metal-polymer nanocomposites can be implemented by two

main methods: “wet” and “dry”. The first of them is characterized by one compo-

nent (or at least at one stage of the multistage process) being used as a solution or

dispersion in a solution. The dry method is characterized by entire elimination of a

solvent from the technological process. Due to poor solubility of the components,

and in some cases chemical instability of them, and due to difficulties of the

following removal of some solvents, including ecological aspects, the “dry” method

of producing metal polymer nanocomposites is preferred.

Most scientific works are focused on synthesis of polymer nanocomposites and

studying of their physical and mechanical characteristics required by operating

conditions. Nanocomposites based on thermoplasts or reactoplasts reinforced by

nanometer particles or intercalated layers, are actively studied. Nanofillers can

present in significant amounts in the interface zone providing strong interaction due

to interatomic binding forces: Van-der-Waals in chemical (metal) bond, while in the

case of micron particles the fillers concentration in a transition layer is considerably

lower. Realization of chemical bond in a contact is a thermomechanical activation
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process, which goes due to fluctuations of groups or individual atoms in a solid phase

topochemical reaction. A structure of semi-crystalline polymer matrix depends not

only on prehistory of the treatment, but on presence of nanoparticles having effect on

kinetics of crystallization and final morphology. Understanding of the composite

reinforced by nanoparticles phenomenon requires profound studies, and will advan-

tage reinforcement of more complicated anisotropic structures in polymer composite

systems.

Though many fields of their application are based on properties of individual

nanoparticles (sensors, medical diagnostics, homogeneous catalysis, etc.), there are

many important fields in which self-organized nanoparticles are needed

(nanoelectronics, optoelectronics, heterogeneous catalysis, etc.). The same also

concerns bio-inspired strategies of imitation (“simulation”) of growth in biominer-

alization processes, development of innovated multi-scaled structural hybrids (from

nano- to multimeter scales) hierarchically organized at the level of structures and

functions.

Historically reduction of metal ions to nanoparticles is related to Faraday, who

discovered chemical reduction of gold ions in presence of gelatin in 1857, which

has still a great value, another important stage in development of this approach is

connected with Turkevich name [9], who for the first time realized reproducible

synthesis of Au nanoparticles (20 nm) via reaction of cytrate reduction of [AuCl4]
�,

etc. [5]. Among the most widely used contemporary methods there is “diborane”

method of production of Au55(PPh3)12Cl6 (1.4 nm) nanoclusters stabilized with

phosphine ligands, the method of reduction by alcohols (so called polyolic process)

with usage of polyvinyl pyrrolidone, polyvinyl alcohol, etc. as stabilizers.

On the whole, synthesis of nanoparticles of a given diameter with almost

monodisperse size distribution and low degree of agglomeration is limited by two

boundary conditions: precise control over nucleation and growth of a nucleus and

efficient suppression of agglomeration. The most important task of increasing

resistance to aggregation of highly reactive nanoparticles with highly developed

surface is their surface passivation by different stabilizers. At early stage of the

studies low molecular organic compounds (carbonic acids, alcohols, amides, etc.)

and natural polymers (gelatin, cellulose, starch, gummiarabic, agar-agar, etc.) were

used. A new stage in materials science deals with usage of synthetic polymers: a

possibility of steric stabilization is caused by the fact that spatial dimensions of

even relatively low-molecular compounds are comparable with the radius of action

of London attraction forces or even greater. On the one hand, regulation of stability

of nanoparticles by polymer surfactants is the most important part of the polymer

colloids modern science which studies laws of formation of disperse systems with

highly developed interface surface, various surface phenomena on interface bound-

aries and adsorption of macromolecules from liquid media on solid surfaces

[10]. As a result of steric stabilization the nanoparticles will be surrounded by a

protective barrier, a continuous layer of solvated polymer links, and a colloid

system becomes unlimitedly stable as long as the protective layer remains

undamaged. In the systems with high concentration of disperse phase thermody-

namically stable spatial structures form spontaneously as a result of particles
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linking in dispersion medium: liophobic nanometer particles are allegedly arranged

in a web of protective polymer. On the other hand, at this stage already the main

demands to structuring and optimizing of metal polymer nanocomposites can be

taken into account. Chemical reduction of metal ions in water and non-water

solutions in presence of polymers playing a role of stabilizing matrix and/or

reducing agents is the most widely spread method in strategy of condensation

synthesis of nanocomposites. Very attractive are the methods simultaneously

using a stabilizing polymer ligand also as a reducing agent. Advantages of this

approach are obvious. It is replacement of some toxic reducing agents, lower cost,

higher efficiency, etc. Most often for these purposes are used polymers whose

molecules contain a great deal of different functional groups (polysaccharides

[11], humic substances [12], peptides, etc.). Promising systems for these purposes

are block-co-polymers, polymer linked hydro-gels working as nanoreactors in

synthesis of colloid metal particles.

One of universal condensation methods of fabrication of nanoparticles stabilized

by oxide inorganic or polymer matrix is sol-gel method based on hydrolysis and

condensation of metal alkoxides including different modifications of the method. A

special interest is in materials, which are obtained by combination of sol-gel

chemical methods with aerosol and spray processes, combination of reactions of

polymerization and sol-gel synthesis in which inorganic phase, monomers and

polymer links are captured inside oxide net. These self-organizing systems are

characterized by strong interface interactions between inorganic and polymer

components, they are convenient methods for preparation of organic-inorganic

nanocomposites of different types. Polymer-inorganic materials in which

nanoparticles can reach 10 nm have high mechanical strength and thermal stability.

They have already found their place in various contact lenses, optical wave-guides,

printing lithography, heat-resistant coatings, memory and printing units, chemical

filters, solid electrolytes, biosensors, semiconductors, catalysts of different reac-

tions, etc. The sol-gel process is very flexible and versatile by types of possible

reaction products, motivation of this direction is structuring at the stage of fabrica-

tion of materials with given properties, in the recent years special attention has been

focused on composites based on heteroelemental ceramics.

The methods of production of hybrid nanocomposites from polymer solutions

and in situ polymerization in combination with delamination and exfoliation,

special type of topo-chemical reactions were discovered in the mid of the last

century. In early 1990s a convenient method of their fabrication was obtained on

example of PEO (polyethylene oxide) and MMT (montmorillonite), which advan-

tageously demonstrated intercalation process in a polymer melt and potential

applications of the formed products in solid phase electrolytes of recharging lithium

accumulators.

However, a promising commercial strategy in this problem formed after a team

of researchers from Toyota had found unprecedented strengthening of mechanical

properties of polymer layered nanocomposites based on nylon, which had

extremely big surface contacts of ingredients and high aspect ratio reached in

intercalation/exfoliation process, and high homogeneous dispersion of silicate
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plates in polymer matrix. These functional materials relate to nanocomposites, on

the one hand, because of nanometer (1–5 nm) galleries of layered silicates, dis-

tances between nets and layers formed by polymer and inorganic ingredients, and,

on the other hand, because of sizes of exfoliated fragments. A polymer is integrated

into interlayer space of a smectite by penetration from a solution/melt with the

following delamination and exfoliation with in situ formation of mineral

nanoparticles, which are individually distributed in the polymer. Exfoliation is

accompanied by formation of monolayers of nanometer thickness with high shape

anisotropy. Thus, in this process formation of three main types of hybrid phase

composites is possible: microcomposite with separated phases (traditional mate-

rial), intercalated (including a flocculated one), and exfoliated nanocomposites.

Intercalation of organic ingredient in inorganic materials with limited interlayer

space, which preserves a layered structure, is, on one hand, a perfect way of

structuring of organic-inorganic ensembles, and, on the other hand, proposes

additional possibilities for studying of physical-chemical properties of these sys-

tems. Nanocomposites of intercalation type based on polyamides are of great

interest due to their special properties and they are used as structural, flame-

resistant materials; their enhanced barrier characteristics, chemical resistance, low

penetrability for solvents, flame-resistance attract interest not only from scientific

but from industrial point of view. The driving force of intercalation process is a

decrease in free energy of a system: enthalpy changes due to intermolecular

interactions, while entropy changes due to configuration interactions, and enthalpy

is a dominant factor. Special place have host lattices with electron conductivity

(semiconductors based on layered metal oxides, their chalcogenides, etc.), which

undergo redox reactions with electron or ion transport causing substantial change in

physical properties during intercalation.

Typical methods of production of intercalated composites, which are analyzed in

this book, can be reduced to in situ polymerization (solution mixing); mixing in

suspension, latex compounding, and direct intercalation in a polymer melt (reactor

mixing). The simplest methods of intercalation of polymers into inorganic struc-

tures are one-staged emulsion and suspension polymerization, interlayer blocked

radical poly- and co-polymerization of traditional monomers in presence of differ-

ent organophilic minerals. A special place in this problem have orientation control

of a guest-molecule in intercalation system of a host, inter-lamellar catalytic,

oxidizing-reduction polymerization, intercalation assembling, reactor mixing, etc.

Architecture and morphology of intercalated nanocomposites are studied in detail.

Many original approaches are developed for obtaining of nanocomposites based on

epoxy resins and layered silicates, a balance between intercalation and solidifica-

tion rates is optimized. However, many problems of intercalation chemistry of

reactoplasts are yet to be solved. Hybrid self-assembling nanocomposites formed

as multilayers are developed substantially; very different approaches to layered

assembling are realized. This strategy allows fabrication of very different combi-

nations of materials of semiconductor metal-insulator structures with nanometer

sites and unusual properties, which is favored by a close contact between compo-

nents and strict molecular ordering. And finally, a special attention is attracted to
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hybrid nanocomposites with periodic nanostructure of semiconductors based on

dichalcogenides of metals of MS2 type. They have special optical, electric, and

other properties making them promising for applications in microelectronics.

Intercalation chemistry has a great potential for structuring of hybrid polymer-

inorganic nanocomposites, which is far from its realization, and this is a reason for

intense development of research work in this field.

Many-sided, convenient and well-reproduced method of formation of

nanocomposites is thermolysis of suitable precursors. Under certain conditions

this process is ecological and easily controlled. One of practical directions of

pyrolysis is polymer waste utilization. Its most interesting application is production

of carbon nanomaterials, various ceramics, nanocomposites with “core-shell” struc-

ture. On the other hand, thermolysis is a complicated process in which all spectrum

of chemical transformations of polymers takes place: destruction, linkage of chains,

transformation of functional groups and intermolecular regrouping. At the stage

of thermolysis it is convenient to integrate different dopants in polymers, including

metal containing, which change mechanism of thermolysis, and bring to obtaining

of a range of interesting products. The same concerns metal-forming precursors

(metal containing monomers), including the ones chemically bound with polymers

containing “active” functional fragments (carboxyl, amino-, amido-, imino-,

nitrilo-, oxy-, and other groups). Thermal transformations of these macromolecular

metal complexes have begun being studied just recently, as does thermolysis in

conjugated processes, on examples of self-regulated stabilization of highly disper-

sion metal particles in the metal containing precursor—monomer system with the

following polymerization and thermolytic transformations. These systems are

characterized by general picture of transformations consisting of a consequence

of three main different by temperature macrostages: dehydration (desolvation)

of initial metal-monomers (403–473 K); the stage of solid phase homo- and

co-polymerization of dehydrated metal-monomer (monomers) (473–573 K); decar-

boxylation of formed metal-polymer to metal containing phase and oxygen-free

polymer matrix at the temperatures >523 K.

Kinetics of thermal transformations of metal polymer systems is described by

macro kinetic equations with account for mechanisms of reactions (decomposition

model) in low and high temperature areas (including reactions accompanying

burning of polymers, components of solid propellants, polymer bindings for ther-

mal protection of spacecrafts, etc.). These processes go with external or internal

heating, either under isothermal or non-isothermal conditions in closed or open

system. Depending on the solving problems, different methods of control over a

degree of transformation are possible, which predetermine a choice of instrumen-

tation for experimental study of thermolysis: thermogravimetry, linear pyrolysis,

volumometry, impact of high energy irradiations, spray (spattering pyrolysis),

the processes are studied in precursors and in polymer matrices, in which they are

integrated. A significant interest is in mono-disperse magnetic heterostructures like

MFe3O4 (M¼Ag, Au, Pt, Pd), polymer-mediated thermosynthesis of multimetal

alloys and ceramics, and computer modeling of kinetics of nanoparticle formation

during solid state thermolysis for obtaining nanocomposites of a given content.
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Gas phase methods of synthesis are based on homogeneous nucleation of

supersaturated vapor and the following growth incited by encountering and con-

densation. Supersaturated vapor can be generated in different ways depending on

chemical origin of a precursor, but most often this is realized by heating of a solid

matter. Depending on a character of heating and cooling, the methods of flame

pyrolysis, heating and evaporation in continuous reactors (Ag, Ga, Al, PbS, Pb, Si,

Ge), methods of pulsed laser evaporation of metals in inert gas atmosphere (He or

Ar) and reacting gases (О2, N2, NH3, СН4) with forming of nanocrystalline oxides,

carbides or nitrides, etc. Content and size of the nanoparticles in them can be

controlled by change in pressure, content of atmosphere, power of a laser pulse,

temperature gradient between evaporated target and a surface, on which the vapor is

condensed. Due to high temperatures of synthesis strong aggregates often form,

which are not easily separated to initial particles. There are also limitations to

formation of multicomponent phases because of significant fraction of segregation

processes at high temperatures.

Plasmochemical methods are widely used. High rates of formation and conden-

sation of a compound and quite high efficiency are provided by plasmochemical

synthesis. The main drawbacks of this method are wide spread size distribution and

high content of impurities in a powder. Very fine powders of titanium, zirconium,

hafnium, vanadium, niobium, tantalum, boron, aluminum and silicon, titanium

nitrides; titanium, niobium, tantalum, tungsten, boron, and silicon carbides;

magnesium, yttrium, and aluminum oxides are produced.

Production of metal nanoparticles and nanostructured materials under impact of

high energies on a chemical system is related to generation of highly active

reducing agents such as electrons, radicals, and excited particles. The main advan-

tage of photo and radiation-chemical reduction is a possibility of synthesis of

nanoparticles in different media, including solid ones (for example, polymer

matrices, films), and at low temperatures with high reproducibility. Methods of

production of nanocomposites using the effect of microwave or sonic-chemical

impact give rather short reaction times, provide fine particles with narrow size

distribution. For example, rapid and uniform heating under microwave irradiation

causes efficient reduction of Au and Pd nanoparticles on the surface of oxides in

presence of poly(ethylene glycol) and poly(vinyl-2-pyrrolidone) with homoge-

neous dispersion [13].

Therefore, the “bottom-up” synthetic strategy provides production of hybrid

nanocomposite materials including a way from molecular precursors or nano-

structuring blocks of a given structure to final products in shape of fibers, films,

or monolith. Design of these materials can be supplied by formation of complicated

hierarchical structures in combination with usage of a template technology

(micropattering) and “bottom-up” methods (Fig. 1.1). Combination of different

approaches provides unlimited possibilities for design of hybrid architectures and

new materials for various application fields, smart membranes, new catalysts and

sensors, new generations of photovoltaic and solar batteries, micro-optical and

optoelectronics components and systems, drug delivery systems, etc. [14].

8 1 General Introduction



In the recent years particles, which take place in different biologic processes, play

a special role in nanometer composites. Interaction of nanoparticles with biopolymers

is very important in fermentative catalysis, biosorption, biohydrometallurgy,

geobiotechnology, etc. For this purpose are used: peptides and natural or synthetic

proteins obtained by chemical methods or genetic modification of microorganisms or

plants, nucleic acids (including synthetic ones), biodecomposed complex polyethers,

such as poly lactic acid and its derivatives, oligo-hydroxyalkanoates, hydroxyapa-

tites, synthetic and natural (vegetable or animal) polysaccharides, cellulose and its

derivatives, alginates, dextranes, gummiarabic, etc.

Almost all synthetic and nano-materials science approaches considered in this

book are more or less typical of production of biocomposites. Especially important

their application is in medicine, this is a basis for progress in diagnostics and

therapy at cellular and genetic levels. Thus, vegetable biomasses and extracts are

widely used in the methods of metal ion reduction in mass and extra-cellular

production of nanobiocomposites. At that molecular components of biomasses

stabilize simultaneously the formed nanoparticles. And, though rates of biogenic

syntheses are, as a rule, lower than in reactions of chemical reduction, their

advantage is simplicity and minimization of a number of technological cycles,

realizing of green chemistry principles at all stages including formation of biocom-

patible non-toxic products applicable in biomedicine. Soft conditions for synthesis,

aqua media, and quite high product yield make plant-mediated processes attractive

for scaling, including disposal of toxic metals and radionuclides from wastes. The

processes with bacteria participation, oppositely to those involving vegetable

objects, demand special stage of cellular cultivation and they are characterized by

high selectivity and molecular control over metabolic processes providing repro-

ducible synthesis of nanoparticles. The same relates to highly specific structures
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Fig. 1.1 The main synthetic strategies for production of nanocomposite materials
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such as enzymes and proteins incorporated in bacterial membranes. Processes of

biosorption of metal ions by microorganisms are characterized by rather high rates,

and bioreduction goes far slower. However, methods of molecular engineering

make it possible to design templates which have high affinity to some type of

metal ions, for example, to Au(III). Development of integrated materials based on

biomolecules and inorganic nanoobjects and assembling of these systems into

functional devices makes a basis for nanobiotechnology.

There is an interesting usage of sol-gel technologies providing production of

biotechnologically important ferments, biosensor constructions, and ferment

electrodes, components of bioactive optical detectors, lipid bi-layer vesicles, encap-

sulating agents for drug delivery and adsorbents for pharmaceutics and cosmetics, etc.

Sol-gelmethod is realized for immobilizing of ferments acting as bioreactors. Organic

polymers are widely usedmaterials for replacement of soft tissues, though they do not

have biological activity, they are most often bio-tolerant. At that, intermediate tem-

peratures and soft conditions of hydrolysis and condensation – polymerization of

monomer metal alkoxides allow capturing of proteins at the stage of matrix formation

without their denaturation. Coating of implants surface made ofmetal alloys advances

their integration in bone tissue and binding with it. Nanocomposites form bioactive

ceramics and resolved polymer implant are successful in regeneration of bone tissue,

in development of frames in bone tissue engineering.

Bioactive materials based on calcium phosphates (hydroxyapatite and

tri-calcium phosphate) and glass/glass-ceramics are widely clinically used in den-

tistry and orthopaedics. Reconstruction of a damaged tissue, artificial substrate for

cell growth, locally active drug delivery system with regulated loading and releas-

ing kinetics are the most widely used application fields of bionanocomposites.

Sol-gel processes are the most widely spread ways of formation of structural

bionanocomposite materials in living nature, preferably similar to polymer sol-gel

synthesis. Moreover, many of them are borrowed from living nature and are used by

it for many different bioprocesses, biosorption, biomineralization, construction of

natural composite materials having hybrid structure, for example, bone, borosilicate

glasses, etc. During bio-concentration—biomineralization organic matrix (tem-

plate) performs control over nucleation, growth processes and formation of inor-

ganic materials with perfect morphology; this is used for creation of complicated

hierarchic structure of composites with unusual chemical and physical properties.

Intercalation of biostructures, including commercially available ones, in layered

materials is accompanied by specific traits. Integration of nanoparticles and bio-

molecules with unique properties of each object, on the one hand, and present at same

nanometer length scale, on the other hand, (enzymes, antigens, and antibodies have

typical sizes of nanoparticles 2–20 nm), i.e. both classes of these materials are

structurally compatible. One of the interesting directions of this approach is obtaining

of biodegrading “green” nanobiocomposites in a variant of reinforcing of polymer

matrix for preparation of a framework for development of a tissue, therapy of

peridontal bone defects, drug delivery, etc. For example, in montmorillonite

(MMT) only some polymers can penetrate into interplanar distance (linear polymer

amylose, oppositely to gigantic globes of branched amylopectin), gallery space gives

10 1 General Introduction



an opportunity for big starch molecules to diffuse between layers and thus promotes

interphase interactions, which causes more intense strengthening effect. At that

tearing load and edge wetting angle increments are higher for exfoliated than for

intercalated nanocomposite, which is related to higher degree of interaction between

biomacromolecules and MMT particles in it. These nanocomposites are important

in medicine (drugs), genetic engineering (DNA, RNA), biotechnology (proteins,

individual cells, enzymes) and in food industry. Antimicrobial properties of modified

clays destroy bacterial cellular membranes, suppressing their metabolic activity, and

with time cause destruction (lysis) of bacterial cells. Synthetic nanometer apatite

crystals manifest increased physiological affinity to host tissues or biological activity,

they advance increase in compatibility of materials due to their chemical and

structural similarity with natural apatite crystals. A special place has development

of magnetically controlled drugs of chemotherapeutic, diagnostic, and hyperthermal

activities. Hybrid superparamagnetic nanocomposites are used in MRI for localiza-

tion of brain and heart infarctions, liver flaws or tumors, where nanoparticles have a

tendency to accumulate in high concentration due to a difference in content of a

tissues and/or endocytosis channel processes, magnetic hyperthermia. Usage of

hybrid nanoparticles and nanocomposites in biocatalytic processes is one of main-

streams of development of bionanocomposites.

We have focused on outline of achievements and problems in the nanocomposite

science, which would be filled periodically with new experimental and theoretical

data thus forming a complete pattern.
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Chapter 2

Reduction of Metal Ions in Polymer Matrices
as a Condensation Method of Nanocomposite
Synthesis

It would be not an exaggeration to say that development of the methods of synthesis

of nanoparticles governs the mainstream of the science concerning nanomaterials

[1]. This is, first of all, discovery of carbon nanotubes [2], synthesis of highly

organized quantum dots [3], controlled morphology of CdSe nanocrystals [4], etc.

New fields of application and unique properties of materials are related, more to a

possibility of control of size and shape of particles in nanometer scale than to a

change in their sizes [5]. Presently it is expressed in existence of a huge library of

nanoparticles including a wide range of compositions, structures, sizes, and this is

also true for synthetic methods used for development of nanomaterials. Among

successfully developed approaches there are vapor-gas syntheses for production of

one-dimensional structures [6, 7]. There are extensive solution methods including

such approaches as co-deposition, sol-gel synthesis, microemulsion method, hydro-

thermal and solvothermal processes, template synthesis, etc. [8–12].

It is known that liquid-phase methods of production of nanoparticles make it

possible to control effectively sizes and morphology of particles [13–19]. Many

processes of metal ion reduction widely used in synthesis of metal colloids relate to

liquid phase reactions [20–22].

2.1 Formation of Metal Nanoparticles During
Chemical Reduction

Contemporary ideas about formation of nanoparticles are based on the main

principles proposed by J. Turkevich, which include stepwise mechanism of nucle-

ation, growth and agglomeration [23].

On the whole, synthesis of nanoparticles with a certain diameter having almost

monodisperse distribution in size and low degree of agglomeration is limited by two
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principal boundary conditions: precision control over the nucleation stage and seeds

growth; efficient impending of the agglomeration process [13, 24–26].

According to LaMer model [27] nucleation is endothermic process. Break of

bonds in the initial compound, removal of a solvate shell is energy consuming. At

the same time, the processes of seeds growth and agglomeration accompanied by

a decrease in enthalpy of the system owing to the bond energy of a lattice are

exothermic, i.e. formation of a blocked solid is always energetically beneficial as

compared to nanoparticle formation with a typically extensive surface, unsatu-

rated bonds, non-occupied coordination sites. We shall consider each stage

separately.

2.1.1 Nucleation

In a typical chemical synthesis of metal nanoparticles a compound metal-precursor

reduces with formation of zero-valent metal atoms, building blocks of metal

nanoparticles. During fast reduction concentration of atoms reaches the supersatu-

ration point, and from this moment spontaneous homogenous nucleation begins,

which is characterized by high-energy barrier (Fig. 2.1). As supersaturation

decreases, nucleation ceases, and the formed seeds go on growing. Due to short

time of the nucleation the obtained particles have narrow size distribution. At high

supersaturation an additional mechanism of a decrease in dispersion of particles is

possible [28, 29]. The essence of the conception of “explosive nucleation” [27] is in

inducing of an individual nucleation process and excluding of additional nucleation

from the further growth process. This method as a method of synthetic strategy is

often called “separation of nucleation and growth” [29, 30].

Thermodynamic model of homogenous nucleation is considered in detail in [11].

Fig. 2.1 Diagram of the

change of precursor

concentration under

nanoparticle growth [13]
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Gibbs free energy of spherical crystals with r radius formed from solution with

S supersaturation is defined by the equation:

ΔG ¼ 4πr2γ þ 4

3
πr3ΔGv ð2:1Þ

in which γ is the surface free energy per unit area and ΔGν¼�RTlnS/Vm (Vm is

molar volume of the blocked crystal) is a change in free energy between a monomer

in a solution and unit volume of the blocked crystal. The r, at which ΔG is

maximum, is called critical radius rc. This is a minimal radius of a seed, which

can grow spontaneously in supersaturated solution.

When dΔG/dr¼ 0,

rc ¼ �2γ

ΔG2

¼ 2γVm

RTlnS
ð2:2Þ

One of the necessary conditions for supersaturation during homogenous nucleation

follows from Eq. 2.2. The S value should be quite high to provide the critical radius
rc smaller than the germ size of a crystal from which a seed forms during homog-

enous nucleation. Size of these germs should be no less than 1 nm, which is

compatible with sizes of inorganic molecular crystals. One can get the equation

for critical Gibbs free energy ΔGc via combination of Eqs. 2.1, 2.2 necessary for

formation of stable seeds:

ΔGc ¼ 16πγ3

3 ΔGvð Þ3 ¼
16πγ3V2

m

3 RTlnSð Þ2 ð2:3Þ

For the reduction reactions an important moment is a problem concerning particles,

which aggregate in seeds, and then grow to a nanoparticle: whether they are reduced or

unreduced. An example of formation of PtII–PtI и PtI–PtI dimers formed from the

products of hydrolysis of [PtCl4]
2+, which is a typical precursor of synthesis of Pt

nanocrystals shows that the precursor compound can transform directly in the seeds

form or associate with a growing nanocrystal without reducing to zero-valent state [31,

32]. According to the numerical analysis performed by molecular dynamic method,

dimers and trimers have higher electron affinity than the initial precursor. It is assumed

that reduction will go predominantly by transition of electron from a reducing agent to

these dimer and trimer intermediates on the way to clusters and seeds [33].

At that, association of complexes to a cluster or a respective removal of a ligand

from the cluster can significantly accelerate growth of metal nanocrystal. Such

acceleration is usually regarded as autocatalytic process which is found in many

systems (Fig. 2.2) [24–26, 34–36].

It should be noted that the considered mechanism of reduction is preferable

under special experimental conditions, for example, when intermediately strong

reducing agents are used and/or concentration of a precursor is high, and in this case

reduction of the latter to atomic state is not critical. The surface of a cluster or

2.1 Formation of Metal Nanoparticles During Chemical Reduction 15



nanocluster is surrounded by positively charged metal ions coordinated with mol-

ecules of a ligand or solvent.

Reduction also may be preceded by formation of a complex with a reducing

agent. For example, characteristic band in UV-vis spectrum of two-valence copper

in Cu2+- polyvinylpyrrolidone [37] disappears at addition of hydrazine-hydrate, and

instead of it absorption band appears in the region of 700 nm, which points to

formation of Cu[(N2H4)2]
2+ complex (Fig. 2.3) [38].

Thus, unstable small clusters of atoms or ions formed at the initial stage of

reduction of metal ions are the sources of formation of metal nanoparticles. For

their studies most often methods of pulse radiolysis [39], electrospray mass spec-

trometry [40, 41], electrospray photoelectron spectroscopy [42], absorption and

emission spectroscopic methods are used.

As many research teams have shown, Ag clusters demonstrate different optical

spectra depending on a number of Ag atoms contained in a cluster [39, 43–45].

Atoms of Ag0 produced during reduction undergo subsequently some trans-

formations with cluster formation [46–50]:

Ag2
þ ! Ag3

2þ ! Ag4
2þ ! Ag8

2þ

or

Agþ þ Red $ Ag1 þ Redþ;
Ag1 þ Agþ $ Agþ2 ;
Agþ2 þ Red $ Ag2 þ Redþ

:::::::::::::::::::::::::::::::::::::
Agn þ Agm ¼ Agmþn

Red is the reduction agent

M+ M-

M+

M+
M+

Reduction Oxidation

Nucleation
Collision

of metal atoms
Autocatalytic

pathway

Growth mechanism

Stable nucleus
(irreversible)

Fig. 2.2 Mechanism of

nucleation and growth of

nanoparticles [36]

16 2 Reduction of Metal Ions in Polymer Matrices as a Condensation Method. . .



Particles of Ag1 and clusters consisting of a small number of atoms are unstable

(redox-potential of atomic silver Eo
Ag1=Ag

þ ¼ �1:8V (is referred to by [51]) instead

of Eo
Ag=Agþ ¼ þ0:799V for metal silver). As metal clusters grow, their stability

increases. For example, Ag8
2+ cluster is quite stable, it lifetime is measured by

10 min. Optical band corresponding to it in the absorption spectrum differs from the

bands typical for Ag (360 nm) and Ag2
+ (310 nm) dimers and disappears as Ag8

2+

cluster transforms in silver sol (Fig. 2.4) [39].

Theoretical calculations and experiment [52] have shown that critical size for gold

clusters is 2 nm (theoretical calculation gives 1.7 nm). For these particles there is no

mode of collective plasmon resonance (Fig. 2.5), i.e. Au25(glutathione)18 clusters

show one-electron absorption peaks, while 4-nm nanoparticles are plasmon, and

transition from cluster to fcc crystal state takes place just about 2-nm size.

Probably, it can be assumed that the analogous types of clusters can be included

as intermediates during formation of a metal phase seeds, whose main characteristic

features are presence of physical interphase and ability to reduction of absorbed

metal ion, i.e. ability of the seeds to growth.

2.1.2 Growth

As long as a seed forms, it begins to grow due to adding of atoms. Theoretical

consideration of the “diffusion growth” model (referred to by [11]) has shown that

growth rate of particles is inverse to their radius, because a number of atoms

Fig. 2.3 The change of UV-vis-near IR spectra during Cu(II) reduction in DMF at 333 K. In the

insert: evolution of the Cu2+ band absorption under addition of hydrazine hydrate at 333 K [38]
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diffusing to the surface of a particle increases in proportion to its squared radius,

and the particle volume increases as cube of its radius. Taking this into account, it is

shown that for the ensemble of spherical particles a change in radius distribution σ2

decreases during the growth.

d σð Þ2
dt

¼ 2VmD Cbulk � Csð Þ 1� r
1

r

� �" #
ð2:4Þ

Fig. 2.4 Absorption

spectra of the silver salt

solution after an electron

beam exposure (Ag8
2+

cluster transformations in

a silver sol). The solution of

1� 10.4M AgClO4 + 0,1M
2-propanol. Irradiation

duration: 6 s (1), 1 min (2),
5 min (3), 15 min (4) [39]

300 400 500 600 700 800 900 1000 1100

Wavelength, nm

1

2

3

A
bs

or
ba

nc
e,

 a
.u

.

Fig. 2.5 UV spectra of the

different sized Au

nanoparticles, (1) first
precipitate (ca. 4 nm)

redissolved in water; (2)
second precipitate

(ca. 2 nm) redissolved in

water, and (3) the left
supernatant (for

comparison, the spectrum of

pure Au25(SG)18 (dashed
line) is also shown) [52]
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where r and (1=r ) are average values of r and 1/r, respectively, Cbulk, Cs are

concentrations in solution and on the particle surface, respectively.

In other words, particle size distribution narrows, independently on the initial

distribution while all particles grow and no additional nucleation appears. This self-

regulating mechanism of size distribution is often called “focusing effect” [29].

On the whole, particle growth is controlled by competition of two processes: a

decrease in bulk energy, which advances growth (absorption) and an increase in the

surface energy associated with particle dissolution. With account for kinetics of the

growth process and its dependence on a particle size, opposite to the “focusing”

effect can be obtained: the smaller particle radius, the more difficult its growth, but

easier dissolution for higher chemical potential. Two mechanisms of control of

particle size distribution are formulated from the results of theoretical studies and

numerical simulation [53, 54]: (i) “focusing effect” which is kinetically governed

process, when growth is diffusion-controlled and supersaturation is quite high;

(ii) Ostwald ripening, which appears at low supersaturation, i.e. under conditions

when not all particles remain able to grow and those, whose radii are below critical

rc, dissolve, concentration of the particles decreases slowly. Atoms formed during

dissolution diffuse to coarser particles and absorb on their surface. On the whole,

Ostwald ripening broadens standard deviation to the particle size distribution, i.e. it

causes an increase in polydispersion, and the average size of nanoparticle grows.

On the contrary, under conditions of excess stabilizing ligands, so called diges-

tive ripening, growth of nanoparticles is accompanied by narrowing of the size

distribution. Single crystalline Ag particles were subjected to such ripening in

presence of dodecylamine, the particle size decreased from 12.4� 5.1 to

6.1� 0.5 nm [55]. Depending on the origin of ligands, particle sizes may not only

decrease, but also increase, and the final size, as has been mentioned above, is

determined by dynamic ratio of the dissolution rate of metal atoms from particles of

some size to the re-absorption rate on particles of other sizes [56, 57].

There are some synthetic methods for separation of the nucleation and growth

processes. In so-called “seed-mediated growth” nucleation is physically differs

from growth via using of preliminary obtained nanocrystals for a nucleus seed.

Actually, in this case heterogeneous nucleation impedes formation of additional

nuclei, which would be the case at homogenous nucleation. Pre-seeds are intro-

duced in a reaction matter, and as a precursor is added, the formed atoms absorb on

the surface of the formed nucleus. At that, concentration of the precursor remains

rather low to prevent homogenous nucleation. This strategy can be used to obtain

homogenous particles [58–60] and heterogeneous structures of core-shell type [61,

62]. The considered method makes it possible to finely regulate particle size;

however, a necessary condition is monodispersion of the initial seed particles.

The “hot injection” method [3, 63–66] realizes homogeneous nucleation. At fast

addition of excess precursor in hot solution of surfactant “explosion” nucleation

proceeds. During the nucleation concentration of atoms in the solution decreases

dramatically and the nucleation rate decreases.
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Numerical simulation of homogeneous nucleation [11] during “hot injection”

with account for a number of nuclei formed at each time step provides:

dN

dt
¼ Aexp �ΔGc

kT

� �
¼ Aexp

16πγ3V2
m

3k3T3N2
A lnSð Þ2

" #
ð2:5Þ

(here a rate of increment in number of particles N is defined as the nucleation

rate), it shows that inducing of high supersaturation causes fast consumption of a

monomer which, respectively, stops nucleation, thus, the nucleation process can be

separated from growth (Fig. 2.6). The results of this modeling are consistent with

experimental data of a change in concentration of CdSe nanocrystals as a time

function during their synthesis [67].

Finally, standard methods of control over direction of reactions and equilibriums

in colloid chemistry are electrostatic and steric stabilization of the particle surface

just after nucleation stage [20, 68, 69] (Fig. 2.7).

Electrostatic stabilization can be reached by specific ion sorption (H+, OH�,
SO4

2�, NO3
�, RCOO�, RSO3

�, R4N
+, etc.) by the surface of nanoparticles. Such

agents as citrate ions make a double ionic layer on the surface of a nanoparticle

which generates repulsive Coulomb forces (Fig. 2.8).

On the contrary, addition of salts containing weakly coordinated organic or

inorganic anions such as sodium dodecyl sulfate or sodium p-toluene sulfonate,

lithium trifluoromethanesulfonate, or lithium perchlorate causes a decrease in thick-

ness of the double electric layer and thus favors coagulation of nanoparticles [70].

Steric stabilization is realized by absorption of long-chained organicmolecules (for

example, oleyl amines, oleic acid, trioctylphosphine oxide), polymers and biomole-

cules. Growth and agglomeration of nanoparticles can also be controlled by separation

of reaction spaces, for example, via considerable dilution, and continuous removal of

formed nanoparticles inmicrofluid flow-through setups [71]. The principle of limiting

of cluster growth to coarse particles using the effect of their low solubility in organic

solvents is shown for Aun(glutathione)m- [72] and Ag7- clusters [73, 74].

Fig. 2.6 The results from

numerical simulations of

nucleation and growth of

nanocrystals. The particle

concentration and

supersaturation as a

function of time. Values of

simulation parameters:

S¼ 100, T¼ 523 K,

γ¼ 0.11 J m�2, A¼ 107 s�1,

D¼ 10�15 m2 s�1, and

Δt¼ 10�2 s. [11]
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There is one more important problem, whose solution is inextricably associated

with understanding of the mechanism of nucleation and growth of nanoparticles,

this is control over shape of the particles. Synthetic strategy of production of

nanoparticles with a specific morphology, various mechanistic aspects of formation

of 1D, 2D, and 3D structures of nanocomposite materials attract keen attention of

researchers and are widely discussed in literature [75]. In the recent review [76]

concerning detailed analysis of reaction ways of fabrication nanoparticles of

Fig. 2.7 Growth and stabilization of nanoparticles [13]

Fig. 2.8 Electrostatic stabilization of nanoparticles

2.1 Formation of Metal Nanoparticles During Chemical Reduction 21



different shapes it has been shown that the key role in this would play internal

structure of the formed seeds and binding affinity of a stabilizing agent. Structure of

the seeds can be ether single or multiple twinned crystals (Fig. 2.9).

Actually, these structures can co-exist during synthesis of one or other nanopar-

ticle. The essence of the problem is fine regulation of growth of seed populations for

producing metal nanoparticles with desired shape and morphology. The possibilities

for its realization are provided by thermodynamic factors and by kinetic conditions of

reactions. This can be achieved by significant decrease in the reduction rate of a

precursor [77, 78], action of weak reducing agents [79–81], cooperation of the

reduction reaction with oxidizing etching [82], Ostwald ripening [83, 84], etc.

It is known, for example, that Ag3
+ and Ag3 clusters in the basic state have a

triangle structure with D3h symmetry [85, 86]. Both these clusters have higher

seeds polyhedrons

surface
activation

surface
activation

anisotropic
nanocrystals

octahedron

octagonal rod

bar

beam

pentagonal rod

hexagonal or
triangular plate

isosahedron

decahedron

plate with
stacking faults

multiply
twinned

right bipyramidsingly
twinned

cube

cuboctahedronsingle
crystal

stabilization of
{100} facets

metal
precursor

(M)

nuclei

R = 0.58

R = 0.87

n
m+

R = 1.73

Fig. 2.9 Reaction pathways that lead to fcc metal nanocrystals having different shapes. The

parameter R is defined as the ratio between the growth rates along the {100} and {111} directions [76]
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electron affinity than Ag+, which make them prevailing sites for further growth to a

nanoparticle. It has been shown that an average edge length of the Ag nanoplate

increases as the initial concentration of trimer silver clusters decreases during

AgNO3 reduction by polyvinylpyrrolidone [87].

The effective way for shape control of the particles is usage of selective chemi-

cally absorbing (capping) agents. This can be ligands, formed as side products during

decomposition or reduction of a precursor, or various compounds (low-molecular

ions, surfactants, polymers, biomolecules, etc.) specially added to a reaction solution

and simultaneously playing a stabilizing role [7, 88–90]. Via chemical binding with

the surface of a metal particle a capping agent can change free energy of various

planes and therefore their relative growth velocities. For example, polyvinylpyr-

rolidone as a capping agent is bound most strongly via oxygen atoms with {100}

face of Ag and Pd atoms [91], thus providing metal atom bonding to surfaces of other

faces. The similar behavior shows citrate ion [92–94]. Moreover, reduction of

HAuCl4 using ammonium citrate in presence of Fe3+, Ni2+, Cu2+, Zn2+ и Al3+ ions

causes formation of polygonal gold nanoparticles by ion-inducing mechanism [95]. It

is reported that Ag+ ions can have the same effect [96, 97]. It is suggested that metal

ions present in the reacting media are bound predominantly with {111} face of metal

atoms, as with the most stable, and prevent growth in this direction.

2.2 Chemical Methods of Reduction

Themethod of liquid phase chemical reduction discovered by Faraday [98] more than

150 years ago is most widely used technique for production of metal nanoparticles.

Another substantial step in development of this approach is connected with

J. Turkevich, who for the first time implemented reproducible synthesis of Au

(20 nm) nanoparticles by the reaction of citrate reduction of [AuCl4]
� [23, 99, 100]:

xMnþ þ nxe� þ stabilizer ! M0
n clusterð Þ ð2:6Þ

Among the known reduction methods there are: the “diborane” method of production

of Au55(PPh3)12Cl6 (1.4 nm) nanoclusters stabilized with phosphine ligands;

nanoclusters of transition metals stabilized by polyoxoanion and tetrabutyl

ammonium; alcohol reduction, so called polyol process [101–104],with the polyvinyl-

pyrrolidone [105, 106], polyvinyl alcohol, etc. used as stabilizers, and reduction of

metal salts with formic acid, CO, sodium formate, formaldehyde, and benzaldehyde

[107]. In metal nanocolloids silanes, tetrakis hydroxymethyl phosphonium chloride

(THPC), hydrazine, hydroxylamine are used as reducing agents. Themethod of borate

reduction is based on the sodium/lithiumborohydrate or tetraalkylammonium

hydrotriorganoborates systems, which provide extensive possibilities for production

of nanocrystals by chemical reduction of transition metal salts [108, 109].
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The chemical reduction method is based on mixing of a reducing agent with a

metal-precursor salt in presence of stabilizing agents (ligands, polymers, surfac-

tants) (Fig. 2.10).

Role of the latter is confined to preventing of undesirable particle agglomeration

and formation of metal powder. Formation of stable and re-dispersing nanoparticles

depends on properties of a stabilizing agent [107].

On the whole, the chemical reduction methods provide a possibility of precision

control over growth of nanoparticles, efficient passivation of surface states of

nanoparticles, quite narrow distribution of obtained nanoparticles by sizes and

control over their morphology [110, 111].

2.2.1 General Characteristics of Low Molecular
Reducing Agents

Reducing agents are used to reduce Fe from ores (C, H2, aqua and natural gases,

CO, propane, butane), during production of nonferrous and rare metals in metal

heat treatment (С, Si, Al, Na, Ca, Mg, La), during precipitation (cementation) of

nonferrous metals from aqua solutions and their salts (Fe, Zn); during production

of metals and their lower oxides and halogenides, and during chemical deposition

of metals, nitrides and carbides from gas phase (Н2, NH3, CH4, etc.); during

decomposition of chemical processes in solutions (SnCl2, FeSO4, H2SO3, N2H4,

NH2OH, HCOOH, H2S, etc.); in organic synthesis (Н2, Na, Zn, LiAlH4, NaBH4,

B2H6, etc.). These substances can also comprise the main group of reducing agents

during formation of nanoparticles. The most often used ones are described below.

2.2.1.1 Sodium Borohydrite (NaBH4)

It is widely used in organic synthesis as a reducing agent. It is used to reduce

carbonyl compounds to alcohols, imines to secondary amines, nitro compounds,

Fig. 2.10 Formation of nanoparticles in the chemical reduction

24 2 Reduction of Metal Ions in Polymer Matrices as a Condensation Method. . .



etc. In aqua solutions it is hydrolyzed to Na3BO3 and Н2, hydrolysis is accelerated

in acid and slows down in alkaline solutions, hydrolysis of sodium borohydrite is

catalyzed by salts of transition metals. Oxidation–reduction potential of sodium

borohydride in acid and alkaline media is 0.43 and �1.37 V, respectively. One of

the schemes of reduction reactions of metal ions M2+ can be expressed by equation

2 M2+ + BH4�+ 4H2O! 2 M0 +B(OH)4�+ 2H2 + 4H
+, and for alkaline medium by

the expression 2 M2+ + BH4�+ 4OH�! 2 M0 +B(OH)4�+ 2H2.

2.2.1.2 Lithium Aluminum Hydride (LiAlH4)

It is a strong reducing agent used inn organic synthesis. It is more powerful than

other often used agents, for example, sodium borohydride due to weaker Al-H

bonds as compared to B-H bonds. It reduces complex ethers, carboxylic acids, and

ketone to alcohols, nitro compounds to amines. The temperature of thermal decom-

position is �150 �C.

2.2.1.3 Hydrazine Hydrate (N2H4�H2O)

It is a colorless, slow, steaming in air liquid with a specific faint odor. Its density is

1.03 g/cm3. Melting point is 118.5 �C at 740 mm of mercury and 47 �C at 2 mm of

mercury. It solidifies below �40 �C. The reaction agent is mixed with water and

ethyl alcohol, does not solve in diethyl ether, chloroform and benzene. Hydrazine

hydrate has a pronounced alkali reaction; its dissociation constant (as a base) is

K1¼ 8,5 · 10�7, K2¼ 8,4 · 10�16 at 25 �С. Hydrazine and hydrazine-hydrate, hydra-
zine-sulfate, hydrazine-chloride are widely used as reducing agents of gold, silver,

platinummetals from diluted solution and their salts. In organic synthesis hydrazine

is used for reduction of a carbonyl group of aldehydes and ketones.

2.2.1.4 Dodecylamine

Dodecylamine. (1-dodecanamine, laurylamine) C12H25NH2, molar weight is

185,34; colorless liquid; melting point is 28,35 �С, boiling point is 247–249 �С,
134–135 �С at 15 mm of mercury; is dissolved in organic solutions, low dissolved

in water forming hydrates and liquid crystalline phases. It has low basicity (рKa

2,68, 25 �С).

2.2.1.5 Sodium Citrate

In the citrate method of formation of nanoparticles citrate ion, which is obtained

during water solution of three-substituted sodium salt of citric acid, serves both as a

reducing agent and a stabilizer:
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At heating of the solution and oxidizing of citrate ion acetonedicarboxylic and

itaconic acids form, they absorb on the particle surfaces and control the particle growth.

In water solutions at t< 60 �C citric acid and citrates oxidize with formation of

3-ketaglutaric acid as intermediate product, and then followed by formation of

formaldehyde and formic acid, which are also reducing agents:

Citrate ions absorbed on the surface of colloid particles give them negative

charge and thus prevent their aggregation.

2.2.1.6 Ethylene Glycol (HO-CH2-CH2-OH)

Using of ethylene glycol and other alcohols as reducing agents are the basis for

polyolic processes of fabrication of nanoparticles. It is assumed [112] that forma-

tion of metal nanoparticles in ethylene glycol follows the scheme:

HOCH2CH2OH ! CH3CHOþ H2O

2CH3CHO þM OHð Þ2 ! CH3 � CO� CO� CH3 þ 2H2OþM

The formed nanoparticles are stable in alkali solutions, which supposed their

stabilizing by absorption of ethylene glycol and OH� -type anions [101]. According

to the refined mechanism [113], hydroxide ions can take part in acetate ions

formation, which are responsible for stabilization of nanoparticles in ethylene

glycol, as it has been shown for organic sols of ruthenium:

HOCH2CH2OH ! CH3CHOþ H2O

3CH3CHOþ 2Ru3þ þ 9OH� ! 3CH3COO
� þ 2Ruþ 2H2O
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or platinum:

HOCH2CH2OH ! CH3CHOþ H2O

2CH3CHO þ PtCl6ð Þ2� þ 6OH� ! 2CH3COO
� þ Ptþ 6Cl� þ 4H2O

2.2.1.7 Ascorbic Acid

Ascorbic acid is a strong reducing agent: enol groups easily oxidize to keto groups.

In aqua solution there is a possibility of ascorbic acid self-oxidizing.

2.2.1.8 L-Ascorbic Acid

L-Ascorbic acid (γ-lacton 2,3-diketo-L-gulonic acid; formula I) has molecular weight

176.12; consists of colorless crystals, the melting point is 190–192 �C (with account

for decomposition). Specific optical rotation for D-line of sodium at the temperature

20 �C is [α]D
20 + 23� (for the concentration 1.6 g per 100 mL of water); high

dissolubility inwater (22.4%), lower dissolubility in alcohol (4.6%), lowdissolubility

in glycerol and acetone; рКа 4.17 and 11.57; λmax 245 (рН <7) и 265 nm (рН >7).

2.2.1.9 Dehydroascorbic Acid

Dehydroascorbic acid (γ-lacton 2,3-diketo-L-gulonic acid; formula II) has molec-

ular weight 174.12; consists of colorless crystals, the melting point is 237–240 �C
(with account for decomposition). Specific optical rotation for D-line of sodium at

the temperature 20 �C is [α]D
20 + 55, water dissoluble.

In aqua solutions, especially in alkali media, it is reversibly oxidized fast to

dehydroascorbic acid (oxidation-reduction potential is +0.058 V), and then irre-

versibly to 2,3 diketo-gulonic, and then to oxalic acid.

2.2.1.10 Aminoboranes

Aminoboranes are classical examples of adducts of acids and Lewis bases. Most

aliphatic aminoboranes are solid crystal matters stable in air and resistant to moisture.
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Primary and secondary aminoboranes are thermally stable up to 80 �C. They are

soluble in protonic and aprotonic media. On the whole, reduction ability depends on a

nature of a complex-forming amine. In the case of alkyl-aminoboranes strength of a

reducing agent decreases as a portion of alkyl substituent in the nitrogen compound

increases: H3N ·BH3>H2MeN ·BH3>HMe2N ·BH3>Me3N ·BH3 [114]. The

reducing ability of aryl-aminoboranes depends on basicity of amines: the lower pKa

of amine, the stronger its reducing properties. In the recent years aminoboranes have

being widely used in synthesis of metal nanoparticles, including the processes in aqua

and non-aqua media, and in solid state. The main achievements in synthesis of

nanocomposites with participation of aminoboranes, their efficiency and advantages

as compared with classic reducing agents are analyzed in a recent review [115] and

summarized in the Table 2.1.

2.2.2 The Main Factors Controlling the Reduction Process

2.2.2.1 Reducing Ability

A relative reducing ability of two or more substances is found by comparison of

changes in Gibbs energy ΔG0
p in reactions of these substances with the same

oxidizing agent, and in the case of reactions with participation of elementary sub-

stances, by energy of formation ΔG0
form of the oxidation products of the elementary

substance. The higher ΔG0
p, or the modulus value ΔG0

form, active reducing agent is a

substance. Often, to compare reducing ability of substances, standard electrode

potential E0 is used. The higher E0 modulus of half-reaction of reduction with

some substance, the stronger reducing properties of this substance (Table 2.2).

Some typical reducing agents have more negative potentials, than the redox-

potential of 2H+/H2 pair. As a rule, the most active among them capable of reducing

not only noble, but also base metals, have E~� 0.5—1.3 V. These reducing agent

include hypophosphite, hydrazine, formaldehyde, borohydride, alkyl substituted

aminoboranes, etc. If there is a great difference between redox-potential of a reducing

agent and a reduced metal ΔE, finely dispersed product of reduction forms fast. The

oxidation potential of reducing agents depends on pH: the higher pH, the greater shift

of the potential to negative values. In order to obtain wide range of potentials, in

which reduction processes can take place, solutions with high pH, containing ligands

forming quite strong complexes with ions of a reduced metal, are usually used.

Apart from being a sign of probability of a reaction, a velocity of chemical

reaction can be predicted by ΔE0. A possibility of controlling redox-potential of the

reacting components and the reaction on the whole is important for control of

properties of the formed metal particles. Electrochemical potential of the majority

of metal systems can be changed by their complexation or deposition; the value of

the effect will depend on the constant of stability or solubility of final products. For

example, at formation of complexes with increasing constants of stability (Kf), the
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value of standard redox-potential E0 of the Ag+/Ag0 system can decrease from

+0.799 V to +0.23 V, when relatively unstable complex Ag(SO3)2
3� (pKf¼ 8.68)

forms, to �0.290 V in the case of rather stable Ag(CN)2
� species (pKf¼ 19.85)

[116]. This tendency is also typical of the case when Ag+ ions form deposits with

decreasing solubility of the products. Thus, in AgCl (Ksp¼ 1.82�10�10) redox-

potential Ag+/Ag0 decreases to +0.222 V, whereas deposition of far less soluble

Ag2S (Ksp¼ 6.3�10�50) causes a decrease in E0 to �0.69 V.

Another characteristic, which allows efficient control of ΔE0 is pH of a medium.

An effect of pH of the medium can be illustrated using for example a redox system

containing hydrazine-hydrate [116]:

N2H4 � H2Oþ 4OH� Ð N2 þ 5H2Oþ 4e� ð2:7Þ

Table 2.2 Redox potentials of reduction agents in aqueous solutions (Referred by [51])

Electrode reactions Е, V

H2PO2
� +3OH�¼HPO3

2�+ 2H2O+ 2e E¼�0.31–0.09 pH

HPO3
2� +3OH�¼ PO4

3�+ 2H2O+ 2e E¼+0.14–0.09 pH

H2PO2
� +H2O¼H2PO3

�+ 2H+ + 2e E¼�0.504–0.069 pH

H3PO2 +H2O¼H2PO3
�+ 3H+ + 2e E¼�0.446–0.09 pH

H2PO2
� +H2O¼HPO3

2�+ 3H+ + 2e E¼�0.323–0.09 pH

H3PO3 +H2O¼H3PO4+ 2H+ + 2e E¼�0.276–0.06 pH

H2PO2
� + 2H+ + e¼ 2H2O+P E¼�0.248–0.12 pH

HCHO+3OH�¼HCOO�+ 2H2O+ 2e E¼+0.19–0.09 pH

HCHO+H2O¼HCOOH+2H+ + 2e E¼+0.056–0.06 pH

2HCHO+4OH�¼ 2HCOO� +H2 + 2e E¼+0.25–0.09 pH

BH4 + 8OH
�¼BO2

�+ 6H2O+ 8e E¼�0.45–0.06 pH

BH4 + 8OH
�¼H2BO3

�+ 5H2O+ 8e E¼�0.40–0.06 pH

N2H4 + 4OH
�¼N2 + 4H2O+ 4e E¼�0.31–0.06 pH

N2H4 + 2OH
�¼ 2NH2OH+2e E¼+1.57–0.06 pH

N2H5
+¼N2 + 25H

+ + 4e E¼�0.23–0.075 pH

NH2OH+ 7OH�¼NO3
�+ 5H2O +6e E¼+0.683–0.07 pH

2NH2OH+ 4OH�¼N2O+5H2O +64e E¼�0.21–0.06 pH

H2¼ 2H+ + 2e E¼ 0.000–0.06 pH

S2O4
2�+ 4OH�¼ 2SO3

2�+ 2H2O+ 2e E¼+0.56–0.12 pH

SO3
2�+ 2OH�¼ SO4

2�+H2O+ 2e E¼�0.09–0.06 pH

S2O3
2�+ 6OH�¼ 2SO3

2�+ 2H2O+ 4e E¼+0.69–0.09 pH

HSnO2
�+H2O+ 3OH�¼ Sn(OH)6

2� E¼+0.33–0.09 pH

Ti3+¼Ti4+ + e E¼�0.04

Sn2+¼ Sn4+ + 2e E¼+0.151

Cr2+¼Cr3+ + e E¼+0.41

Fe2+¼ Fe3+ + e E¼+0.771

V2+¼V3+ + e E¼�0.25

R2NHBH3 + 3H2O¼R2H2N
+ + H3BO3 + 5H

+ + 6e E¼E0–0.05 pH
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The value E0 of this process decreases non-linearly from 21.16 in alkali medium to

20.21 V in acid medium, which proves that reducing ability of hydrazine hydrate

decreases as OH� concentration in a solution decreases. In the case when in reaction

system a complex with a metal ion forms, the effect of general redox-reaction on E0

becomes more complicated. It is known, for example, that ammonia forms a great

number of complexes with ions of many transition metals of various stabilities.

Figure 2.11 shows E0/pH diagram, which reflects a complicated dependence of

redox-potential on pH of a media in a system containing different alike complexes.

For reducing Pd(NO3)2 the different tetralkyl-ammonium carboxylates with

general formula (n-C8H17)4 N
+(R0CO2

�) (where R0 ¼CH3, Cl2CH, CH3CH(OH),

HOCH2, (CH3)3C) can be used. A choice of the respective reducing agent allows

control over size of forming Pd particles in the range 2.2–5.4 nm (Table 2.3) [117].

Carboxylates with electron-donor substituents (as in the case of pivalate) advance

formation of nanoparticles of smaller size, while for the reducing agents with

electron-acceptor groups (as in the case of trichloroacetate) the opposite effect

appears which correlates with values of their oxidation potentials. The lower is Ep

(Ox), the stronger is reducing agent, the finer are particles. For example, NaBH4 is a

stronger reducing agent than hydrogen, and its using brings to formation of Pt

particles of smaller sizes [118]. The same was observed during deposition of platinum

on the surface of carbon nanotubes under action of NaBH4 or ethylene glycol [70].

Similar laws are typical of many colloid systems.

Monodisperse Ag nanoparticles were used as templates for producing bimetal

Ag-Au alloys in the substitution reaction between silver particles and HAuCl4
[55]. Taking into account that a standard reduction potential of AuCl4

�/Au (1.0 V

Fig. 2.11 The changes in the standard redox potential of Pd2+, Ag+, ascorbic acid, and hydrazine

species with pH [116]
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vs. standard hydrogen electrode, SHE) is higher than for Ag+/Ag (0.80 V), atoms of

a silver nanoparticle oxidize to Ag+ during mixing with AuCl4
�in the solution. The

substitution reduction reaction can be written as:

3Ag sð Þ þ AuCl4
� ! Au sð Þ þ Agþ þ 4Cl� ð2:8Þ

The formed gold atoms are absorbed by the surface of nanoparticles.

Significant interest for the reduction reactions is in polyoxymetalates (POMs),

anion oxide structures (Keggin and Dawson structures) with their unique ability to

demonstrate widely varied and finely controlled redox-potentials depending on

structure and a degree of reduction. Some these POMs, including one-electron

reduced Keggin POMs SiW12O40
4� b H2W12O40

6� (SiW12O40
5� and

H2W12O40
7�), univalent and bivalent Dawson phosphotungstates P2W18O62

6�

(P2W18O62
7� and P2W18O62

8�) and bi and tetravalent reduced Dawson

phosphomolybdates P2Mo18O62
6� (P2Mo18O62

8� и P2Mo18O62
10�) were tested in

the reaction of reduction of Ag+ to Ag0 nanoparticles [119]:

POM e�ð Þ þ Agþ ! POMþ Ag0colloid ð2:9Þ

As is seen from Fig. 2.12, the value logk1 for the reaction (2.9) is linearly dependent
on the redox-potential corresponding to respective POMs, and the more electro-

negative redox-potentials, the higher electron transport of electron to Ag+.

2.2.2.2 The Effect of the Origin of a Reducing Agent

As it was discussed above, origin of a reduction agent can have a significant effect

on anisotropy of formed nanoparticles. Often for producing anisotropic structures

reducing agents of intermediate force are used. As AgNO3 is reduced in presence of

NaBH4, nanoparticles with truncate octahedral structures form, in the case of

1, 2-hexadecandiol nanoparticles of icosahedron shape form (Fig. 2.13) [55].

Table 2.3 The influence of the redox potential of a reduction agent on the size of palladium

nanoparticles [117]

Reduction agent (n-C8H17)4 N
+(R0CO2

�) Ep(Ox), V pKa d, nm

R0 ¼Cl2CH, dichloroacetate 1.44 1.5 5.4

R0 ¼CH3CH(OH), lactate 1.16 3.1 2.8

R0 ¼HOCH2, glycolate 1.17 3.8 2.9

R0 ¼CH3, acetate 1.07 4.8 2.0

R0 ¼ (CH3)3C, pivalate 1.08 5.0 2.2

1 k is constant of the reaction velocity in per min, because this reaction is of the first order by POM

and zero order by Ag+, k has been obtained from the ratio of the initial rate of re-oxidation of POM

measured by a decrease in characteristic absorption at 730 nm to the initial POM concentration.
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Moreover, formation of unusual structures, like Au truncate decahedrons favors

formation of AgCl-oleyl-amine due to C═C bonds of NH2 group [120]. Decahedrons

had two types of truncation: parallel and perpendicular to the fivefold symmetry axis

(Fig. 2.14).

There is an interesting approach called “in situ seeding method” based on

introduction into a medium already containing intermediately strong reducing

agent a small amount of a strong reducing agent. The aim of the latter is to initiate

homogenous nucleation, and the further growth goes due to a weak reducing agent.

This method is used to obtain golden nanoparticles shaped as rods/wires, rectangu-

lar, cube, and tetrapodlike, and also silver plates and discs [121]. Similarly, the

mixture NaBH4-ascorbic acid allows efficient control over nucleation and growth

processes and fabrication of various anisotropic particles to grams weight [65,

122]. At higher concentration of borohydride faster nucleation is induced and the

formed particles have small size (<5 nm) and spherical shape. If content of

borohydride is low, nanoparticles have wide distribution of sizes and shapes; for

intermediate nucleation rate nanoparticles become anisotropic and narrow-

dispersed. It is interesting to notice that under conditions of seed-mediated growth

the process of nanoparticles formation can be realized under medium conditions. It

has been shown, for example, that Au seeds enhance reduction effect of ascorbic

acid, which, as is known, is unable to reduce HAuCl4 at room temperature [123].

2.2.2.3 The Effect of the Reducing Agent Concentration

A great excess of the reducing agent allows control over sizes of Cu nanoparticles

[124, 125] and their shape [126–128].

Fig. 2.12 Linear function of logk vs. the reduction potential of various reduced POMs for the

reduction of Ag+. [POMs] 1.0� 10�4 M, [Ag+] 0.5� 10�4 M [119]
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Variation of the ratio [N2H4]/[AOT] (AOT – di(2-ethyl-hexyl)sulfosuccinate

Na) from 4.7 to 11.8 leads to increase in sizes of silver nanodiscs and to increase in

their polydispersion [129]. Hydrazine hydrate molecules, probably absorb on crys-

tallographic faces, like AOT do, and thus they carry on kinetic control over growth

of nanoparticles [88, 130, 131].

The effect of citrate [132] or ferric ammonium citrate (FAC) [95] concentration

on golden particle sizes is stronger than on their morphology. And, as is shown for

the latter case, average edge length (158� 49 nm) of a polygonal nanoparticle at the

molar ratio [FAC]/[HAuCl4]¼ 1.0 far exceeds those found for the molar ratios of

the reducing agent and HAuCl4 0.5 (100� 22 nm) and 1.5 (124� 24 nm),

respectively.

Fig. 2.13 TEM (a) and HRTEM (b) images and histogram of the Ag nanoparticles prepared by

NaBH4 reduction; TEM (c) and HRTEM (d) images and histogram of the Ag nanoparticles

prepared by polyol synthesis; the inset shows the schematic illustration of an icosahedron [55]
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A change in concentration of the reducing agent SiW12O40
5� from 1.0� 10�4 M

to 8.3� 10�4 M causes an increase in the re-oxidation rate by Ag+ ions from

SiW12O40
5� to SiW12O40

4�(Fig. 2.15) [119].
An increase in concentration of the reducing agent is reflected in consequent

formation of nanoparticles of smaller sizes (Table 2.4). At the lowest concentration

[SiW12O40
5�]0, 1.0� 10�4 M the coarsest nanoparticles (>55 nm with wide dis-

tribution have been obtained).

2.2.2.4 The Effect of Temperature

At room temperature such reducing agents as citric acid, easily oxidized solvents

(alcohols, DMF) and polymers (for example, polyvinyl alcohol) show weak reduc-

ing properties with respect to many metal-containing precursors. However, they are

able to reduce most metal ions at high temperatures [133–136]. Depending on

redox-potentials of a metal compound and a reducing agent, the required temper-

ature of reaction can vary significantly.

In heterophase reactions the reducing regimes have a significant effect both on a

degree of reduction and on dispersion of formed nanopowders. Cobalt nanopowders

were synthesized by low temperature hydrogen reduction of cobalt hydroxide

obtained via interaction of solid salts of cobalt with alkali solution [137]. Increase

in temperature from 150 to 320 �C causes increase in a degree of reduction of cobalt

hydroxide from 5 to 100 vol.% (Table 2.5).

However, specific surface of the powders decreases from 35.1 to 4.96 m2/g.

During reduction of the metal to 60 %, abrupt decrease in dispersion of the reducing

products appears due to sintering of metal particles (Fig. 2.16).

Fig. 2.14 (a) TEM image of truncated Au decahedrons. The inset shows a two-dimensional

schematic drawing of the truncated decahedron. The dashed lines indicate the twin boundaries. (b)
High resolution TEM image taken from an individual truncated Au decahedron recorded along the

{011} zone axis and the corresponding FFT pattern (inset). In the pattern, the spots indicated by

arrows can be indexed as the {200} reflections from the five single-crystal domains [120]
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An increase in sizes of Pd nanoparticles (from 1.24 to 3.94) in the temperature

interval from 15 to 60 �C during electrochemical reduction of Pd(II) nitrate is

associated with some events, including high velocities of a stabilizer desorption

from surface of nanoparticles at high temperatures [138]. It is interesting that the

temperature-dependent change in conformation of poly(N-isopropyl acryl amide)

has an effect on shape of platinum nanoparticles formed during reduction of

K2PtCl4 by hydrogen [139].

On the whole, temperature is important parameter for regulation of the processes

of heterogenous/homogenous nucleation and nucleation/growth. An illustrative
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Fig. 2.15 Effect of the

initial concentration of

SiW12O40
5� on the initial

rate of reoxidation of

SiW12O40
5� by Ag+;

reduced POM [obtained by

illumination of a deaerated

solution of SiW12O40
4�

(1.0 mM), and propan-2-ol

(1.0 M)], Ag+

(0.84� 10�4 M) [119]

Table 2.4 Average size of

silver nanoparticles obtained

upon reduction of Ag+

(0.84� 10�4 M) by various

concentrations of SiW12O40
5�

[119]

[SiW12O40
5�]0, M Diameter, nm r.s.d.,%

8.3� 10�4 28.2 �19.0

5.3� 10�4 38.0 � 21.4

2.3� 10�4 44.0 �10.6

1.0� 10�4 – –

Note. r.s.d. relative standard deviation

Table 2.5 Characterization of Co nanopowders [137]

Reaction

temperature, �С Phase composition, vol.%

Reduction

degree, %

Specific surface,

m2/g

150 Co(OH)2-88.5; Co3O4-8.85; Co – 2.65;

CoOOH-3.39; CoO-0.85; Co-4.24

4 35.1� 0.06

200 Co3O4-25.87; CoO-12.26; CoOOH-3.42;

Co-59.25

59 61.04� 0.81

250 Co3O4-21.12; CoO-21.12; Co-57.76 58 6.06� 0.02

320 Co 100 4.96� 0.03

380 Co 100 4.38� 0.02

420 Co 100 3.39� 0.02
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example is the systematic studies of chemical reduction of Ag ions in the temper-

ature range from 0 to 55 �C [140]. The low temperatures dramatically reduce the

formation and growth of nanoparticles and tens of hours are needed to complete

the reaction. The shape and size of nanoparticles formed are rather not uniform. In

the range temperature from 17 to 55 �C the rate of reaction as well as the size of the

nanoparticles is increased (Fig. 2.17).

It is attracted attention that the increase of the size of particles occurred at 32 �C
manifests an elongation of the face of nanoplates from 90 to 180 nm as well as an

increase of the diameter of spherical particles from 25 to 48 nm. It was supposed

that the growth of particles on this stage can follows to the mechanism of a

combined fusion which differs from the Ostwald ripening at room temperature.

The analogous peculiarities are characteristic for other noble metals. For example,

selective deposition of platinum nanoparticles on carbon nanotubes was in the

temperature range from 138 to 160 �C, while as temperature increases to 180 �C,
there was aggregation of Pt nanoparticles in solution [70].

Fig. 2.16 The dependence

of the specific surface of Co

nanopowder on the degree

of conversion during the

reduction of cobalt

(II) hydroxide by H2 (the

rate of flow 40 L/h) [137]

Fig. 2.17 (a) The average size of silver nanoplates (1) and nanospheres (2) obtained at different

temperatures and (b) the growth rate of nanoplates vis. time on the λmax data at temperatures

17 (1); 23 (2); 28 (3); 43 (4) and 55 �C (5) [140]
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2.2.2.5 The Effect of pH

An important parameter in chemical reduction reactions is pH of a medium, which

has an effect not only on sizes of formed nanoparticles, but on their shape and

composition. Copper nanoparticles participate if, for example, pH of a solution is in

the range 9.2–10.5. According to UV-vis spectra, intensity and position of the

maximum change depending on pH (Fig. 2.18) [141].

At lower pH (9.2–10.3) peak of plasmon resonance at 565 nm is typical for

copper nanoparticle [142], its intensity increases in these limits, which is the

evidence of yield of nanoparticles. As pH to 10.5 and 11, the absorption peak shifts

to λ¼ 570 nm и 575 nm, which can point to formation of metal copper

nanoparticles in copper oxide shell [38, 143].

2.2.2.6 Kinetic Laws

The special features of nanoparticles is presence of so-called surface plasmon

resonance (SPR), i.e. dramatic increase in intensity of absorption and spattering

at some wavelength of incident light, which is in resonance with eigenfrequency of

electron gas vibrations on a particle surface. Parameters of plasmon resonance are:

value, spectral position, and FWHM serve for characteristics of nanoparticles and

processes of their formation, which allows successful usage of the most informative

method of electron spectroscopy for studies. For example, silver nanoparticles

absorb light intensely with the maximum of plasmon resonance line in violet

range of optical spectrum (390–450 nm). Solutions of gold nanoparticles have

also maximum absorption in visible spectrum from 510 to 540 nm, copper

nanoparticles have maximum at 550 nm [144].

Kinetics of formation of gold nanoparticles according to the data of

UV-vis-near-IR spectroscopy at reduction of HAuCl4 is shown in Fig. 2.19a [145].

Fig. 2.18 (a) UV/Vis absorption spectra of copper nanoparticles synthesized in 1.0 mM aqueous

PAA solution at different pH:: 9.2 (1), 10.0 (2), 10.3 (3), 10.5 (4) and 11.0 (5). (b) Absorption
maximum of copper nanoparticles versus the pH value [141]
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The peak of SPR at 560 nm increases monotonously during the reaction, after

7.5 h a new band appears, localized at 817 nm, as the reaction is finished, long-wave

absorption undergoes additional red shift. This evolution of the spectrum can be

associated with aggregated spherical nanoparticles or with anisotropic structures

whose sizes change in time. For example, appearance of new plasmon peak in the

long-wave range of the absorption spectrum during irradiation of AgNO3-ethanol-

polyvinylpyrrolidone with argon-ion laser (λ¼ 514.5 nm) is associated with for-

mation of coarse quasi-ellipsoid nanoparticles and with aggregates of Ag

nanoparticles with fractal dimensionality (Fig. 2.20) [146].

Amplitude of plasmon resonance at 405 nm in the polystyrene-gr-poly

(methacrylic acid-block-polymethacrylate)-silver nitrate increases during reduction

and reaches maximum for more than 24 h, which allowed efficient control over

growth of nanoparticles (Fig. 2.19b) [147].

2.2.3 Reduction in Statu Nascendi in Polymer Matrix

Taking into account instability of nanoparticles, most preparation techniques

include usage of stabilizing agents, which absorb on surface of particles. During

Fig. 2.19 (a) UV-vis-NIR absorption spectra of gold nanoparticles measured during the reduction

of 10�3 M HAuCl4 with Aloe Vera extract after 5, 7.5, 8, 9, and 25 h of reaction (curves 1–5,

respectively). (b) UV/vis spectra of composite of polymer brush and Ag nanoparticles varying the

reduction time [145]
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steric stabilization, as was mentioned above, aggregation of the particles is

prevented by absorption of large molecules (polymers or surfactants). According

to some estimations, efficiency of stabilization with polymers can be expressed by

their protective value [148], which for known polymers such as poly(N-vinyl-2-

pyrrolidone), poly(vinylalcohol), poly(acrylamide), poly(acrylic acid), and poly

(ethylene imine) is 50.0, 5.0, 1.3, 0.07, and 0.04, respectively.

Apart from steric limitations [149]

polymer molecule can weakly bound with a surface of a particle via heteroatoms

acting as ligands [150].

As a rule, reduction in the medium of polymer template is preceded by formation

of macromolecule complex of metal precursor with polymer molecule. The key

stage in synthesis of dendrimer—template/Ag—nanocomposite is interaction of

Fig. 2.20 TEM image of

the aggregate formed in

AgNO3/ethanol/PVP-

produced silver colloid

[146]
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Ag+ ions with terminal OH-groups of the dendrimer on the basis of 3.5-

dihydroxybenzyl alcohol [151] (Scheme 2.1):

Sizes of metal nanoparticles and their size distribution increase as generation of

the dendrimer increases, which correlates with increase in the dendrimer size with

increase in number of generations:
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It is known that as number of generations of dendrimers increases, they aggre-

gate [152, 153], which forms template places of various sizes, in which metal

nanoparticles grow.

In the case of poly(vinylpyrrolidone) most widely used stabilizing and reducing

agents in chemical reactions of producing nanocomposites [154–156], the preserv-

ing effect is associated with presence of a free pair of electrons of a nitrogen and a

oxygen atoms in polar PVP polar groups, which can be donated in two sp hybrid

orbitals of metal ions with formation of complex ions [157] (Scheme 2.2):

Two formed types of complexes can induce various nucleation processes

[158]. Moreover, it is assumed that a bond between a PVP and a metal remains

after reduction of the metal [159]. The PVP molecule can prevailingly absorb on

some crystal faces of a seed, inhibiting or accelerating their growth and, conse-

quently, it advances anisotropic growth of metal nanoparticles [91, 104].

Scheme 2.1 A pathway for the dendrimer/silver nanocomposites formation
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This method can be applied to fabrication of bi- and multicrystalline

nanoparticles. For example, scheme of Bi2Te3 synthesis includes coordination of

Bi(III) and Te(III) ions with polyvinylpyrrolidone, formation of a macrocomplex,

and the following reduction in presence of NaBH4 [160] (Scheme 2.3):

Depending on a way of synthesis, a nature of the used precursors and reagents,

particles with various properties, sizes and forms can be obtained. A simple

example of synthesis of Ag nanoparticles during reduction of silver nitrate

conducted in various media and in presence of various reducing agents [161] can

demonstrate importance of all parameters and conditions of the reaction. Colloid

dispersions of silver particles from 1 to 600 nm in size are obtained in water
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Scheme 2.2 Complexation of metal ions with poly(vinylpyrrolidone) chains

Scheme 2.3 Synthesis of bimetallic nanocomposites
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solution under action of ascorbic acid, ferric ammonium citrate, sodium

borohydrate and hydroquinone. Polymers of different origins were used as stabi-

lizing media, their variations can be efficiently used to control size and shape of

colloid particles (Table 2.6).

Thus, apart from origin and structure of a polymer template, a crucial effect on

characteristics of obtained nanocomposites has many parameters of the reduction

reaction in polymer matrix in nascendi (concentration of a metal salt, stabilizing

and reducing agents, temperature, crystal structure, and sizes of preliminary pre-

pared or in situ grown seeds, etc.). Some of these features are considered below.

2.2.3.1 Reducing Agent

Using of strong chemical agents allows conduction of a reaction under soft conditions

(at room temperature and atmospheric pressure). For example, silver nanoparticles

were obtained in PMMA solution in 1,2-dichloroethane, in which ammonia solution

of silver oxide was introduced (with concentration 10�2–10�4 M) in presence of

hydrate hydrazine (2 · 10�2 М) [162]. Dodecylamine as a reducing agent requires

more severe conditions. CdSe nanoparticles stabilized by carbazole containing poly

(benzyl ether) dendrons were obtained via reduction of cadmium oxide by

dodecylamine initially during heating in vacuum (120 �С) with the following heat

treatment at 270 �С in nitrogen atmosphere and fast injection of selenium and

trioctylphosphine [163].

Table 2.6 Synthesis and characterization of Ag nanocomposites (0.2 M AgNO3, 0.1 M aqueous

solution of stabilizing agent, ascorbic acid is a reduction agent) [161]

Stabilizing agent The shape of particle The size of particle

– Rice balls consisting of rod

like particles

2–4 μm, 300–

600 nm

Pluronic PE PEO–PPO–PEO-block-

copolymer non-ionic surfactant

Rice balls consisting of rod

like particles

2–4 μm, 300–

600 nm

Plurafac LF non-ionic surfactant Rice balls consisting of rod

like particles

2–4 μm, 300–

600 nm

Gummi arabicum polysaccharide Rice balls consisting of rod

like particles

2–4 μm, 300–

600 nm

LutensitA-ES sodium alkylphenol ether

sulfate anionic surfactant

Thin large plates –

Tamol VS vinylsulfonate, Na salt Crystallites, leafs From 5–6 to 20 μm
Emulphor FAS 30 alkylphenolate-free

ether, Na, salt

Crystallites, leafs, hexagons,

plates, spheres

From 2–4 to 3 μm

Polyvinylpyrrolidone Hexagons, plates, spheres From 1–3 μm to

300–500 nm
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2.2.3.2 The Effect of Concentration of Polymer Ligand

It has been shown that sizes and shapes of copper nanoparticles are substantially

dependent on concentration of a stabilizing ligand, polyacrylic acid (PAA)

[141]. At low concentration of PAA (1.0 mM) nanoparticles were predominantly

large (~80 nm) and spherical. If concentration of PAA is 1.33 mM, crystalline faced

(cube-octahedron) particles formed with the size ~50 nm. At concentration of PAA

2 mM average size of nanoparticles decreased to 30 nm, and their polydispersion

increased. It interesting to point out that under similar conditions, but with usage of

polyvinylpyrrolidone, it is impossible to obtain metal nanoparticles of copper, their

synthesis is accompanied by formation of Cu2O nanoparticles in wide range of pH

[164]. At high concentration of PVP or short chains (MW 10000) silver ions reduce

on the surface of seed particles without additional heating or other actions

[165]. Under these synthetic conditions homogenous star-like, multipod

nanoparticles with high yield (100 %) form (Fig. 2.21).

Using of polycrystalline golden nanoparticles (15 nm in diameter) for seeds can

produce spheroid or armed Au nanoparticles at simple variation of experimental

conditions of the reaction. The key feature is, probably, reduction ability of poly

(vinylpyrrolidone) molecules, which has an effect on the reduction kinetics of gold

and, consequently, on the deposition rate of Au atoms on the surface of Au seeds.

Consequent interactions of PVP via absorption/desorption processes and high ratios

Fig. 2.21 Catalytic growth of the seeds into Au spheres or Au nanostars at high concentration of

poly(vinylpyrrolidone) [165]
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of poly(vinylpyrrolidone) links to Au atoms cause fast, kinetically controlled and

preferable growth along certain crystallographic faces, which finally is ended by

formation of star-like nanoparticles.

2.2.3.3 The Effect of Molecular Weight of a Polymer Ligand

A possibility of steric stabilization is defined by the fact that spatial dimensions of

even low molecular compounds are compatible with the radius of London attracting

forces or even more. If it is assumed that “diameter” of a macromolecule of a linear

polymer coincides with the root-mean-square distance between its ends, then the

relationship between the average geometrical size of the particle<r2>0.5 and

molecular mass of the polymer M can be expressed as [166]

< r2>0:5 � 0:06M0:5 ð2:10Þ

In the case of the polymers with M¼ 104< r2> 0.5¼ 6 nm, and at M¼ 105 this

value is already 20 nm. Consequently, the molecules of the polymers with M> 104

have the same sizes, which are necessary for stabilization of colloid particles. And a

polymer with higher molecular weight has more efficient ability to limitation of

growth and agglomeration, as it was found in the system Ni nanoparticles- poly

(vinylpyrrolidone) (Fig. 2.22) [167].

Molecular weight of a polymer plays the crucial role in geometry of particles.

Poly(vinylpyrrolidone) with molecular weight Mw 1300000 was used to synthesize

silver decahedron with high yield [157]. As molecular weight of PVP decreases to

Mw 40000, polydispersion particles formed, only 40 % of which had the shape of

decahedron, and in the case of even lower molecular weights always spherical

nanoparticles formed.

Fig. 2.22 Relationship of

poly(vinylpyrrolidone)

(PVP) molecular weight and

synthesized Ni

nanoparticles [167]
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2.2.3.4 Supercritical Media

The prospective is the approach based on reduction of metal containing precursors in

polymer matrices in supercritical media [168–170]. The main mechanism is diffusion

of a solution of organic metal complex solved, for example, in supercritical CO2 in

polymer matrix, not soluble, but swelled. The last fact makes it possible to widely

vary origin of a polymer, for example, use different dendrimers [171], natural poly-

mers, such as chitosan [172], etc. In these systems usually H2 is used as a reducing

agent, which is well compatible with supercritical CO2. Changing density of media

can additionally help to regulate size of nanoparticles, as it was shown for Au

nanoparticles synthesized in situ in pores of MCM-48 [173]. Size of formed

nanoparticles was from 2 to 25 nm under pressure of CO2 17 and 7MPa, respectively.

In general case the stabilizing action of highly molecular compound is deter-

mined by some additional parameters, in particular, by degree of polymerization,

type and number of functional groups, character of their distribution in chain, etc.

Interaction of a protective polymer with a forming nanoparticle can be realized via

absorption of macromolecules on a surface of the particles or their chemosorption

from the solution. Physical absorption is governed by Van der Waals forces, dipole

interactions, or hydrogen bonds. Non-covalent interactions of nanoparticles with a

macromolecule are very weak, about 10�4 J/m2. There are interactions of

nanoparticles with PE, PVA, PEO, PVP, polyethylene glycol macromolecules,

etc. [174]. Polymer molecules can be easily displaced from the zone of interaction

during Brownian motion of particles [175]. In particular, PEO weakly interact with

metal surfaces, therefore, it is a bad stabilizer of colloid gold [176]. For enhancing

of stabilizing properties of polymers binary protective systems are sometimes used,

as, for example, PVP dodecylamine in polyol synthesis of Ni nanoparticles [167].

Polymer chains during chemosorption can form covalent, ionic or coordination

bonds with atoms of surface layers of a metal. Introduction of various functional

groups in a polymer causes an increase in the role of acid-base interactions in a

polymer-metal system and, respectively, to an increase in adhesion ability of a

polymer. Below some polymer systems are considered, which are used as stabiliz-

ing media in chemical reactions of production of nanocomposites.

2.2.3.5 Block-Copolymers as Nanoreactors for Synthesis
of Nanocomposites

Block-copolymers form micelles in diluted solutions of polar solvents, such as

water, or in non-polar organic medium. Micelles of block-copolymers have a

definite core-shell structure, consisting of a core of insoluble block and a shell or

crown of a soluble fragment of a copolymer. The methods of obtaining of block-

copolymers, characteristics of their compositions and properties are widely

presented in literature, there are many monographs and reviews considering fun-

damental principles of their self-organization, structure, and application in synthe-

sis of nanomaterials [177–180].
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Block-copolymers in a solution and in block state (as films) have microphase

separation with formation of various types of morphological structures (spheres, rods,

vesicles, crew-cut structures, lamellas, cylinders, etc.) (Fig. 2.23) [179, 181, 182].

Shape of micelles can be controlled by various parameters, such as a relative

block length, content of ion, composition of solvents, etc. Mainly, morphology

depends on the ratio of block length f and the segregation parameter χN, where N is

the total degree of polymerization N¼NA+NB, χ is Huggins parameter, which

characterizes the repulsive force between the polymer blocks. The value χ
decreases with increase in temperature according to the dependence χ ~ 1/T. Chang-
ing a degree of polymerization provides control over the superlattice unit cell

parameter in wide from some nanometers to hundreds nanometers. Figure 2.24

shows this dependence for poly(butadiene-b-ethylene oxide) (PB-PEO) [179].

The initial part of the curve corresponds to short chained non-ionogenic surfac-

tants, which confirms universality of their behavior and block-co-polymers, and,

with respect with theoretical predictions, can be described by the relationship:

d ~ d0N
2/3 (d0 ~ 0.9 nm).

Fig. 2.23 Self-organization structures of block copolymers and surfactants: spherical micelles,

cylindrical micelles, vesicles, fcc- and bcc-packed spheres (FCC, BCC), hexagonally packed

cylinders (HEX), various minimal surfaces (gyroid, F-surface, P-surface), simple lamellae

(LAM), as well as modulated and perforated lamellae (MLAM, PLAM) [179]
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The dependence of a number of aggregates Z, i.e. a number of block-polymers in

a micelle on a degree of polymerization of a soluble block NA (Fig. 2.25) can be

described by equation (referred to by [179]):

Z ¼ Z0N
α
AN

�β
B ð2:11Þ

(where α¼ 2, β� 0.8, Z0 depends, mainly, on the mixing enthalpy of insoluble

polymer block A and solvent), which can be applied to many bi- and tri-block

Fig. 2.24 Long period d as

a function of the degree of

polymerization (N ) of

PB-PEO (□) and

non-ionogenic surfactants

(Ο)

Fig. 2.25 Aggregation numbers Z as functions of the degree of polymerization NA of the

insoluble block. o, □: diblock copolymers (PS-P4VPy, PS-PMAc), Δ: triblock copolymers

(PMAc-PS-PMAc), ∇: graft copolymers (PSMSA-g-PEO), *: PS-P2VPy heteroarm star poly-

mers, ◊: PS-PAAc heteroarm star polymers, •: nonionic surfactants, ■: cationic surfactants

(RNMe3Br) ~,▼: anionic surfactants (ROSO3Na, RSO3Na) [179]
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grafted and star-like co-polymers and for low molecular cation and anion surfac-

tants, which confirms similarity of their self-assembling mechanism, and diameter

of the micelles can be directly determined by a degree of polymerization of blocks,

which is important for the controlled synthesis of nanocolloids.

It is known that for rigid spheres Rg¼ 0.778Rh (Rg is gyration radius, Rh is

hydrodynamic radius), and the parameter Rg/Rh changes dependently on architec-

ture of particles and their geometry. In the Table 2.7 are shown values of parameter

ρ¼Rg/Rh for macromolecules of various architectures [183].

On the whole, the coarser is a particle and higher its anisotropy, the higher is ρ.
For example, in the PS(300)-b-P[2VP-Au0.5(300)] system gold nanoparticles are

agglomerated with increase in Rg and parameter ρ [183], i.e. it can be assumed that

the concentration at which Rg and Rh begin to increase corresponds to the critical

concentration of micelle formation (CMC) of a block copolymer. Moreover, the

longer a block forming a core, the lower CMC of the block-copolymer providing

that length of polymer chains of the crown is approximately the same.

The theory predicts that insertion of a particle or a molecular solute in a

surfactant micelle leads to perturbation in the initial structure due to the core

swelling [184, 185]. However, if concentration of a solved substance is low, the

structure of a surfactant micelle is predominantly determined by molecular prop-

erties of a polymer. On the contrary, arrangement of a polymer surfactant on

macroscopic surface in selective solvents depends on many parameters, including

relative affinity of each block of a copolymer to the surface and to the solvent,

length of blocks, interphase boundary, and concentration of the polymer. These

parameters have a substantial effect on thickness and regularity of the surfactant

layer. A significant assumption of many theories of absorption is that curvature of a

surface is small as compared to length of a polymer and thickness of a film. And, as

a result, it is unclear which type of a monolayer structure is formed by a block-

polymer on a strongly curved surface of a nanoparticle: absorbed layer, micelle, etc.

It has been shown that curvature of a surface has effect on thickness of the absorbed

Table 2.7 Morphology of polymer particles and composites

n/n Morphology ρ¼Rg/Rh

1. Homogeneous sphere, random coil, monodisperse 0.788

Θ-conditions 1.50

Good solvent 1.78

2. Random coil, polydisperse z¼ 1

Θ- conditions 1.73

Good solvent 2.05

3. Regular stars

Θ- conditions, f ¼ 4 1.33

Good solvent, f >> 1 1.079

4. Rigid rod

Monodisperse >2.0

Polydisperse >2.0
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layer when the curvature radius reaches gyration radius of a polymer (ρ/Rg� 1)

[186]. It is assumed that there is a range of particle sizes, beyond which polymer

surfactants combine surface absorption and micelle formation [187]. In other

words, block-polymers on the surface of a nanoparticle can form as a grafted

layer if it is a coarse nanoparticle or a micelle, if a particle is small. For Au

nanoparticles, whose size is more than 10 nm, a core-shell structure forms

(Au@PS-b-PAA) which is well described by the general model of polymer absorp-

tion [188]. Thickness of a layer depends not on absolute concentration of a polymer

or Au nanoparticles, but on their relative amount. If Au sizes are small, they

dissolve as molecular factions in the core of a micelle of polystyrene-block-poly

(acrylic acid) (Scheme 2.4).

Relative and absolute length of the polymer blocks also has an effect on structure

of absorbed polymer layer. Moderately asymmetric and symmetric copolymers

(PS159-b-PAA62, PS49-b-PAA54) do not absorb on the surface of nanoparticles,

while strongly asymmetric polymers (PS250-b-PAA13, PS160-b-PAA13, PS100-b-
PAA13, PMMA240-b-PAA13) form quite well thick surfactant shell.

Various copolymers used as polymer templates are widely applied in colloid

synthesis of metals: in particular, block-copolymers of styrene with poly(acrylic)

acid [181], 2- and 4- vinylpyridine [183, 189–191], polyethylene oxide with

4-vinylpyridine [192], and poly(3-caprolactone) [193], etc.

Many representatives of star-like polymers (AB)n, where n is a number of

bi-blocked branching, which can form inverse micelles with complicated struc-

tures, relate to the block-polymers of the considered type [191, 194–196]. Micelles

of this type have monomolecular structure. Thus, (PS-b-P4VPy)4 micelles with

Scheme 2.4 Formation of absorption layers and micelle structures in block-copolymer

nanocomposites
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petal structure form if toluene is added to (PS-b-PVPy)4 in CH2Cl2 solution [194]

(Scheme 2.5):

In this case the exterior blocks (P4VPy chains) form a core and PS chains

(interior blocks) serve a petal-like shell. It is interesting to note that independently

on length of P4VPy chains micelles preserve spherical shape (Rg/Rh¼ 0.82, where

Rg is gyration radius, Rh is hydrodynamic radius, see Table 2.8), though it is known

that at high ratio Rg/Rh PS-b-P4VPy has cylindrical morphology [197].

Dense structure of petal-like formation prevents interaction of P4VPy links

between two neighbor micelles, and thus prevents their aggregation. Nanoparticles

formed in these templates have narrow and homogeneous size distribution in the

matrix space (2.5� 0.2 nm, 2.4� 0.3 nm and 2.0� 0.2 nm).

The considered method of synthesis of nanocomposites is mainly based on usage

for templates of already formed and well-organized block-copolymer micelles.

However, there are systems in which formation of micelles proceeds also in

solutions which are “good” for block polymers owing to interaction of inorganic

ion with a copolymer or so called ion induced micelle formation [198–201]. Prob-

lems of influence of metal ions and nanoparticles on self-assembling processes stay

in many ways unclear.

Scheme 2.5 Schematic representation for the preparation of reversed micelles and gold

nanoparticles
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Soft conditions of synthesis make it possible to obtain silver nanocomposites

based on polystyrene-g-(polymethacrylic acid-block-poly(methyl methacrylate)

(PS-g-(PMA-b-PMMA) dissolved in organic acids [147]. Specific structure of

polymer template in the shape of two-layered cylinders advances solubility

(Fig. 2.26). However, formed nanoparticles have quite wide size distribution spread

(7.5� 2.3 nm).

However, on the other hand, these systems provide a good possibility for control

of particle size and their morphology during change in degree of microphase

distribution via variation of a solvent type or molar ratio of hydrophilic and

hydrophobic components. In the case of poly(urethane acrylate –styrene) copoly-

mer containing (poly)propylene and poly(ethylene oxide) fragments

Table 2.8 The parameters of micelles of block-copolymers [194]

Block copolymers Dh, nm Rg, nm Rg/Rh Dh
com, nm Rg

com, nm Rg/Rh
com

(PS25-b-P4VP12)4 26.4 8.4 0.64 39.0 20.7 1.06

(PS25-b-P4VP32)4 44.3 13.6 0.61 51.5 21.3 0.83

(PS25-b-P4VP64)4 74.0 30.4 0.82 59.0 24.0 0.81

Dh, Rg, and Rg/Rh are data of the reverse micelles and, Dh
com, Rg

com, and Rg/Rh
com are data of

complex micelles

OH

(CH2–CH)n

H
1

m

O)
)

)
)

O

O

a b

Fig. 2.26 (a) Schematic structure and (b) AFM photograph of amphiphilic copolymer PS-gr-

(PMA-b-PMMA) of double-cylinder-type [147]
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(CH2CHCH2CH2CHO)nCH2 CHOOCNH

CH3 CH3

CH3
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CH3

H2C=CCOOCH2CH2OCONH

CH3

CH3

NHOCOCH2CH2OOCC=CH2

CH3

NHCOO-(CH2CH2OCH2CH2OCH2CH2O)nH

COONH

CH3

complex formation of cadmium acetate with hydrophilic poly(ethylene oxide)

chain favors formation of nanodomain structure with its further fixation during

copolymerization [202] on the whole, increases microphase separation.

2.2.3.6 Hydrogels

Polymer cross-linked hydrogels working as nanoreactors in synthesis of colloid

metal nanoparticles attract a considerable attention due to their potential application

in catalysis [203, 204], photonics [205], drug delivery [206] and biomedicine [207,

208]. In the latter case a decisive role has biocompatibility of these polymers with

biomolecules and tissues (see Chapter 7).

Really, substantial free spaces in the linked polymer network in the swelled state

work as nanoreactors during nucleation and growth of nanoparticles. It has been

shown that size and morphology of nanoparticles can be controlled by concentra-

tion of a linking agent and functionality of a reticulate gel [209–211].

Poly(acrylamide) (PAAm) gels are very efficient for synthesis of nanoparticles

[212–216]. Usually, PAAm gels are produced by polymerization of AAm in presence

of bi-functional cross-linking agent, for example, N,N0-methylene bis-acrylamide:

H2C CH

C

NH2

O

+ H2C CH

C

NH

O

CH2

NH

C O

CHH2C

CH

C

NH2

O

H2C CH

C

NH

O

CH2

NH

C O

CH

CH2

CH2CHCH2

C O

NH2

Metal ions are bound with functional groups of a cross linked polymer making

monomolecular complexes, their concentration can be varied in quite wide range.

In some cases metal ions are introduced already at the stage of polymerization

forming in situ polymer complex, which is then subjected to reduction [217, 218].

A special interest in development of nanocomposite materials is drawn to

microgels with a response to internal actions (of pH, temperature, ionic force, etc.)

[219–221]. Most often used temperature sensitive component in metal/microgel

54 2 Reduction of Metal Ions in Polymer Matrices as a Condensation Method. . .

http://dx.doi.org/10.1007/978-90-481-2567-8_7


nanocomposites is poly(N-iso-propyl-acrylamide) (PNIPAAm). The temperature of

phase transition, so called (the lower critical solution temperature) (LCST) of

PNIPAAm is 32–34 �С, and it can be finely regulated during co-polymerization

with other monomers (Table 2.9) [222]. In these microgels such monomers as acrylic

acid [223], methacrylic acid [224], acrylic acid-2-hydroxy ethyl acrylate [225],

2-amino ethyl acrylate [226], etc. are used as active centers to bindmetal ions. Hybrid

Ag/poly[N-iso-propyl-acrylamide-(maleate carboxymethyl chitosan)] nanocom-

posite was obtained by reduction of silver salt with NaBH4 in the microgel medium

(Fig. 2.27) [227]

Table 2.9 Polymers with a

response to temperature

obtained by RAFT

polymerization [222]

Polymer The response T �C

UCST 12

LCST 50

LCST 26–35

LCST 32

LCST 30

Note. RAFT is the reversible addition fragmentation chain trans-

fer, UCST is upper critical solution temperature, LCST is low

critical solution temperature
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The obtained particles are stable in wide range of pH (2–10) and temperature

(15–50 �С). Hybrid nanocomposites with silver nanoparticles have the same LCST

as the initial polymer microgel (Fig. 2.28).

The temperatures of phase transition of a hybrid nanocomposite were 32 and

35 �С at pH 3 и 8, respectively. For the Pt/poly[(vinylamine)-co-(N-vinylisobu-
tyramide)] the temperature of flaking was by 0.2–1.6 �С lower than LSTC of the

initial copolymer and the difference grows with increase in content of vinylamine

comonomer [228]:

CH

NH2

H2C CHCH2

NH

C O

CH

H3C CH3

m n

m¼ 4.1, 8.3, and 19.8 mol %

It should be noted that due to formation of a strong complex of Pt with the

polymer chain, strong reducing agent, sodium borohydride, not alcohol, is used for

its reduction:

H2PtCl6 þ 6NaBH4 þ 18H2O ! Pt0 þ 6NaClþ 6H3BO3 þ 22H2 ð2:12Þ

Particularly, formation of the complex, not of colloid platinum was observed in the

poly(ethyleneimine) and H2PtCl6 system in the ethanol/water mixture [229].

Fig. 2.27 Schematic representation of the synthesis of PNIPAAm/MACACS microgels

(a), which were used as microreactors for the in situ preparation of Ag nanoparticles (b) [227]
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The promising materials for template matrices used for synthesis of nanoparticles,

with widespread abilities for regulation of functionality, porosity, ion-exchanging

capacity, are ion-exchange resins [230, 231]. A considerable importance has their

commercial availability. Usually they are produced as two physical structures: gels

and microporous structures. The gels are homogeneous, have no discrete pores,

whose function play channels; the microporous resins are characterized by presence

of fixed pores. Strong acid resins (gels) are functioned by sulfonic acid groups, while

weak acid resins (macroporous) contain carboxylic groups:

-O3S
+H

-O3S
+H

-O3S
+H

-O3S
+H

-OOC+H

-OOC+H

H+COO-

H+COO-

Presence of functional groups in a polymer matrix makes it possible to bind them

with metal cations by ion-exchange mechanism and then reduce as, for example,

during production of Ni(0)-containing nanocomposites [232] by the following

scheme (Scheme 2.6):

Fig. 2.28 Temperature

dependence of the

hydrodynamic diameters of

the poly[N-
isopropylacrylamide-

(maleated

carboxymethylchitosan)]

microgels with and without

Ag nanoparticles at pH¼ 3

and 8 [227]

Scheme 2.6 Ion-exchange mechanism of the Ni(0)-nanoparticles formation
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Redox-process can be described by the following reactions:

2Ni2þ þ 4BH4� þ 9 H2O ! Ni2Bþ 12 H2 þ 3B OHð Þ3 ð2:13Þ
4Ni2Bþ 3O2 ! 8Niþ 2B2O3 ð2:14Þ

It should be noted that average sizes (19 nm) of nickel nanoparticles in strong acid

gels are smaller than in the respective macroporous resins (about 40 nm), probably,

it is caused by agglomeration of nanoparticles in pores, whose sizes vary in the

range 60–70 nm. Repeated loading and reduction cycles provide achievement of

content of magnetic active phase in a nanocomposite up to 21 % (gel) and 16 %

(microporous resin). The fact that the origin of a polymer membrane plays a crucial

role in the loading-reduction cycles is confirmed by the data on concentration of Pd

nanoparticles in catalytic membranes (Table 2.10) [233].

2.2.3.7 Polyelectrolites (Polymeric “Brushes”)

In the recent years a great interest is attracted to the polymer systems called

polymeric brushes [234]. The polymeric brush is a monolayer of polymeric chains

bound to some surface by end groups. There are several ways of fabrication of

polymeric brushes: chemical, when the end groups are grafted to a surface by a

chemical bond, another one is based on ability of polymer molecules to self-

organization due to in- and intermolecular interactions [235]. Covalent bonding

can be realized in two ways: “grafting to” and “grafting from” technique. In the first

case the end functional group of a polymer chain under some conditions settles on

the grafted surface. However, this way has some limitations caused by low density

of grafting and thickness of the formed polymeric film, through which the polymer

molecules should diffuse to reaction places of setting. Therefore the “grafting from”

way is preferable. This approach is based on development of a surface-immobilized

layer of initializing agent and the following in situ polymerization with generation

of the polymeric brush. Thick polymeric films form which are bound by covalent

bonds to a substrate with high density of grafting. In this method a convenient way

of polymerization is atom-transfer radical polymerization (ATRP) [236–240]. The

main advance of the controlled radical polymerization for creation of polymeric

Table 2.10 Pd content and loading efficiency for the different prepared nanocomposites [233]

Matrix

Pd

loads

Pd content,

meq/g

Loading efficiency,

%

Sulphonated polyethersulphone with Cardo

group

1 0.31� 0.02 70.5� 0.1

Blend membranes 1 0.08� 0.01 30.8� 0.1

Blend membranes 2 0.16� 0.01 61.5� 0.1

Nafion 1 0.53� 0.04 48.2� 0.1
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brushes is a possibility of a brush thickness control, narrow molecular –weight

distribution, and a possibility of synthesis of block-copolymers during re-inducing

of the end sleeping chains, etc.

Two-component copolymers of this structure can serve as polymeric carriers for

metal nanoparticles. For example, core-shell polymeric brushes of cylindrical or

spherical structure are used in synthesis of Ag [147], Au [241, 242], CdS [243], Pd

and Pt [242], Au and Pt [244] nanoparticles. The general scheme of production of

nanoparticles looks as follows (Scheme 2.7):

As a rule, polymer “brushes” form close-packed grafted chains on a surface of a

polymer core, so that the total contour length of the grafted chain far exceeds average

distance between themon the surface, as it is, for example, typical of a polyelectrolytic

copolymer poly(styrene)-g- poly(2-methylpropenoxyethyl trimethyl ammonium

chloride) [242]:
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Advantage of this approach is that reduction of a precursor and formation of

nanoparticles take place in the polymeric layer.

Metal salt NaBH4

Scheme 2.7 A general scheme of template synthesis of nanoparticles in polymer brushes
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Multilayer thin films of polyelectrolytes are widely used as nanoreactors in

synthesis of metal (Ag, Ni, Pd, Cu) and semiconductor (PbS) nanoparticles [225,

245–248]. A special interest is in polyelectrolytic polymeric brushes shaped as

films with response to external actions, so called “smart surface coatings”

[249]. Hybrid inorganic/polyelectrolytic brush complexes Si/SiO2//PS-b-PAA-
(Ag+) и Si/SiO2//PS-b-PAA(Pd2+) are obtained by the Scheme 2.8 with fixation

of the initializing agent on a silicon surface at the first stage with the following

synthesis of Si/SiO2/polystyrene of the polymeric brush with settling by ATRP

method of the second bi-block component, tert-butyl acrylate, which is subjected to
acid hydrolysis with transformation into acrylic acid functional group. Interaction

of the obtained polyelectrolytic brush with a metal salt causes condensation of the

latter in the layer of blocked polyacrylic acid and formation of the required

complex, which is reduced to metal nanoparticles in presence of H2 (2 atm) at

120 �C during 48 h [250]. It is interesting that content of silver in the

nanocomposite was 4.9 %, which corresponded to 87 % of the loaded block of

polyacrylic acid (PAA).

Polymeric brushes of the considered type response to stimulating external

action, i.e. pH of a matter and low molecular electrolyte (NaCl, CaCl2) (Fig. 2.29).

As pH increases from 2 to 10, thickness of a polymeric brush increases from

16 to 26 nm. Increase in size of the polymeric brush at addition of a base is

appearance of well-known polyelectrolyte effect. As far as the acid groups along

the polymeric chain become deprotonated like carriers causing Coulomb repulsion

and, therefore, compelling the polymer to take extended conformation, which

causes increase in the brush thickness. On the contrary, with addition of electrolyte,

as was expected, thickness of the polymeric layer decreases from 22 to 17 nm with

increase in [NaCl] concentration, and increases from 24 to 20 nm with increasing of

[CaCl2] concentration.
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Scheme 2.8 Synthesis of the Si/SiO2//PS-b-PAA(Ag+) brush on a silicon substrate [250]
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2.2.3.8 Polyethylene Glycols

Polyethylene glycols are widely used in synthesis of nanocomposites, especially for

obtaining of water-solved and biocompatible systems due to complex of valuable

properties, such as resistance to oxidation, effect of acids, and bases,moderate thermal

stability, etc. Polyethylene glycols have good solvating characteristics and complex

forming with respect to many metals [251]. In the literature also special term

“PEGylation” is used, which means absorption or coating of the surface of nanopar-

ticle with polyethylene glycol molecules via surface absorption, covalent bond,

capture, etc. [252, 253]. It is important preserved by PEG or its copolymers gain not

only water-soluble or biocompatible properties, they also become “invisible” for

protective systems of organism, thus widening capacities of biomedical application

of the nanocomposites [253–255].

Polyethylene glycols are widely used as structurally-oriented templates in synthe-

sis of inorganic nanoparticles with various morphology and sizes [256, 257]. In the

PEG media nanoparticles of gold, silver [258] and antimony [259] are obtained.

Functional possibilities of polyethylene glycols can be considerably broadened in the

case of grafted copolymers based on PEG, such as polyethylene imines [260], РММA

[261], polyamidoamines (РAМAМ) [262]. PEGylated nanostructures and their bio-

medical application (see Chap. 7) are described in detail in the recent review [252].

2.2.3.9 Organo-element Polymers

Element-organic polymers are rarely used as stabilizing ligands in synthesis of

nanoparticles. It has been shown that though poly(vinylene arsine) and the

Fig. 2.29 The dependence of the polymer brush thickness of a Si/SiO2//poly(acrylic acid) brush

on the solution pH (a) and on the concentration of NaCl (b) [250]
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polymers obtained via radical co-polymerization of phenyl acetylene with

hexaphenyl-cyclohexa-arsine by the Scheme 2.9:

favors formation of colloid silver particles, but to the end of several hours there

is increase in particle size and its aggregation, the weaker stabilizing agent is phenyl

derivative, probably, due to spatial limitations [263].

Combination of simultaneous reduction of a metal ion and formation of a cross-

linked polymer in situ under UV irradiation and the following heat treatment at

120 �C of epoxy resin containing silver tri-fluorine acetate provides production of

one-, two- and three-dimensional nanostructures [264].

2.2.3.10 Polymeric Microspheres

One of the interests in polymer microspheres is caused by a possibility of metal

nanoparticles settling on their surface, which provides substantial accessibility of

active centers in the nanoparticles to reagents, for example, in catalytic reactions and,

thus, it enhances efficiency of catalysts based on them. Nanoparticles, as a rule, are

strongly bound to a microsphere surface and cannot be removed either during severe

mixing, or during ultrasonic treatment. Various types of polymers are used as such

carriers, for example, microspheres of amino-functioned polystyrene [265], polysty-

rene-co-poly(N-iso-propylacrylamide) [266], poly(styrene-co-4- vinylpyridine)

[267], microspheres with a grafted layer of polyelectrolyte [220, 268, 269]. To

immobilize nanoparticles also polymeric ion liquids are applied, first of all, due to

their high ability to ion exchange [270, 271] (Fig. 2.30).

Formation of highly dense and well-dispersed Pt nanoparticles [272] (diameter

about 2 nm) is defined by low values of interphase tension of imidazole groups on

the surface of a microsphere, which causes efficient nucleation in parallel with low

rates of Ostwald ripening [273].

2.2.4 Polymers as Reducing Agents and Templates

Very attractive are the methods when a stabilizing polymeric ligand is simultaneously

a reducing agent. The advantages of this method are obvious. This is displacement of

Scheme 2.9 Synthesis of organo-element polymers based on arsenium
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toxic reducing agents, lower expenses, higher efficiency, etc. Most often for these

purposes are used polymers whose molecules contain a great number of different

functional groups (polysaccharides [274], humic substances, peptides, etc.).

2.2.4.1 Oxygen-Containing Reducing Centers

Representative in this view are cellulose derivatives [275, 276], methyl hydro-

xyethylcellulose (MHEC), hydroxymethylpropylcellulose, carboxymethylcellulose

(CMC). Studies of the mechanism of these process in the system gold-chloride-

hydrogen acid- MHEC or its anion derivative CMC [277] point to participation of

primary hydroxyl groups in reduction of gold ions, and the formed carboxylic groups

interact in some way with the surface of formed microparticles, thus stabilizing them.

Dual origin of CMC is demonstrated also for in situ production of Au nanoribbons

[278]. It should be noted that formation of intermediate alcohol molecules is associ-

ated with self-regulated reduction properties of long chained acryl sulfates [278]:
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Fig. 2.30 Reaction scheme for the preparation of Pt/poly(1-butyl-3-vinylimidazolium bromide)

microspheres [271]
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R O S

O

O

O

+ H2O Reflux
ROH + SO4

2− + H+

RnOH þM2þ þ H2O ! Rn�1COOHþM0 þ 2Hþ

Reduction ability in the system changes in the range C8>C10>C12>C14 and

diameter of the particles decreases as the length of alkyl chain increases.

Reducing character of action of the polymer in the reaction mixture poly(methyl

vinylic ether-co-maleic anhydride) (PVM-MA)-AgNO3 points to accumulation of

Ag nanoparticles with increase in the copolymer concentration (Fig. 2.31), whereas

average diameter stays unchanged [279].

Role of the reducing agent in these systems plays -OCH3 groups of PVM/MA

[280] (Scheme 2.10):

Amphiphilic polyethers are products of polycondensation of sebacic acid and

polyethyleneglycol (Mw¼ 9,200 g/mol and 22,600 g/mol) consisting of alternative

hydrophilic and hydrophobic links:

were used as nanoreactors and reducing agents for synthesis of Ag, Au, Pd

nanoparticles in benzene or water media [281, 282]. It is known that pseudo-

crown-etheric structures PEG can bind and reduce metal ions [258, 283]. In prin-

ciple, formation of amphiphilic copolymer and metal nanoparticles can be

performed simultaneously. Thus, reaction of co-polymerization of urethane
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Fig. 2.31 UV-vis spectra

of colloidal Ag

nanoparticles at a varying

concentration of

PVM/MA. [AgNO3]¼
10�4 M [279]
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acrylate oligomer based on poly(propylenoxide)triole, 2,4-toluene-di-iso-cianite,

2-hydroxyethylmethacrylate and polyethylene glycol with styrene in presence of

silver nitrate causes formation of polymer nanocomposite film, containing silver

nanoparticles [284]. Reduction of metal ion goes with participation of primary or

growing radicals in polymerizing system by the scheme:
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Scheme 2.10 Reduction of Ag+ by CH3O-groups of copolymer chain
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R CH2 CH + AgNO3 R CH CH + Ag + HNO3

ð2:17Þ

It should noted that similar reactions take place in oxidizing-reducing initializing or

radical reduction of metal ions [285, 286], including reactions of intermolecular

chain breakage [287, 288]:

CH2 CH

X CuII

~ CH2 CH

X CuI

~
+

(ЕоCu(II)→Cu(I)=0.15 V)

ð2:18Þ

Mechanism of one-electron reduction is realized in many systems [289, 290]. In

general form it can include (i) interaction of cations of metals with labile hydrogen

atom with formation of a macroradical; (ii) generation of proton; (iii) reduction of

metal ions. In this case protonation of acrylamide with HAuCl4 causes formation of a

complex and facilitates electron transport to the amino-group and reduction of the

metal ion in the polymerizing acrylamide and N, N-methylene-bis-acryl-amide sys-

tem [291]. Usually hydroxyl or carbonyl groups form as a result of one-electron

oxidization of a polymer chain.

A polymer cross linked hydro gel poly(acrylamide)/poly(N-hydroxymethyl)

acrylamide (PAAm-PHMAAm) contains hydroxymethyl fragment –CH2–OH with

labile hydrogen atom, which can be easily removed with formation of macroradicals

and the following reduction of a metal ion in the PAAm-PHMAAm/[Ag(NH3)2]NO3

[292]:

O

C

C

OH

H

O

+[Ag(NH3)2]+ +[Ag(NH3)2]+

+2[Ag(NH3)2]
+,

–Ag0

–2 Ag0

–NH3+

–2 NH3

–NH4
+

–Ag0
–NH3+ –NH4

+

–2 NH4
+

NH

O

C NH C OH

OH

OO

C NH

O

C NH2

O

C NH CHCH2

–CO2

+ H2O

ð2:19Þ

Due to ammonia molecules the reaction medium remains alkaline, Ag+ cations gain

electron from the macroradical and reduces to silver atom. The macroradical

generates H+ proton and two oxygen electrons form C═O double bond (aldehyde

group), then aldehyde groups oxidize to carboxyl group.
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2.2.4.2 Nitrogen-Containing Reduction Centers

Double function of the reducing agent and stabilizing ligand is typical of many

amino compounds. Simple amines, amino acids, polymers with functional amino

groups are widely used, for example, in production of Au nanoparticles [293–297],

the oleylamine-paraffin hydrocarbon is efficient in synthesis of monodisperse silver

particles [298].

Usage of dendrimer polymers with functional amino groups allows avoiding side

products. Their structure and chemical properties can be controlled by modification

of a core, type and a number of branching, and by terminal functional groups

(Scheme 2.11) [149, 299, 300]:

It is assumed that under conditions of UV radiation during reduction of AgNO3

solution with poly(amidoamine) (PAMAM) electrons transfer from the primary

amino groups to metal ions encapsulated in the dendrimer cavity [301]. At the same

time mechanistic studies of similar systems confirm that, first of all, tertiary amines

of dendrimers, rather than primary or secondary aminogroups play the role of the

reducing agents, despite their lower basicity (pKa of the primary and tertiary

amines is 9.23 and 6.30, respectively, for the PAMAM dendrimers [302]). A

tendency of dendrimer molecules to association is very important [303–

306]. Owing to ability of terminal PAMAM amino groups to formation of great

aggregates as compared to dendrimer molecules with end COOH-groups, in the first

case a polymer molecule contains inner homogeneous in shape cavities, which

appears in spherical or nanoprismatic or nanohexagonal silver nanoparticles,

respectively [307] (Scheme 2.12):

Scheme 2.11 Representation of generational structure PAMAM dendrimer
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This behavior reflects in kinetic growth of nanoparticles (Fig. 2.32).

It should be noted that under comparable conditions sizes of nanoparticles and Pt

clusters reduced by poly(N-vinyl-2-pyrrolidone) are lower thanwhen using additional

reducing agent HCHO formaldehyde [308]. It is assumed that metal ions bound in

complex with a polymer chain are subjected to reduction, in this case size of a

nanoparticle is limited by space confined to local PVP chain containing metal ion

(Scheme 2.13):

Scheme 2.12 The effect of the peripheral groups in PAMAM dendrimers on the size and shape of

the metal nanoparticle

Polymer-protected metal
cluster

Protective
polymer

Polymer-metal atom
complex

Polymer-metal ion
complex

growth

reduction

Mn+

2

Mn+

Mn++

M

M

chelation

ξ

a

bc

Scheme 2.13 A route for the formation of the polymer–metal complex and nanocomposite
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It is assumed that particularly electrons of pyrrolidone nitrogen are responsible

for reduction of metal ion, which points to appearance of a new C-N band near

1,667 cm�1 in FTIR spectrum of Ag0-poly(N-vinyl-pyrrolidone) [309]. The exam-

ples of usage of poly(N-vinyl-pyrrolidone) simultaneously as reducing and stabi-

lizing agent are not uncommon [79, 310–312].

An interesting is the approach in which low molecular reducing agent is chem-

ically bound with polymer via polymer-analogous reaction. This technique is used

for metallization of granules of the ternary copolymer of glycidyl methacrylate,

methyl methacrylate, and divinylbenzene [313]. At the first stage polymer-fixed

hydrazine with concentration of the functional group 2.3 mmol/g is obtained, at the

second stage metal ions are reduced from their salt solutions:

O
O

+ H2N-NH2
P O

HO NH-NH2

PP ð2:20Þ

P O
HO NH-NH2

+ M(II) P M(0) + N2

М = Ni, Cu, Ag

ð2:21Þ

These examples can be shown also for inorganic polymer matrices. For example,

surface of silica gel can be especially chemically modified by functional groups

having reduction properties. Thus, silica gel with grafted silicon-hydride groups

occurred very efficient at production of Au- and Ag- [314] or Pd- [315] containing

nanocomposites:

	 SiHþ Pd2þ þ H2O !	 SiOHþ Pd0 þ 2Hþ ð2:22Þ

Fig. 2.32 Optical density

versus time plot for the

formation of silver

nanoparticles in amine (Δ)-,
hydroxy (•)-, and

carboxylate (□) terminated

PAMAM dendrimers.

(AgNO3 15 · 10
�3 M,

PAMAM 0.20 · 10�3 M)

[307]
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It may be assumed that many conducting polymers can serve as efficient reducing

agents, due to presence in their molecules of potentially easily oxidized centers [316,

317]. Low oxidizing potential of poly(2,5-dimethoxyaniline) (PDMA) [318, 319]:

PDMA Ð PDMAnþ þ ne�,EPDMA < 0:4V
Agþ þ e� ! Ag,E0 ¼ 0:791VvsNHE

ð2:23Þ

favors reduction of silver ions in PDMA matrix forming in situ in presence of poly

(styrene sulfonic acid) [320] by the scheme (Scheme 2.14):

Scheme 2.14 Reduction of metal ions in a matrix of conducting polymer
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Ag+ ions modulate oxidization of DMA with formation of cation-radicals and,

respectively, polymerization of molecules of a monomer bound to PSS. The formed

PDMA in combination with PSS molecules form a nanoreactor cavity, in which

Ag0 particles localize. Probably, appearance of imine cross-links in the polymer

chain is caused by participance of PDMA groups in reduction.

2.2.5 Co-reduction (Bi-metal Nanocomposites)

As shows analysis of soluble synthetic methods, in the case of monometallic

systems the process of nucleation and growth can be easily controlled by the

reaction conditions: concentration of reagents, molar ratios of precursors and

surfactants, temperature, etc. However, in the case of bimetal nanoparticles this

becomes a complicated problem, since their kinetic and thermodynamic parameters

differ under the same conditions of reactions. In order to avoid separation of the

nucleation processes for two metals, it is necessary to choose a suitable reducing

agent and reagents.

2.2.5.1 Reduction Agents

Though usage of strong reduction agents, as was repeatedly mentioned, causes an

increase in nucleation rates, on the other hand, because of the same reasons, it is

more difficult to separate nucleation and growth processes in the case of bimetal

substances. For example, co-reduction of Cu(CH3СOO2)2 и HAuCl4 in presence of

NaBH4 at the initial stage causes just formation of Au/Cu aggregates of

nanoparticles, and only the following annealing can bring to production of AuCu

and AuCu3 intermetallic nanoparticles [321]. Therefore, in these systems also

surfactants and polymeric ligands play an important role [322–324]. Poly(vinylpyr-

rolidone) and poly(2-ethyl-2-oxazoline) are used in these purposes for production

of some intermetallic nanocrystals (FeSn2, CoSn3, NiSn3, PdSn) in presence of

NaBH4 [325], and for gold intermetallic compounds (Au3Fe1x, Au3Co1x, Au3Ni1x)

there is another strong compound n-BuLi [326].
However, relatively often to obtain bimetal nanoparticles, weaker reduction

agents are used, which provides more efficient control over the nucleation and

growth processes [322–324, 327–330]. In some cases a mixture of reduction agents

is used, for example, borane tert-butylamine and hexadecanediol in synthesis of

Pt3N nanoparticles [331].

A character of reduction makes it possible to kinetically control the reaction of

co-reduction. For example, due to weak reducing ability of poly(vinylpyrrolidone)

(PVP), generation and absorption of metal atoms during synthesis of Pd-Pt bimetal

nanoparticles is slow, and the formed clusters coalesce easily, which can cause

generation of star-like decahedrons and triangle nanoplates [327]. When ethylene

glycol is used instead of PVP, the reduction rate increases significantly, fast
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reduction causes abrupt increase in supersaturation degree and, consequently, fast

growth of seed with formation of a single crystal with distorted octahedral shape.

Examples of these reactions can be found in the recent review [332].

2.2.5.2 Redox-Potentials of Reagents

It is known that metals with higher redox-potentials are reduced in the first turn. Just

chemical behavior of the second metal after completion of its reduction defines a

final structure of an article. If the second metal deposits homogeneously on a

surface of a preliminary formed seed, the core-shell structure forms; if a metal

deposits on some specific face, heterostructures can be obtained. In the case when

atom of the second metal diffuses in the lattice of the first metal, with formation of a

metal-metal bond, intermetallic compounds or alloys form. Depending on condi-

tions, dynamically more stable state is preferable. If, for example, two different

metals A and B are reduced, and redox-potential of A is higher than that of B, the

core-shell structure (A)-(B) forms. However, in presence of a surfactant or a

stabilizing ligand, which can bind strongly with A, the inverse type of particles

with B core and A shell are more stable.

The effective way of approaching of a relative content of reduced metals in alloy

and the respective ions in solution is choice of ligands, providing the closest

approach of redox-potentials of complexes containing ions of co-deposited metals.

However, equality of redox-potentials of the complexes of various metals does not

mean that their ions will be reduced at equal rate. A significant role play kinetic

factors, which determine a rate of discharge of different ions under specific condi-

tions, providing co-deposition of metals [51].

An interesting synthetic strategy of production of hollow nanostructures is based

on interaction of solution of some metal salt with a solid template of more

electrochemically active metal. Typical examples include salts of Au3+, Pt2+ и
Pd2+ and silver nanoparticles or nanowires [333]. The schematic illustration of

the experimental procedure of this process is shown in Fig. 2.33.

Due to higher redox-potential of the pair AuCl4
�/Au (0.99 V, vs SHE) as

compared to the pair Ag+/Ag (0.80 V, vs SHE) silver nanostructures suspended in

the solution can be oxidized by HAuCl4 according to the following substitution

reaction:

3Ag sð Þ þ AuCl4
�

aqð Þ ! Au sð Þ þ 3Agþ aqð Þ þ 4Cl� aqð Þ ð2:24Þ

The elemental gold formed in this reaction is localized in immediate vicinity of the

template surface. Here its nucleation and growth to small particles goes, and in the

end, a thin shell forms around the Ag template. At the initial stage the shell has open

structure, because HAuCl4 and AgCl diffuse continuously through a layer until the

silver template is consumed completely. At the temperature of reaction 100 �C the

Au shell develops crystal structure via the processes of Ostwald ripening. This
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method is used to obtain hollow structures with definite cavity sizes and homoge-

nous high-crystal walls. The main characteristics of these nanostructures are deter-

mined by parameters of a template particle. Higher redox-potentials of Pd2+/Pd

(0.83 V, vs SHE) и Pt2+/Pt (1.2 V, vs. SHE) pairs make it possible to generate also

Pd and Pt hollow nanostructures via interaction of their salts with Ag template:

Pd NO3ð Þ2 aqð Þ þ 2Ag sð Þ ! Pd sð Þ þ 2AgNO3 aqð Þ ð2:25Þ
Pt CH3COOð Þ2 aqð Þ þ 2Ag sð Þ ! Pt sð Þ þ 2Ag CH3COOð Þ aqð Þ ð2:26Þ

2.2.5.3 Molar Relationship of Metal Precursors

For bimetal nanostructures the couple: content-controlled synthesis is especially

important for the dependence of their physical and chemical properties on content.

Thus, the surface plasmon resonance of AuAg alloy is finely regulated by molar

ratio Au:Ag in the block-copolymer based on 4-VPy and styrene (PS-PVPy)

(Fig. 2.34) [334].

As Au content decreases, SPR peak is blue-shifted to the SPR of Ag

nanoparticles. Due to the lower reduction rate of Ag+ as compared to Au+, fraction

of silver can be increased by increase in the reaction time or in concentration of a

precursor. Au0.52Ag0.48 и Au0.39Ag0.61 nanoparticles of the alloys were synthesized

Ag

Au

Au

Ag

3Ag + AuCI4
-

AuCI4
-

3Ag++ 4CI-+ Au 

CI-Ag+

a

b

c

Fig. 2.33 Schematic illustration of production of hollow nanostructures. (a, b) Addition of

HAuCl4 to a dispersion of silver nanoparticles and the replacement reaction; (c) Total depletion
of a template metal and annealing of the resultant shells [333]
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during co-reduction of AgNO3 и HAuCl4 (molar ratio 20:1) at 120 �C during 1 and

2 h, respectively [335]. Formation of homogeneous solid solutions was found for

the binary system of Au-Pt nanoparticles in the surface polyelectrolyte layer of the

polymeric brushes consisting of poly(2-aminoethylmethacrylate hydrochloride)

chain [244], which was confirmed by linear dependence of the unit cell parameter

of the crystal lattice on Au concentration in the nanocomposite (Fig. 2.35).

Thus, the chemical reduction of metal ions in aqueous and non-aqueous medium in

the presence of polymerswhich can serve both as a stabilizingmatrix and/or a reducing

agent is one of the preferred synthetic condensation strategies for preparing a wide

variety of nanocomposites. According to the classical scheme, reduction of metal-

containing precursors (metal salts, monomer and polymer complexes, organometallic

compounds, etc.) includes a number of successive transformations: metal atoms!
cluster! colloid particle. Usage of strong reduction agents such as borohydrides,

aminoboranes, etc. results in the formation of fine, and to a certain degree,
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monodisperse particles. Meanwhile, more weak reduction agents (citrates, ascorbic

acid, alcohols, etc.) are responsible to the lower reduction rates and more narrow

particle size distribution. Namely, solution methods of chemical reduction allow using

the multiple parameters to control the composition and size of nanoparticles, their

shape and dispersity as well as their stability. A crucial point is to reveal the intercon-

nection between main physicochemical parameters: size/shape-function. Systematic

studies in this direction are very wide [336–340]. Thus, monodisperse Rh nanocrystals

with different shapeswere obtained by one-step polyol synthesis owing to adjusting the

reaction conditions as temperature, Rh(acac)3 precursor concentration, inert or oxidiz-

ing atmosphere, and reaction time (Scheme 2.15) [341]:

Two-dimensional projects of the nanocrystals are polygons, dominated by hexa-

gons, pentagons (>45 %), and triangles with catalytically active (111) surfaces.

Some characteristics of reaction conditions, composition and sizes of dispersive

phases of nanocomposites synthesized by chemical reduction are given in Table 2.11.

2.3 Electrochemical Reduction

Advantages of the electrochemical method of production of nanostructural materials

are relative simplicity of the method, high reaction yields, as a rule, absence of side

products of reaction. Several approaches to production of these materials are known.

2.3.1 Electrochemical Deposition

This method is based on the reactions of electrochemical deposition of

nanoparticles on various surfaces, including polymer templates [342], graphite or

carbon substrates, [343, 344], etc. Nanoporous materials used for templates are

etched polymers, anodized aluminum oxide, etc. [345–347]. Electrochemical

Scheme 2.15 Schematic illustration of one-step polyol synthesis of monodisperse well-shaped Rh

nanocrystals
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deposition is performed by deposition of a metal film on one surface of the

membrane, which acts as a cathode for galvanic coating. The respective metal

ions are then electrochemically reduced and precipitate in pores of a template

membrane [348–350]. Sizes and morphology of nanoparticles can be varied by

changing parameters of electric precipitation, such as voltage, temperature, precip-

itating time, and origin of surfactants and polymers [348, 349, 351]. Nanoparticles

are extracted from a template by physical-chemical means [352].

Electrochemical synthesis in the etched templates is efficient method of

obtaining of multi-segmented nanowires of various metals [351, 353]. Sometimes

the processes of chemical reduction in solution and electrochemical deposition are

combined. Thus, for example, highly oriented triangle golden nanoparticles on

conducting glass surfaces are used [354].

2.3.2 Direct Electric Reduction of Metal Ions
in Electrolyte Solution

The essence of the method is in direct electric reduction of metal ions in aqua

electrolytes [355]. The main difficulty with which one encounters in this case is

competition between two opposite processes. On the one hand, it is formation of

metal nanoparticles, on the other hand, it is electric precipitation of metal on the

cathode surface [356], and the second process usually dominates.

Under conditions of the controlled potential, electric plating of Pt nanoparticles

from H2PtCl6 water solutions takes place. It is necessary to use a stabilizer

(tetraalkylammonium salts) to prevent deposition of particles on the cathode

surface [8].

2.3.3 The Method of Anode Oxidizing Electrolysis

Reduction is conducted in electrolytic cell, with solution of anode as a metal source.

Tetraalkylammonium salts are most often used as electrolyte and stabilizing sur-

factant. The general scheme of the process includes oxidization of a block metal of

anode with formation of metal cations, which migrate to the cathode, where they are

reduced to atomic metal. The clusters formed captured by a surfactant form stable

colloids [357, 358] (Scheme 2.16).

Anode: Mbulk → Mn+ + ne−

Cathode: Mn+ + ne− + stabilizer → Mcolloid /stabilizer

Mbulk + stabilizer → Mcolloid /stabilizer

Scheme 2.16
Electrochemical synthesis

of transition metal colloids
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Growth of the particles is predominantly by the coalescence mechanism of the

formed colloid particle with ensembles of the reacting atoms [138].

The main parameters, which allow control over particle size in the electrochem-

ical process, are polarity of medium, current density, space between electrodes,

temperature.

2.3.3.1 The Effect of Current Density

It is known that the critical size rcrit of a cluster during formation of metal powder

on the cathode is found by the equation [359]

rcrit ¼ 2Mγ

nFηρ
ð2:27Þ

where M is molecular weight, γ is surface tension, F is Faraday constant, η is

overtension, ρ is density of the cluster, n is valence.

As is seen, rcrit in inverse dependence on overtension, and it is directly related to
current density: the higher current density, the smaller particles. This tendency was

found during production of Pd nanoparticles under action of current 2.16 and

5.41 mA/cm2, while particle sizes were 2.56 and 1.39 nm, respectively [138]. More-

over, at longer time of electrolysis and lower current density nanoparticles had

bimodal distribution, while at high current density the size distribution of particles

was narrow. As the current density increases, the reaction yield also increases [360].

2.3.3.2 The Effect of Space Between Electrodes

The effect of space between electrodes is one of the important factors of control

over dispersion of particles. Though the reasons are not quite clear, if the space

between electrodes was, for example, 5 mm, small particles of constant size formed

independently on time of electrolysis, while at the distance 0.75 mm particle sizes

were greater and they increased during the reaction (Fig. 2.36) [138].

Probably, the crucial role in this case play transport velocities, and electropho-

retic mobility in a system, i.e. parameters which depend directly of a field strength.

Thus, chemical reactions of reduction are the most widespread and available

methods of production of nanocomposite materials. A wide range of reducing

agents (from vapor compounds such as H2, CO, etc., hydrides and salts, such as

borohydride and sodium citrate, to oxidized solvents such as alcohols and polymer

molecules), vast variety of synthetic and natural polymers and surfactants used as

matrix and stabilizing media, multivariate control over conditions of the reactions

(temperature, molar ratios of reagents, pH of a medium, etc.) provide development

of materials with given structures and properties. Kinetic and mechanical studies

[361] show that formation of monodisperse nanoparticles conforms with classical

mechanisms of nucleation and growth of nanoparticles including fast nucleation
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with formation of a great amount of nuclei and their growth due to molecular

incorporation [362–364]. The problem in the case of aggregation of fine nanocrys-

tallites is described by alternative models, according to which the initial nucleation

and growth origin from nanocrystalline aggregates of critical sizes. Growth of

nanoparticles is achieved by coalescence of these aggregates, and the formed

particles are characterized by polycrystalline structure, bimodal size distribution

at the early stages and sigmoid growth kinetics [365–367]. Synthesis of anisotropic

particles in solutions often demands deviation from thermodynamically controlled

paths of reaction towards kinetically controlled, for example, by decrease in the rate

of precursor decomposition or use of a weaker reducing agent, etc. A typical

approach to synthesis of anisotropic particles is “seed” method, incorporation of a

small amount of earlier prepared seed grains of nanoparticles into solution [368]. It

should be noted that though chemical methods allow production of nanoparticles

with controlled composition, sizes and homogeneous size distribution, use of

organic solvents and hazardous chemical reagents are dangerous for environment.

Moreover, target products are often contaminated by traces of reducing agent or

intermediate products of reactions. Some of these problems are successfully solved

with use of physical-chemical methods of production of nanocomposites.
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Chapter 3

Physical-Chemical Methods
of Nanocomposite Synthesis

On the whole, methods of production of nanostructural materials can be divided in

two groups: physical and chemical. However, this separation is conditional,

because, for example, all physical methods contain considerable chemical compo-

nent, and it is often difficult to draw a distinct boundary between different methods.

Special character of physical methods, prevailingly vapor phased, is in formation of

crystal nanoparticles with vast open surface, which advances formation of strong

aggregates, difficultly parted into primary particles. Moreover, it is often impossi-

ble to obtain complex phases because of their segregation at high temperatures

typical of gas phase processes. A special place has methods, in which nanoparticles

form as a result of different “physical” impacts, for example, under ultrasonic or

microwave radiation. This effect stimulates different processes in a reaction mix-

ture, first of all, chemical reactions, which brings to formation of nanostructural

material with a definite composition, structure and properties. Therefore, these

methods are often related to intermediate physical-chemical group.

Most physical-chemical methods of production of nanoparticles are based on

homogeneous nucleation in vapor phase or heterogeneous nucleation in contact

with surface, followed by condensation and coagulation. A necessary condition for

condensation from the vapor phase is supersaturation, which can be reached by

physical or chemical methods. Depending on a character of the heating processes

(resistive, laser, plasma, electric arc, induction, ionic) and cooling, different

methods of production of nanomaterials are distinguished, such as flame pyrolysis

(see Chap. 7), synthesis in a flow reactors, laser induced evaporation and pyrolysis,

thermal and microwave plasma methods, laser ablation. This group also includes

solvo-thermal synthesis, pyrolysis of aerosols, and most methods of growth of

nanoparticles and films from vapor phase, for example, chemical deposition from

vapor phase (CVD), etc. Many of these methods are rather well described in

literature, there are voluminous reviews and monographs [1–5]. Below only most

typical methods are considered, which, in our opinion, are of keen interest for

production of nanocomposite materials.
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3.1 Synthesis of Nanocomposites by Microwave Irradiation

Prospects of using of microwave energy in development of nanocomposite materials

are determined by a possibility of bulk heating of materials. As is shown in Chap. 2,

methods of chemical reduction often include complex and continuous reactions of

molecular precursors in presence of solvents, ligands and/or surfactants at elevated

temperatures. Microwave heating has some advantages as compared to conventional

methods of heating of condensed matters, in particular, high rate and low inertia of

heating, uniformity of heating of material over the volume, and, as a consequence,

decrease in thermal stress and high homogeneity of microstructure of the obtained

composites, etc. Owing to this, microwave radiation is widely used in synthesis of

nanocrystalline materials. General information about microwave heating of dielectric

materials, criteria of estimation of efficiency of its usage in different processes of

organic synthesis, polymer chemistry, materials science, nano- and biotechnology,

etc. are described in reviews [6–9].

3.1.1 Basic Principals

Microwave radiation is non-ionizing electromagnetic radiation at frequencies from

300 MHz to 30 GHz. Most experimental studies are performed at the frequency of

electromagnetic radiation 2.45 GHz (Fig. 3.1).

If a substance is under impact in the range of microwave frequencies, its dipoles

are oriented along applied electric field. Oscillation of the field causes

re-orientation of bipolar molecules, which try to follow alternate electric field,

which is accompanied by energy loss due to molecular friction and dielectric loss.

Scattering of microwave irradiation power per unit volume in a material can be

expressed by equation:

P ¼ c Ej j2f ε00 ¼ c Ej j2f ε0
tan δ ð3:1Þ

where c is the constant, E is the intensity of electric field, f is the radiation

frequency, ε0- imaginary part of equivalent dielectric permeability of a substance,

and ε00 – real part, tanδ¼ ε00/ε0 – dielectric loss tangent.

There is optimal frequency range of dielectric loss coefficient, which determines

absorption ability of a matter. On the whole, media with high tgδ are characterized by
high absorption ability and, respectively, efficiency of heating (Table 3.1).

In the synthesis of nanocrystalline materials a wide range of solvents is used: with

strong (for example, ionic liquids, ethylene glycol), intermediate (water, methyl

pyrrolidone) absorption abilities, and also media almost transparent for microwave

radiation (non-polar alkanes or alkenes), i.e. the substances should have either high

coefficient of dielectric loss tangent (they should havemobile dipoles with rather high

dipole momentum), or high ion, electron, or hole conductivity.

Water, alcohols, DMF, ethylene glycol have high dielectric loss tangent and are

ideal for microwave heating (Table 3.2).
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The processes in microwave field may be intensified by non-thermal effects of

microwave radiation. Main approaches to grounding of the mechanism of

non-thermal effect consider acceleration of diffusion processes [10, 11], some

authors relate these phenomena to surface polarization [12].
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Fig. 3.1 Microwave electromagnetic irradiation scale

Table 3.1 Dielectric loss tangent (tanδ) for different solvents [6]

Solvent tanδ Solvent tanδ

Ethylene glycol 1.350 DMF 0.161

Ethanol 0.941 1,2-dichloroethane 0.127

DMSO 0.825 Aqua 0.123

2-Propanol 0.799 Phenyl chloride 0.101

Formic acid 0.722 Acetonitrile 0.062

Methanol 0.659 Acetone 0.054

1,2- dichlorobenzene 0.280 Tetrahydrofuran 0.047

N-methyl-2- pyrrolidone 0.275 Dichloromethane 0.042

1-butyl-3- methylimidazolium hexafluorophosphate 0.185 Toluene 0.040

Acetic acid 0.174 Hexane 0.02
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3.1.2 Microwave Heating in Synthesis of Colloid
Nanocrystals

It should be noted that most experiments with microwave radiation are confined to

simple “one-pot” schemes with one-step heating, when all reacting substances

presence in the initial reaction mixture and are heated to a given temperature. In

this case it is impossible to use, for example, such well-known procedures as “hot-

injection” for separation of nucleation and growth stages, or to conduct consequent

addition of selective reagents to control particle size distribution and shape. Under

microwave radiation so called “heating-up” technique is used, when reagents mixed

at environmental temperature are rapidly heated to high temperature. This scheme

is especially efficient in colloid systems in which super saturation point is a limiting

stage [13]. Monomer precursors can form in shape of intermediates during slow

reaction or during decomposition of quite stable monomer-surfactant complexes.

Thus, complex formation of poly(vinylpyrrolidone) with Ag+ ions before the

beginning of microwave heating advances reduction predominantly on polymer

chains, and a polymer molecule additionally inhibits cluster aggregation at early

stages of the reaction, which on the whole favors formation of narrow dispersed

distribution of nanoparticles [14]. Specific impact of microwave irradiation can

manifest itself in increase in reduction ability of a reducing agent, as was observed

in polyethylene glycol [15] or glutathione [16] and AgNO3 system. It is interesting

to note that under comparable conditions, but at ordinary convection heating for

24 h no reaction products were found. Analogous effect of microwave irradiation

was found in carboxymethylcellulose-Na2PtCl6, HAuCl4 3H2O or PdCl2, systems,

in which noble metals are reduced only under conditions of microwave heating at

100 �С [17], no reducing agents or stabilizers were required.

Formation of different polygonal nanoplates (triangular, square, pentagonal and

hexagonal) was observed at microwave heating (198 �С) during reduction of HAuCl4
in ethylene glycol and in presence of PVP [18]. At the same time heating in oil bath to

the same temperature causes formation of prevailingly spherical particles of 100—

190 nm in diameter and a small fraction of rod-shaped nanoparticles. This difference

in character of formation of nanostructures is, probably, caused by explosive nucle-

ation owing to fast homogeneous dielectric heating, which cannot be reached under

conditions of ordinary heating. Thus, microwave heating allows conducting of

hydrothermal synthesis of ferrite [19] or perovskite [20–22] nanoparticles at lower

temperatures and shorter times, which manifests itself in substantial decrease in sizes

Table 3.2 Physical

parameters of typical solvents

used for microwave

heating [7].

Solvent Tboil,
�С ε0 ε00 tanδ

Aqua 100 78.3 12.3 0.157

Methanol 65 32.7 20.9 0.639

Ethanol 78 24.3 6.08 0.200

N,N-dimethylformamide 153 36.7 – –

Ethylene glycol 198 41.0 41.0 1.00

N-methyl-2-pyrrolidone 202 32.0 8.855 0.277
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of formed nanoparticles and in increase in crystallization rate by one-two orders, than

under conditions of ordinary hydrothermal synthesis (Table 3.3). In the case of

perovskite dielectric ceramic materials this happens due to high absorption of

electromagnetic radiation by these materials having high dielectric constants [23].

It is shown that advantages of microwave – polyolic synthesis of Ni nanoparticles

as compared to traditional polyolic technique bring to increase in efficiency of the

process and thus facilitate its scaling [24]. Microwave polyolic synthesis is very

efficient for producing two- and three-component nanometer chalcogenides (sele-

nides and tellurides) and can serve as a general way of their fabrication [25–28]. As it

was noted in Sect. 2.2, polyols (such as ethylene glycol and other glycols) on the one

hand, play the role of reducing agent and solvent in the processes of synthesis of

metal nanoparticles, and, on the other hand, are very sensitive to microwave radiation

due to high dipole moment and high dielectric loss tangent. Moreover, reducing

properties of ethylene glycol are most efficient at high temperatures and, as is known,

high-boiling solvents are less susceptible to carbonizing due to appearance of arc

discharge. Besides, it should be noted that this phenomenon may be used as simpler

and quite efficient method for production of metal/carbon composites with core-shell

structure in organic solvents. Under conditions of microwave arc discharge, as a rule,

highly organized carbon structures form, for example, graphene layers and Fe/C core-

shell in nanocomposite obtained from toluene solution Fe(CO)5-C60/70 [29].

Increase in energy of microwave radiation effectively decreases reaction time and

sizes of formed structures, which, probably, is caused by the fact that at higher

energies a greater number of nuclei form, and this, provides a precursor concentration

is the same, brings to a decrease in diameters of the particles [30], a decrease in role of

Table 3.3 The effect of reaction conditions on sizes of ferrite nanoparticles [19]

Sample Reaction conditions

Grain size

by XRD

data, nm

Nanoparticle

size by TEM

data, nm Morphology

NiFe2O4,

CoFe2O4,

MnFe2O4

Ordinary hydrothermal heating,

250 �С, 1 h; the ratio oleic acid/

iron nitrate 3:1, 6:1

7� 1 9� 1 Spherical

Ordinary hydrothermal heating,

250 �С, 2 h; the ratio oleic acid/

iron nitrate 3:1, 6:1

7� 1 9� 1 Spherical

Ordinary hydrothermal heating,

250 �С, 2 h; the ratio oleic acid/

iron nitrate 3:1, 6:1

7� 1 9� 1 Spherical

Microwave heating, 160�С, 1 h 3.5� 1 5� 2 Spherical

Microwave heating, 160 �С, 2 h 6.5� 1 9� 1 Spherical

γ-Fe2O3 Ordinary hydrothermal heating,

120 �С, 1 h; the ratio oleic acid/

iron nitrate 3:1

9� 1 10� 1 Spherical

and cubic

Ordinary hydrothermal heating,

120 �С, 1 h; the ratio oleic acid/

iron nitrate 3:1

4� 1 5� 1 Spherical
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side effects, an increase in reaction yield, and improvement of reproducibility of the

reactions [31]. And the observed increase in reaction rate is purely thermal/kinetic

effect, i.e. it is a consequence of high temperature of the reaction, super-heated

solvent above boiling temperature. Especially effective these processes go in

media, highly absorbing microwave radiation, in particular, in ionic liquids. It is

interesting that just impact of microwave heating causes decomposition of 1-butyl-3-

methylimidazolium tetrafluoroborate used as ionic solvent during synthesis of Cu and

Ni with formation of carbon, which in turn serves as a reducing agent and protective

shell for the formed metal particles [32]. In this case, depending on irradiation time,

the products of reduction for copper nitrate were Cu2O or Cu for 5-min or 10-min

microwave treatment in solution of ionic liquid, respectively. It should be noted that

advantages of microwave heating, which provide uniform heating and equal rates of

achievement of necessary temperature are very attractive for implementation of

various reduction processes in hetero-metal systems, for example, for producing of

core-shell structures or nanoparticles of metal alloys [33].

It is assumed that non-isothermal effects caused by absorption of long-chained

molecules of polymer surfactant can advance formation of coarse anisotropic

structures [7] (Scheme 3.1):

Moreover, under conditions of microwave radiation transformation processes of

nanoparticle shape are also possible. For example, coherent surface heating of silver

particles stabilized by PVP brings to transformation from spherical Ag crystals into

coarse prismatic particles, probably by Ostwald ripening mechanism [34].

Scheme 3.1 Formation scheme of Au nanostructures using PVP with different chain lengths
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3.2 Photo Chemical Reduction

Producing of metal nanoparticles under impact of high energies on chemical system

is associated with generation of high-active strong reducing agents like electrons,

radicals, excited particles. Typical wavelengths and energy ranges of the used

electromagnetic radiations are shown in Table 3.4.

Methods of production of nanoparticles can be divided by the type of impact of

input energy on chemical system as: photochemical (photolysis, < 60 eV), radio-

lytic (radiolysis, 60–104 eV), irradiation by fast electron flow (>104 eV). Ionizing

radiation is generated by a source of X-rays and gamma rays, ultraviolet and visible

irradiations are usually generated by a mercury vapor lamp, or by xenon lamp.

Among the special features of chemical processes induced by high-energy irradi-

ation there are the following: high volume and surface energy density;

non-equilibrium state, which manifests itself in non-Maxwell, non-Boltzmann

functions of particle size distribution and population of quantum energy levels;

approaching and overlap of typical τ times of physical, physical-chemical and

chemical processes; the leading role in chemical transitions of highly reactive

particles; multichannel character and instability of the processes in a reacting

system (Table 3.5).

A number and size of formed nanoparticles can be controlled due to regulation of

intensity of flow of electromagnetic radiation quanta, which are able to efficiently

and rapidly stimulate reduction reactions.

3.2.1 The Main Approaches to the Synthesis
of Matrix-Stabilized Nanoparticles
by Photochemical Irradiation

Photo and radiation-chemical reduction has some advantages as compared to

chemical reduction. Stimulated by radiation reduction reactions can be carried

out in different media, including solid ones (for example, polymer matrices,

films) and at low temperatures with good reproducibility. In parallel to this it is

Table 3.4 Scale of

electromagnetic waves
Radiation λ, nm Е, eV

Fast electrons – >104

Gamma and X-ray:

Hard 0.2–100 6.2 � 103–12.4
Soft radiation >100 <12.4

Ultraviolet: 10–400 124–3.1

Deep (vacuum) 10–200 124–62

Near radiation 200–400 62–3.1

Visible light 400–700 3.1–1.67
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possible to obtain quite chemically pure target products without impurities, in

particular accompanying chemical reduction methods. Duration of irradiation can

be a simple experimental criterion for control over sizes of the formed particles

[35], though in some cases increase in exposure time causes an increase in yield of

nanoparticles, and has insignificant effect on their size [36].

At the same time, methods combining chemical and photochemical reduction,

when a reducing agent also presents in a system [37, 38], are quite widely spread. A

good example is photochemical reduction of HAuCl4 in water media containing

ethylene glycol of different concentrations and in presence of poly-4-vinylpyr-

rolidone. Mechanism of this reaction is studied in detail in [39]. As it was men-

tioned in Sect. 2.3, ethylene glycol is widely used as a reducing agent and viscous

solvent slowing down diffusion in polyol processes of nanoparticles fabrication.

However, these reactions as a rule are performed at high temperatures (160–

280 �C), in order to reach reduction of metal ions. Continuous UV radiation of

the ion metal salt under conditions of the considered reaction caused formation of

nanoparticles at room temperature. Increase in rate of Au3+ extinction (absorption

band at 323 nm in UV/visible range of the spectrum) during irradiation and in

formation rate of nanoparticles (up to 0.4 mol fraction of glycol), as well as

regeneration of Au3+ and its repeated disappearance some time later, and increase

in intensity of a plasmon resonance band in a dark phase signs that ethylene glycol

participates in the reduction reaction. The proposed mechanism took into account

the role of ethylene glycol not only in reduction of excited Au3+, but, probably, in

reactions of Au2+ with Au+:

Au3þCl�4 !hv Au3þCl�4
� �� ð3:2Þ

Table 3.5 Some physical-chemical characteristics of irradiation impact

Characteristic

Methods

Photolysis Radiolysis Fast electrons

Active reactive

particles

Electron-vibrating-

excited molecules, ions,

and electrons

Electrons, ions, elec-

tron-excited particles

Electrons, ions,

electron excited

particles

Initial processes hν
+M!M*!Products

e�, hν+M!M+, e�,
(M+)*!Products

e� +M!M+, M*,

(M+)*! Products

Hierarchy of typical

times of a process

τv< τch� τe τch� τdif τch� τtr

Generation rate of

reactive particles

(v�10�15, cm3/s)

10�2–10�3 ~10�3 ~2 � 104

Legend: ch chemical reaction, v vibrating relaxation, e electron relaxation, tr transport, dif
diffusion
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Au3þCl�4
� �� !glycol Au2þCl�3 þ Cl� ð3:3Þ

2Au2þCl�3 ! Au1þCl�2 þ Au3þCl�4 ð3:4Þ

4 Au1þCl�2 ! 2Au2þCl�3 þ 2Au0 þ 2Cl� ð3:5Þ

3Au1þCl�2 ! Au3þCl�4 þ 2Au0 þ 2Cl� ð3:6Þ

Aumþ !glycol Au0 mþ : 3þ , 2þ , 1þð Þ ð3:7Þ

nAu0 ! Au0 þ Au0
� �

n
ð3:8Þ

As a mole fraction of ethylene glycol increases, the solution becomes more viscous,

and velocities of diffusion-controlled reactions, for example, disproportioning,

slow down. It should be noted that special features of reduction of AuCl4
� and

reactions of its disproportioning are intensely studied by many researchers [40–

42]. As in the considered example, it is assumed that Au3+ transits to excited state,

then reduces to Au2+, which is unstable and disproportions with formation of Au+

and Au3+, then Au+ reduces to Au0 by other absorbed photon. The assumptions are

made that nanoparticles can catalyze reactions of disproportioning [43].

Presence of UV or light radiation makes it possible to more flexible regulate

characteristics of nanoparticles. For example, ammonium silver complex can be

reduced by glucose at activation under light radiation at wavelength 365 nm at room

temperature with stable dispersion of Ag nanoparticles with diameter 4–7 nm

[44]. It is interesting to note that reduction of silver under the same conditions,

but at heating and without UV impact, causes formation of nanoparticles with wide

size distribution (4–100 nm). For the synthesis of anti-bacterial nanocomposite

fibers, cellulose acetate (polyacrylonitrile, polyvinyl alcohol)/silver nanoparticles

in DMF, which is simultaneously a solvent and a reduction agent, it is very efficient

to apply UV radiation to increase yield of formed nanoparticles [45].

In the system of branched polyethyleneimine: 4-(2-hydroxoethyl)-1-piperazi-

neethanesulfonic acid (HEPES): AgNO3 photo-radiation causes oxidizing decom-

position of polyethylene amine with following formation of positively charged Ag

nanoparticles according to the proposed scheme (Scheme 3.2) [36]:
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Scheme 3.2 The formation of branched PEI/Ag nanocomposite
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It is assumed that formaldehyde formed as result of chemical transformation of

PEI under UV treatment reduces silver ions, and HEPES has a catalytic effect on

the process on the whole.

Important is the method of producing of nanocomposites, when polymerization

and reduction processes induced by ultraviolet radiation are superimposed. Radi-

cals formed under UV impact and being electron donors are able simultaneously

polymerize monomers and reduce metal salts. Production of Ag nanoparticles and

stabilizing polymer matrix is conducted in situ under irradiation (λ¼ 320 nm) of the

mixture of monomer of 2-hydroxyethylmethacrylate and ammonium solution of

silver oxide [46]. Often in these systems the main reactions are preceded by

complex formation of metal ions with monomer molecules, as, for example, during

formation of silver/polyacrylonitrile nanocomposite [47–49]. These processes can

schematically be presented as:

Agþ þ 2AN Ð Ag ANð Þ2
� �þ ð3:9Þ

IN !hv IN� ð3:10Þ
Ag ANð Þ2
� �þ þ NO�

3 !hv Ag0 þ 1=2O2 þ NO2 þ� �AN�ð Þn� ð3:11Þ
IN� þ AN ! IN� AN� ð3:12Þ

IN� AN� þ nAN ! IN� AN� � ANð Þn ð3:13Þ
IN� þ Agþ ! INþ þ Ag0 ð3:14Þ
INþ þ AN ! IN� ANþ ð3:15Þ

IN� ANþ þ nAN ! IN� ANð Þn � ANþ ð3:16Þ

where AN is an acrylonitrile molecule, IN is photoinitiator molecule.

The formed molecule of polyacrylonitrile plays a stabilizing role preventing

aggregation of nanoparticles. The factors which allow control over nanoparticle

sizes can be concentration of initial salt and content of a photoinitiator (Fig. 3.2).

Quite efficient control over nanoparticle size in such systems can be accom-

plished by usage of metal-containing monomers for precursors [50]. It can be

demonstrated on the example of polystyrene/polyacrylic acid-Ag structured as

polyelectrolyte brushes (see Sect. 2.2.3) [51]. Silver nanoparticles and polyacrylic

chains are formed in situ during photopolymerization of silver acrylate on the

surface of polystyrene particles coated by a thin layer of photoinitiator (2-[p-
(2-hydroxy-2-methylpropiophenone)]-ethyleneglycol methacrylate) (HMEM)

(Fig. 3.3). Radicals formed during UV irradiation initiate grafting polymerization

of acrylate monomer and simultaneously reduce silver ions to metal Ag. Under

these conditions local concentration of Ag+ ions stays low, which causes expected

ultrafine nanoparticle sizes (3� 1.2 nm).

Polyoxometalates of Keggin type (see Sect. 2.2.1) can serve as efficient matrix

media for formation ofmetal nanoparticles due to their multielectron redox-chemistry

and ability to accept and donor a certain number of electrons at some stages without

decomposition [52, 53]. For example, under UV irradiation (λ> 280 nm) of the
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Fig. 3.2 Dependence of

average grain size of silver

nanoparticles on

concentration of AgNO3 (1)
and photoinitiator (2) [47]

Functional monomer: silver acrylate CH2 = CHCOO- Ag+

OO

O
O

+

OH
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O

O O

CH
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Photo Initiator:

Ag+
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Ag+

Ag nanoparticle

Fig. 3.3 Scheme of fabrication of PS-PAA-Ag composite particles in situ [51]
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reaction mixture of AgNO3 water solutions and H4(SiW12O40) in presence of

2-propanol the following reactions take place [54]:

2 SiW12O40ð Þ4� þ CH3ð Þ2CHOH ! 2 SiW12O40ð Þ5� þ CH3ð Þ2C
¼ O þ 2Hþ ð3:17Þ

SiW12O40ð Þ5� þ Agþ ! SiW12O40ð Þ4� þ Ag ð3:18Þ

By the similar scheme photo-reduced interacts with (SiW12O40)
5� Pd2+, AuCl4�, and

PtCl6
2� ions forming metal nanoparticles electrostatic and stoichiometric stabilized

by Keggin ions [52]. In principle, the repeated irradiation can also reduce bound

Keggin ions, and in this case polyoxometalates can be efficiently used for synthesis of

bimetal nanoparticles as UV-switched reducing agents. This possibility is shown at

production of Au-Ag nanoparticles with core-shell structure [53] in presence of

phosphotungstic acid H3(PW12O40) in propanol-2. Under irradiation by UV light

(>280 nm, 450-W intermediate pressure lamp) single-electron reduction takes place

during 4 h with formation of (PW12O40)
3� ions, which take immediate part in

reduction of HAuCl4 with formation of stable Au nanoparticles bound with Keggin

ions. It is important that UV activation and reduction reaction of AuCl4
� do not touch

the basic structure of the latter. Additional UV irradiation of Au-PTA solution brings

to reduction of Keggin ions on the surface of nanoparticles and, in turn, addition of

Ag2SO4 water solution completes by formation of Ag nanoparticles for 15 min. In the

UV/visible spectrum of this solution there is weakening and blue shift of the plasmon

resonance band of Au, while simultaneously appears a distinct absorption band at

415 nm, which confirms formation of Ag shell around Au core coated by PTA ions.

The reducing agent bound this way and switched under irradiation provides reduction

of the second metal just on the surface of the metal core, which makes this approach

very promising in production of bimetallic structures, especially in catalysis.

It should be noted that thus obtained nanoparticles have long-term stability and,

on the whole, the process is easily scaled.

3.2.2 Photochemical Reduction in Solutions

Photochemical reduction in the solutions is conducted in presence of electron-donor

reagent and is most often used for synthesis of noble metal particles. Solutions of

metal salts or their complexes in water, alcohol, and organic solvents are used as

precursors and a medium for obtaining nanoparticles. In these media subjected to

light exposure active particles form in form of solvated electrons:

H2O ! aq eþ H þ OH, ð3:19Þ
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or free radicals, to which, for example, belong ketyl, α-hydroxybenzene, benzoyl
radicals, formed in reactions of photo-decomposition Norrish Type I [55, 56] of

benzoin [57, 58], benzophenone [59–61] and other photoactivators. A typical

representative widely used is 1-[4-(2-hydroxyethoxy)phenyl]-2-hydroxy-2-

methyl-1-propan-1-on (Irgacure-2959,I-2959)1:

HO
O

O
OH

hv
HO

O

O

OH

.
.+

ð3:20Þ
Active particles, in turn, via interaction with a metal ion, for example, Ag+, reduce

it to metal:

Agþ þ aq e ! Ag� ð3:21Þ

or

. OH + Ag+ O + Ag0 + H+ ð3:22Þ

Three electron reduction of Au(III) ions can include several consequent stages of

reduction and disproportioning [63, 64].

OH. + Au3+ Au2+ + O + H+

Au0

ð3:23Þ

Efficiency of the photo process is such that under exposure of UV light >320 nm

gold nanoparticles form during several minutes [64]. Redox potentials of ketyl

radicals make all stages of reduction of Au3+ ions thermodynamically

preferable [42].

1 Irgacure-2959 has sufficient solubility in solvents with different polarities, such as water, toluene,

THF, etc. Quantum yield of its photodecomposition is 0.29 and the processes of extinguishing of

triplet state by ion metals almost do not go since times are short, which, on the whole, provides

high efficiency of reduction reactions [62].

3.2 Photo Chemical Reduction 103



Photoinitiator 1-hydroxycyclohexylphenyl ketone forms two free radicals

during photolysis:

C

O OH
hv

C

O .
.

OH

+

A B

ð3:24Þ

Chromatography and mass-spectral analysis were used to identify products of

photolysis during the reduction reaction of coordination compound CuCl2 with

diethanolamine in the ethanol medium [65] and main ways of photochemical

transformations in the system are found. Free radical A can split a hydrogen atom

from ethanol molecule or from free radical B with formation of benzaldehyde

(Scheme 3.3). In the other way A and B can recombine the initial photoinitiator,

or two free A radicals interacting with each other form a couple:

In no one of these transformations free radical A loses electrons, which points to

the fact that it does not take part in reduction of copper ions. But, taking into

account that in other products of the photochemical reaction cyclohexanol and

cyclohexanone are found, corresponding to B radical by their chemical structure,

A
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OCH2CH3
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+CH3CH2OH
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O OH
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C
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C H

O
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O

Scheme 3.3 The routes of a primary radical transformation at photoreduction of CuCl2 in the

diethanolamine-ethanol system
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probably, the main channels of the reduction reaction of copper ions proceed with

participation of B radical, as is shown in the following scheme (Scheme 3.4):

Color molecules can play a double role as photosensitizers: they can initiate

protecting function for nanoparticles and modify their optical properties. Experi-

mental data [35] confirm that, for example, thionine molecule

under action of light transforms into singlet and triplet states:

THþ þ hv!1THþ!3THþ ð3:25Þ

The formed triplet in absence of donors or acceptors of electrons can take part in

disproportioning reaction with a non-excited thionine molecule with formation of

oxidized and reduced products with electron transfer in non-polar medium at the

rate 7.3 (�0.3)�107 M�1 s�1:

3THþ þ THþ ! TH	 þ TH	2þ ð3:26Þ
TH	 þ Agþ ! THþ þ Ag0 ð3:27Þ

Rate of the direct reaction of extinguishing of triplet state by silver ions is small

(1.30 (�0.06)�106 M�1 s�1), which makes this reaction of electron transfer with

formation of metal nanoparticles barely probable, as was discussed above. It should

be noted that realization of photosensitized reduction of metal ions in water

medium is possible only at participation of electron donors, for example,

triethanolamine.

O

OH

+Cu2+
Cu+

+Cu+

OH

+

+ + H+

H+++Cu

O

OOH

+

B

Scheme 3.4 The routes of

the CuCl2 transformations

in the diethanolamine-

ethanol system
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SAXS measurements in situ with time resolution made it possible not only to find

mechanism of formation of Ag [66], Rh and Pd [67, 68] nanoparticles at photore-

duction in the system of ionic precursors and surfactant of poly(N-vinyl-2-

pyrrolidone), which includes consequent conjugate stages of autocatalytic reduction,

nucleation, nucleation-growth, Ostwald ripening and dynamic coalescence, but also

compare rates of individual reactions. Typically, depending on a kind of metal and its

concentration, prevailing processes can be autocatalytic reduction-nucleation with

the following growing stage in combination with coalescence, as in the case of Rh

nanoparticles, or rapid reduction-nucleation with high velocities at the early stage

and, then, via Ostwald ripening, to diffusion-limited growth of nanoparticles, as in the

case of Pd (Fig. 3.4).

It should be noted that metal nanoparticles, especially noble, are very

photoactive and under action of UV irradiation strongly polarized. This brings to

positive charge of metal aggregates consisting of small clusters and, as a conse-

quence, to their instability and decomposition by components [69, 70]. Since free

metal ions present in a solution in substantial concentrations, at the initial state this

causes formation of a great amount of small clusters, which rapidly coagulate in

great aggregates. Nuclei with less than critical size are dissolved due to thermody-

namic instability and provide growth of coarser particles. In turn, coarser aggre-

gates are photo-chemically unstable and decompose under UV irradiation. On the

whole, mechanism of formation of nanoparticles under UV irradiation can be

considered as quasi-equilibrium [71], accompanied in parallel by growth and
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Fig. 3.4 Average radius (R0) as a function of the reduction time for the metallic Pd (1) nd Rh (2)
nanoparticles produced during the photoirradiation [67]

106 3 Physical-Chemical Methods of Nanocomposite Synthesis



fragmentation processes, which in turn causes thermodynamically stable particles

with relatively narrow size distribution.

Efficiency of photo-chemical synthesis of metal nanoparticles can, in the first

place, decrease due to intense extinguishing of excited state of photoinitiator or

photosensitizer by metal ions which are precursors of nanoparticles [64]. Thus, Ag

(I) ions can suppress excited states of carbonyl compounds with the rate constants

close to the values typical for diffusion-limited reactions [72]. In principle, these

problems can be avoided if systems are used in which photo-induced processes

required for metal ion reduction can be separated in time or space. For example,

strategy of efficient photochemical synthesis, not only for Au nanoparticles, but with

regard to other metals, can be put down to twomain approaches proposed in [55]. This

is, first of all, achieved by usage of monomolecular precursors (for example, benzoin

derivatives such as alreadymentioned I-2559) with short lifetime of triplet state (10 ns

or less) and effective absorption in UV region (315–400 nm). Another approach is in

spatial segregation of radical-generated reaction from the stage of electron transport,

which causes reduction ofmetal ion. To do this, one can use numerous self-assembling

systems, for example, micelles such as sodium dodecyl sulfate, etc. The main demand

to them is transparency in the region of UV absorption and absence of structural

groups capable of barren extinguishing of triplet state.

Yield of ketyl radicals increases significantly at addition to the system of

effective hydrogen donor. In [55] for this purpose 1,4-cyclohexadiene was used,

its hydrophobic character is especially favorable for micellar systems. The process

with participation of cyclohexadiene is illustrated by the following scheme

(Scheme 3.5).

Cyclohexadiene radical is also a good reducing agent and can contribute to

reduction of metal ions.

Aun+

Au(n-1)++H+

O O
hv

OH

Scheme 3.5
Transformations of ketyl

radicals in the presence of

1,4-cyclohexadiene
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3.2.3 Photo Reduction on Solid Substrates

Chemical interaction of a solid substance with electromagnetic irradiation goes

not only on a surface, but in surface layers of about several microns. Formation of

nanoparticles in radiation stimulated solid phase processes is predominantly

caused by reactions of photochemical decomposition. As regards other mecha-

nisms, the considered method can have some limitations, because not all used

matrices can be photochemically active, i.e. able to generate free electrons in the

system under action of UV light, as it is typical, for example, for TiO2. The TiO2

gel films have intense absorption in the range of 250 nm, and under exposure at

254-nm irradiation, couples form: hole-free electron. This approach is success-

fully used for fabrication of Pt nanoparticles encapsulated in microporous carbon

hollow shell [73]. For precursor the Pt(IV) compound and phenol served absorbed

on the surface of titanium oxide powder. Photo generated electrons of metal oxide

matrix causes reduction of Pt(IV) and oxidization of phenol with formation of

phenol polymer on the surface of TiO2 particles with Pt (~3 nm) particles

encapsulated in organic matrix. The following carbonizing at 700 �С and removal

of TiO2 by dissolution causes formation of hollow carbon spheres with 3–5-nm

thickness with incorporated metal particles. It is interesting that formed

nanocomposites show effective catalytic properties in hydration of cyclohexene

with higher TOFs (turnover frequencies), than for a catalyst obtained by

impregnation.

Combination of photo irradiation with ultrasonic treatment causes penetration of

metal salt into pores of a carrier and deposition of metal nanoparticles not only on

surface, but also in inner pores of TiO2 matrix [74].

On the whole, the process of photochemical deposition of nanoparticles can be

implemented in two ways. In the first way, matrix on a solid substrate is immersed

in a solution of a metal precursor, and this system is irradiated. In the second way

first the solution of metal salt is subjected to photolysis, and then a substrate, for

instance, film, is immersed in it. These procedures of reduction were used for

plating of TiO2 surface or indium-tin oxidized film (ITO) by Pt, Au or Ag

nanoparticles [70]. A number of particles of deposited metal is regulated either

by concentration of a metal salt and/or by holding time of a film in irradiated

solution. It should be noted that nanocomposite materials of this type can be used

as photo catalytic films in devices with self-cleaning surfaces or for water and air

purification from contaminants [75, 76], and also as new electrode materials in

electrochemistry [70].

Polysilanes are known as photosensible materials [77], UV irradiation causes

break of Si-Si bond due to formation of silyl radicals, which can play a role of

reducing agent [78]. Metal nanoparticles are formed on a surface of polystyrene
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particles containing incorporated molecules of poly(methylphenylsilane) (PMPS)

by the following scheme (Scheme 3.6) [79]:

Under action of UV radiation photo oxidized decomposition of PMPS proceeds,

which is accompanied by reduction of metal ion.

For carries used for immobilizing of metal ions most often are used polymers

[80–82] or inorganic matrices such as TiO2 [83–85], SiO2 [86, 87]. Film

nanocomposites can be fabricated in two ways. One of them provides films of

20–200 μm thickness by pouring and centrifuging from a polymer solution containing

a metal precursor compound [81], after UV irradiation heating to various tempera-

tures can be applied, which do not exceed glass transition temperature of a polymer.

Silver nanoparticles in a matrix of linked oligourethanemethacrylates are synthesized

by impregnation of polymer plates with 2,2-dimethyl-6,6,7,7,8,8,8-heptafluoro-3,5-

octanedione Ag metal organic complex in the medium of supercritical CO2 [82] and

the following radiation by filtrated radiation at λ¼ 365 nm from a mercury lamp. The

size distribution function for nanoparticles and their concentration are controlled by

different factors, such as structure of a matrix of impregnated polymer, type of

solvent, temperature and other conditions of impregnation. It is interesting that this

approach makes a possibility for designing in polymer matrices various optical

microstructures consisting of nanoparticles, which would have varying refraction

and absorption coefficients. In the other way metal containing precursor can be

introduced in the initial polymer system, however, in this way the process is often

complicated by interaction reactions of a metal compound with monomer or initiator

molecules, inhibiting of polymerization reactions, etc. Only specially found condi-

tions by type and concentration of the initial state of a metal, type of initiator, and

Scheme 3.6 Reduction

of metal ions with the

participation of

polymethylphenylsilanes on

the surface of polystyrene
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temperature of reaction are suitable for production of nanocomposites, for example,

as in MMA system and tetrachloroaurate (III) N-cetylpyridinium (Scheme 3.7) [88]:

Character of interaction between metal ions and functional groups on a surface

of polymer particles has a substantial effect on formation and immobilizing of

metal nanoparticle. Opposite results were obtained in the polystyrene/PMPS and

HAuCl4 4H2O, AgNO3, Na2PdCl4 salts system depending on a type of surface

carrier (cation or anion) and type of functional group of polymer particle

(Table 3.6) [79].

As is seen from Table 3.6, interaction between cation polymer particle and metal

ion (Ag+, Pd2+) impedes formation of metal nanoparticle on a surface of the polymer

particle, while interaction between anion polymer particle and anion complex ion

AuCl4�, PdCl4
2� has no such effect and brings to formation of nanoparticle/polymer

Scheme 3.7 Synthesis of a nanocomposite by polymerization in situ followed with photoreduc-

tion. DCC dicyclohexyl peroxydicarbonate

Table 3.6 Preparation of Metal Nanoparticle/Polymer Hybrid Particles [79].

Polystyrene particles (surface charge and coordinative

groupa) Metal salt

Metal particles on the

polymer surface

Morphology

Size,

nm

PS (anionic) HAuCl4�H2O Sphere 10–20

PS (cationic) HAuCl4�H2O Sphere 10–20

PS-co-NIPAM (90:10) (anionic, NIPA) HAuCl4�H2O Sphere 10–20

PS-co-NIPAM (90:10) (cationic, NIPA) HAuCl4�H2O Sphere 10–20

PS (anionic) AgNO3 Sphere 10–20

PS (cationic) AgNO3
b

PS (anionic) Na2PdCl4 Sphere <10

PS (cationic) Na2PdCl4 Sphere <10

PS-co-NIPAM (90:10) (anionic, NIPA) Na2PdCl4 Shapeless >10

PS-co-NIPAM (90:10) (cationic, NIPA) Na2PdCl4 Sphere <10

Poly(St-co AAEM) (99:1) (anionic, AcAc) Na2PdCl4 Shapeless >10

Poly(St-co AAEM) (99:1) (cationic, AcAc) Na2PdCl4 Sphere <10

PS-co-NIPAM (90:10) (anionic, NIPA) PdCl2 Shapeless >10

PS-co-NIPAM (90:10) (cationic, NIPA) PdCl2
b

аNIPA is N-isopropylacrylamide group; AcAc is acetoacetoxy group
bMetal particles were not formed
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hybrid composite. The mechanism of photoreduction of silver on SiO2 is supposed

[89] which includes the donation of electron from silica to silver ions fixed on the

oxide surface under UV irradiation. It is shown [90] that there are many differences in

formation of Ag nanoparticles depending on whether there is reduction of free Ag+

ions or ions absorbed on a surface of colloid silica gel. In presence of oxide carrier

formation and aggregation of nanoparticles was predominantly on its surface due to

absorption of Ag+ ions on negatively charged surface of silica gel. Probably, here

SiO2 surface plays a double role: attracts and bonds positive silver ions, and also

under irradiation supplies by electrons, which reduce metal ions.

By changing size of the surface of colloid silica gel (Sspec¼ 140–345 cm2/g),

density of silver nanoparticles on silica gel particle can be controlled.

On the whole, photochemical deposition of metal nanoparticles minimizes usage

of chemical reagents, solvents, and, consequently, is ecologically more attractive

than chemical ways considered above. However, problems of control over nano-

particle size and their distribution on a solid substrate in many cases are not solved.

It is significant, for example, that hybrid nanocomposites based on noble metals

(Ag, Au, Pd, Pt) obtained in thin TiO2 films by the following Scheme 3.8 [91] have

different sizes of nanoparticles depending on reduction method. Average diameter

of Ag nanoparticles and standard deviation (dispersion) are 6.0� 1.8 nm at usage of

NaBH4, 8.6� 3.0 nm at reduction by H2 plasma and 7.6� 3.0 nm under UV

irradiation.

3.2.4 Photo Induced Processes in Nanoparticles

Apart from photo reducing reactions, which have as a result formation of

nanoparticles under light of UV irradiation the formed nanoparticles can be

Scheme 3.8 Hybrid nanocomposites in TiO2 thin films
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subjected to structural or morphological changes due to their high photochemical

activity. Two main effects can be shown. On the one hand, individual particles or

their aggregates can be subjected to photo fragmentation [70, 71, 92]. This mech-

anism can be caused by photo induced generation of electrons in a nanoparticle,

which are injected in environment, consequently nanoparticles accept positive

charge. Electron ejection brings, in turn, to destabilization of a nanoparticle or a

nanoaggregate with the following fragmentation and formation of metal clusters.

On the other hand, UV and light excitation can cause photo induced increase in

temperature of a nanoparticle, which promotes partial melting of aggregates [93],

accompanied by coalescence of neighbor particles, and, as a result, by formation of

coarser individual nanoparticles. In accordance with these mechanisms, disappear-

ance of Pt nanoparticles with 20 nm sizes and appearance of particles in H2PtCl6/

TiO2 system is, probably, caused by photo induced fragmentation of initially

formed polycrystalline aggregates under UV exposure for 15 h [70]. Similar

processes are described for gold and silver nanoparticles [92, 94]. Photochemical

activity of metal nanoparticles promotes photo induced generation of charges and

the following formation of charged metal particles. In turn, electrostatic repulsion

forces raised between these particles can stop particle growth after quite long

exposure to UV radiation. In these systems it is possible to obtain stable suspen-

sions of nanoparticles for their long-time storage as it has been shown for Au

particles [70]. No changes were observed in UV-visible spectrum range after

2 weeks of storage of HAuCl4 solution subjected to photolysis during 3 h (Fig. 3.5).

As is seen, the band at 225 nm corresponding to charge carrier metal-ligand for

the initial chloraurate complex significantly decreases in the first minutes of UV

Fig. 3.5 UV-visible spectra of a 250-mM HAuCl4 solution exposed to UV light for 0 (a), 2.5 (b),
45 (c) and 180 min, before (d ) and after ageing in ambient conditions for 2 weeks (e) [70]
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exposure, which points to photolytic reduction of salt. Simultaneous appearance of

a band at 205 nm is, probably, caused by previously considered consequent

reduction from Au3+ to Au1+ and further on to Au0.

Thus, action of light produces photo effect, which can substantially change

properties of immediate surrounding of metal nanoparticles. Respectively, this

causes instability of colloid, for example, eliminates stabilizing impact of polymer

shell, induces changes in size and shape of nanoparticles, and initiates their

clustering, i.e. formation of aggregates consisting of hundreds to thousands super-

fine metal nanoparticles. Generation of particles with different shape and sizes and

a change in distance s between particles in aggregates is expressed in appearance of

additional absorption peaks and inhomogeneous broadening of resonance absorp-

tion peak. It has been found [95] that as after irradiation by mercury lamp plasmon

resonance band of Au at 532 nm broadens and disappears, and a band appears at

840 nm, which is related to dipole-dipole interaction of particles in aggregates. It is

found that aggregation rate depends on a solvent type and light wavelength. The

effect of light wavelength is caused by increase in Van-der-Waals forces and by a

change in Coulomb interaction of surface charges. Exchange by electric charges

generated due to photoemission is caused by a dependence of Fermi energy on

particle size, passes through dispersion medium and brings to equalization of

potential of particles of different sizes. As a result of exchange, long-range electric

forces appear, which promote approach of the particles to distances corresponding

to Van-der-Waals forces, which cause aggregation.

Distances between particles are in inverse relation to usually observed spectral

shift [96]. While polychrome light can increase aggregation rate [97, 98], laser

impact is accompanied by photo modification of the aggregates [99]. As a rule,

aggregation rate and properties of the formed aggregates depend on method of

synthesis of nanoparticles. Coarse aggregates usually have loose dendrite-like

structure with fractal properties.

Irradiation of colloid silver obtained by citrate method in the AgNO3/NaBH4/

sodium citrate/bis(p-sulfonatophenyl) phenylphosphine dihydrate dipotassium

system by fluorescent lamp (7 mW/cm2) during 20 h is accompanied by significant

modification in shape of nanoparticles and formation of nanoprisms [100]. At the

same time, usage of laser on argon ions (λ¼ 514.5 nm) in the colloid system based

on AgNO3/ethanol/poly(vinylpyrrolidone) (PVP) is efficient for structuring of large

aggregates with the structure of statistical fractals with ~5,000 nm length.

3.3 Radiation-Chemical Reduction

In radiation-chemical reduction usually γ-radiation is used (for example, on 60Co

sources). Radiolysis is conducted in stationary conditions (constant radiation flow)

or in alternate conditions (intermittent flow with pauses or pulse, when once for a

short time high doze is applied) [101]. Radiation-chemical yield for each system

depends on a great number of physical and chemical factors (time and absorbed
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energy, concentration of reacting substances, temperature, mass transport, pH of a

medium, etc.), which change during irradiation. In a common case radiation yield

being a number of active particles (molecules, ions, radicals, etc.) per 100 eV of

absorbed energy is a function of absorbed radiation doze. Initial yield of interme-

diate products of radiolysis (electrons, ions, excited particles) is a value of about 10.

Observed values of radiation yields are in wide range from 10�6 to 108 particles per

100 eV [102]. Thus, for active particles which generate during radiolysis of water,

the highest yield is typical of hydrated electrons e�aq (2.6), OH
� (2.7), H+ (2.6),

for H, H2 and H2O2 it is 0.6, 0.45 and 0.7, respectively [103]. The formed e�aq and

hydrogen atom have high reduction potentials (�2.9 and �2.3 V, respectively),

which allows, for example, in to reduce Cu2+ ions in triple polyelectrolyte

PAA-PEI- Cu2+ complex to metal copper Cu0, while in this system Cu2O-based

nanocomposite is obtained in presence of strong chemical reducing agent [104].

Oppositely, hydroxyl radical has high oxidizing ability (1.9 V). In order to avoid

side reactions with participation of OH� radicals, such as oxidation of metal ions,

linking reactions, and destruction of macromolecules, organic substances are added

to the system, for this purpose alcohols and salts of organic acids are used. In the

case, for example, of isopropyl alcohol or formate-ions, as a result of reactions

CH3ð Þ2CHOH þ OH Hð Þ ! CH3ð Þ2COH þ H2O H2ð Þ ð3:28Þ
HCOO� þ OH Hð Þ ! CO2

� þ H2O H2ð Þ, ð3:29Þ

initiated by impact of ionizing radiation on water solution, only reducing particles

form in it, in particular (СH3)2COH or CO2
�, whose reduction potentials are �1.4

and �1.9 V [103].

Radiolysis in condensed matter is conventionally divided in three stages

[102]. The first, physical stage is associated with formation of primary intermediate

products and is rather fast (less than 3�10�16 s). Second, physical-chemical stage is

associated with spatial distribution of primary intermediate products and homoge-

nization of a system as a result of transport process (for example, diffusion). In

liquids with medium viscosity it is completed for 10�8–10�7 s. During radiolysis, in

contrast to photolysis, distribution of obtained intermediate particles is more homo-

geneous and provides synthesis of narrowly distributed particle sizes. The third,

chemical stage includes processes of chemical transformation in volume of homog-

enized system. Duration of this stage is determined by average time of chemical

transformation and can be infinitely long. In gas phase the second stage usually does

not manifest itself due to high diffusion rate of primary products of radiolysis. On

the contrary, in solids (especially at low temperatures), where diffusion rate is low,

radiolysis can delay at the second stage.
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3.3.1 Kinetics and Mechanism of Radiation-Induced
Synthesis of Nanocomposites

Usage of pulse γ-radiolysis in combination with spectrophotometry made it possible

to study experimentally on example of reduction of silver [103, 105], gold [103, 106],

and copper ions [107] mechanism and kinetics of initial stages of formation of metal

colloids in water, water-alcohol, and non-water solutions, whose basic principles

have, probably, general character. One of advantages of radiolytic method is homo-

geneous and instant generation of a great number of atoms during irradiation, which

provides favorable conditions for formation of monodisperse particles.

At early stages of transformation after fast one-electron reduction of metal ions

follows disproportioning with formation of simple atomic and ionic clusters (Ag2
+,

Ag2, Ag4
2+, Ag4

+, etc.), or clusters and intermediates (in the case of formation of

copper colloids in presence of formate ions, CuCO2, Cu
+, Cu2+). Interaction of

these associates causes formation of subcolloid particles containing one-two tens

atoms (for example, 8–16 Ag atoms with maximum absorption at 325 nm [108,

109], 10 Pd atoms with maximum absorption at 320 nm) [103]. These processes

proceed for times no less than 1 s after γ-pulse. In some cases subcolloid forms

(for example, clusters Ag [110], Pd [111]) can be stable during several days.

Mechanism of transformation of reduced metal ions to nanoparticles on the

example of formation of subcolloid particles [112] can be presented by the follow-

ing scheme (Scheme 3.9):

or in general form (Scheme 3.10):

Formation of metal colloid during γ-radiolysis is accompanied by narrow

plasmon band in absorption spectrum, which is typical of spherical particles with

similar size distribution and weak interaction with a solvent. Changes in electron

Cu2+ Cu2
+ Cuj

m+
n
0Cu

x Cu2
+Cu2+CO2

−, eaq
−

CuCO2

Scheme 3.9 Formation of subcolloid Cu particles

Active species generation:

H2O
hv H, es

−, H3O
+, H2, H2O2OH,

OH (H ) +RH R + H2O (H2)

Metal reduction:

Mn++nR M0 +nR +nH+

Mn+ nes
−

+ M0

Growth of colloids:

nM0 M0
colloid

Scheme 3.10 The main

steps of the formation of

colloidal particles
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state from clusters with atomic-molecular characteristics to nanoparticles are well

tracked in optical spectra. Individual narrow optical bands typical of clusters of

different complexity, as cluster grows, transform into wide optical bands typical of

quasi-metal particles, and then into plasmon absorption band, corresponding to

metal state. The Au18Ag20 и Au55 particles show obvious surface plasmon reso-

nance, whereas for clusters consisting of 8–13 atoms atomic-molecular electron

state is typical [103]. Properties of intermediate sized particles are approximately

quasi-metallic and, probably, they serve nuclei of metal phase and have tendency to

growth. Presence of indifferent electrolyte NaClO4, and OH�, SO4
2�, HCOO�

ions, which are prone to specific sorption on a metal, accelerates nucleation process

of silver or other metal.

Unusual reduction kinetics is shown by cobalt and nickel ions under γ-irradiation
of de-aerated 2�10�5–5�10�2 М solutions of Co(ClO4)2 and Ni(ClO4)2, containing

НСООNa. Formation of metal is preceded by induction period (Fig. 3.6) and

reduction is developed in autocatalytic regime, formation of metal soles and

increase in their concentration accelerates the process.

These behavior of reduction of metal ions is explained by the ratio of reduction

potentials of their intermediate oxidized forms and redox potentials of formed organic

radicals (СH3)2COH in the system with isopropyl alcohol and CO2
� in presence of

formate ions. Potentials of E0 Ni2+/Ni0¼�2.2 V and Со2+/Со0¼�2.33 V pairs are

more negative than for massive metals, and Е0(Co2+/Со+) and Е0 (Со+/Cо0) are
�1.8 V and �2.9 V, respectively. Since that, hydrated electron (�2.9 V) can

Fig. 3.6 Concentration of colloidal cobalt (a) and nickel (b) in the reaction solution as a function of
the γ-irradiation time. (a) Solutions of Со(ClО4)2 with concentrations of 5�10�3M (1) and 1�10�3М
(2); the admixtures are HCOONa (1
 10�2M ) and polyacrylate (1
 10�3M ). Radiation dose rate
is 1 kGry/h, for 1 min of irradiation 4,4�10�6M e�aq and 5.6
 10�6МСО2

� are formed. (b) Solu-

tions of Ni(ClO4)2 with concentration of 1
 10�4М; the admixtures are polyethylene imine (1),
polyacrylate (2), polyvinyl alcohol (3), HCOONa (I) or isopropyl alcohol (II). Radiation dose rate is
0. kGry/h, for 1 min of irradiation 2.2
 10�6М e�aq and 2.8
 10�6МСО2

� are formed [103]
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efficiently reduce Co2+ ion. Method of pulse radiolysis has confirmed the reaction

realization (k¼ 1.1�1010 l�mol�1�s�1) (ref. by [103]):

Co2þ þ e�aq ! Coþ ð3:30Þ

3.3.2 Fabrication of Polymer Nanocomposites In Situ

Initial stages of radiation-chemical reduction of metal ions should conduct under

anaerobic conditions. To obtain stable nanoparticles and prevent coalescence of

atoms, radiation reduction is performed in presence of stabilizing agents, among

which most often are used various polymers such as polyethylene amine, polyvinyl

sulfate [103], polyvinyl alcohol [113], poly(N-vinylcarbazole) [114], polyacryloni-
trile [115], dendrimers, etc. Functional groups of polymers with high affinity to metal

provide fixation of a molecule on a particle surface, and polymer chains in parallel to

such factors as electrostatic repulsion and steric obstacles prevent particles from

sticking to each other.

The considered method of producing of nanocomposites in situ includes solution,

and often, a complex formation of metal salt with a polymer in water, water-alcohol,

and non-polar media and the following reduction of metal ion under γ-irradiation.
There are interesting approaches when the processes of formation of a nanoparticle

and polymermatrix are joined. Gamma-induced polymerization ofN- vinylcarbazole,
particularly, its co-polymerization, since acrylic acid was added to the system, and

formation of silver nanoparticles, cadmium sulfide and hetero-metal nanoparticles of

Pd50–Ag50 and Pt50–Ru50 alloys (considered below) occurred simultaneously under

action of γ-irradiation of 30 kGy at the doze power 1.0
 104 Gy/h [114]. The same

method was used to fabricate Ag/poly aniline nanocomposites with core-shell struc-

ture. Water solution of aniline, free radical initiator and silver salt were irradiated by

γ-rays [116]. Reduction of silver salt in water aniline brings to formation of Ag

nanoparticles, which in turn, catalyze oxidation of aniline to polyaniline.

Variation of in situ is fabrication of hydrogel nanocomposites, which are

obtained by preliminary linking of polymer gel by gamma-radiation, then swell-

ing of the linked polymer with metal salt and alcohol (isopropyl) water solution,

and following by metal ion reduction. Silver nanocomposites stabilized in matri-

ces polyvinyl alcohol/cellulose acetate/gelatin [117] and polyvinylpyrrolidone/

alginate [118] were synthesized with usage of γ-radiation of no less than 25–

40 kGy doze. Functional groups of the polymer system such as –OH, C¼O and

–NH work as templates for binding metal ion and provide homogeneous distri-

bution of formed nanoparticles in hydrogel matrix. Additional advantages of the

radiolysis here are in a possible combination in one process of polymerization,

linking, and sterilization of hydrogel (the latter is important, for example, for

using of such composites as dressing for wounds2) due to the fact that primary OH

2Doze 10 kGy provides sufficient sterilization of these materials [119].
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radicals interacting with hydrogel molecule generate polymer radicals, which

participate in linking of chains. A degree of linking is well controlled by doze

of radiation irradiation.

As in other methods of reduction, multi parametric control may be performed

over dispersion and shape of particles. Average diameter of Ag nanoparticles and

their distribution increased as a precursor concentration increased. Impregnation of

hydrogel system: polyvinyl alcohol/cellulose acetate/gelatin with AgNO3 with

concentrations 5.10 and 20 mmol brought to formation of nanoparticles with

average diameters 38.6, 56.8, and 60 nm, respectively [117].

In order to obtain mechanically strong hydrogel nanocomposites, approaches

are developed for encapsulation of metal nanoparticles in aerogels with high

strength characteristics [120–122]. In particular, silica gel hydrogels were pro-

duced by reactions of based-catalyzed catalysis and linking with di-isocyanate

[123]. The linked hydrogel is multiply rinsed (by 12 h each time) by metal salt

solution and bombarded by gamma-radiation. It should be noted that incorpora-

tion of metal nanoparticles and used irradiation doses do not have undesirable

effect on mechanical properties and chemical composition of composite aerogel

(Table 3.7).

3.3.3 γ – Radiolysis in Synthesis of Semiconductor
Nanomaterials

Radiation-chemical method is one of the most efficient methods of producing of

metal chalcogenide nanoparticles. Radiation-induced formation of monodisperse

CdS, ZnS, PbS nanoparticles is usually performed in presence of thiol compounds

[124–128], and on the whole the process goes on by one-type mechanism

[129]. Irradiation of solution containing a polar solvent causes formation of active

Table 3.7 Mechanical properties, surface area and mean pore diameter of diisocyanate cross-linked

silica aerogel composites

Metal loading

Density,

g/cm3
Load at

fracture, kg

Elasticity

modulus, MPa

Specific

surface, m2/g

Average pore

diameter, nm

Au 0.56 19.15 77.35 164 19.6

Ag 0.58 16.07 62.80 164 19.6

Without metal 0.57 14.7 67 150 19.4

Diisocyanate concentration in the bathing solution before curing was 50 % w/w. Metal concen-

tration was 3
 10�4 mol · L�1 in both cases. Metal-loaded samples were irradiated with a total

dose of 7 kGy. The plain sample was non-irradiated. Typical inaccuracy of the experimental data is

�10 % [123]
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particles. Among them a hydrated electron having most strong reducing properties

interacts with thiols by the following scheme:

HOCH2CH2SHþ eaq
�!	CH2CH2OHþ HS� ð3:31Þ

HOCH2CH2SHþ OH	!	SCH2CH2OH þ H2O ð3:32Þ

Pb2þ þ OH	 ! Pb3þ þ OH� ð3:33Þ

with the rate constants k1¼ 1.2
 1010 M�1 s�1, 6.8
 109 M�1 s�1

и< 2
 108 M�1 s�1, respectively.

Monomer sulfide forms when Pb2+ reacts with HS�:

Pb2þ þ HS� ! PbSþ Hþ ð3:34Þ
with the following coalescence and formation of a nanoparticle with radiation yield

2.7
 10�7 mol�J�1 [129]:

nPbS ! PbSð Þn ð3:35Þ

When Na2S2O3 is used as a sulfiding agent at producing of chitosan-ZnS and

chitosan-ZnS:Mn2+ [130] the reduction reaction of S2O3
2� can proceed with par-

ticipation of eaq
� or atomic hydrogen:

S2O3
2� þ 2eaq

� ! SO2
�3 þ S2�, ð3:36Þ

S2O3
2� þ 2H	 ! SO3

2� þ 2Hþ þ S2�, ð3:37Þ

S2� þ Zn2þ þMn2þ ! ZnS : Mn2þ, ð3:38Þ

n ZnS : Mn2þ
� � ! ZnS : Mn2þ

� �
n
: ð3:39Þ

The absorbed dose and irradiation power are important factors of control over sizes of

formed nanoparticles and, finally, over their optical properties. ZnS nanoparticles

were synthesized by γ-irradiation of water solution containing Zn2+ and thiol (RSH)

[129]. Under low irradiation doses monodisperse ultra fine ZnS particles with

diameter 1.5 nm form and absorption band appears at the wavelength 238 nm.

Coarser nanoparticles form under higher doses with absorption at λ> 260 nm.

By change in irradiation dose, not only sizes of nanoparticles change, but, respec-

tively, photoluminescent properties of the nanocomposites. Thus, the

photoluminescent peak in ZnS-chitosan emission spectrum is barely seen under

irradiation by 5 kGy dose, but at the dose 10 kGy quantum yield is 16.6 %, and

emission peak appears at 442 and 584 nm. As irradiation dose increases, sizes of

nanoparticles increase and photoluminescent emission peak reaches 22.5%, and as the

dose increases further on to 30 Gy, the yield begins to decrease, which is caused by

breakage of a crystal structure of chitosan.
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It should be noted that obtained by radiolysis nanocomposites of the considered

type (quantum dots in biocompatible polymer matrix) are, as a rule, well dissolved in

water. In combination with efficient luminescent properties these materials are inter-

esting for different biomedical applications [131, 132]. The CdS polyamidoamine

dendrimer with terminal amino- and carboxyl groups obtained from CdCl2 solution

and a polymer in presence of sodium thiosulfate under action of 60Co-γ-source is

tested for detection of ascorbic acid in pharmaceutical drugs [128]. Ability to detect

ascorbic acid in micromolar concentrations is caused by efficient extinguishing of

luminescence of a nanocomposite biosensor by the acid. However, even more than

100-fold concentration excess of ordinary interfering agents such as tartaric, uric,

citric, acetic acids had no significant effect on fluorescence of the nanocomposite.

3.3.4 Synthesis of Bimetallic Nanocomposites

The method of radiolytic reduction is especially attractive for production of

heterometallic nanocomposites. Nanoparticles consisting of two or more different

metals are of a special interest for development of materials with new properties,

because at the nanoscale intermetallic compounds and alloys can be obtained, which

do not form in the case of compact metals. Radiation reduction of salt solutions was

used to obtain nanoparticles including two [133–135] and three [136] metals. General

strategy for producing these nanocomposites is analogous to the above mentioned

and includes incorporation of metal ions in a solution or suspension of a matrix

polymer and the following reduction by γ-irradiation. Chemical bonding of metal

ions with matrix promotes yield and homogeneous distribution of nanoparticles in

volume on a substrate surface, as it is shown in the system multiplayer carbon

nanotubes-sulfided polyaniline alloy – Fe-Pd nanoparticles (Scheme 3.11) [134]:

Scheme 3.11 Preparation of multilayered carbon nanotube-sulfonated polyaniline-Fe-Pd alloy

nanocomposites
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It should be noted that conductivity of this composite was 1.5 S cm�1, which was

far higher than conductivity of SPAN (2.46 · 10�4 S cm�1).

Advantage of radiolytic method of production of heterometallic nanocomposites is

that using of powerful irradiation dose makes it possible to reduce a metal ion very

rapidly, and thus to prevent electron transport betweenmetals. Therefore, it is possible

to obtain desirable structures of core-shell or homogenous alloy nanoparticles. This

strategy is successful in production of nanocomposite alloys, which are difficult to

obtain from non-mixed metals in bulk state, as in case, for example, of Ag and

Ni. Radiolytic synthesis of Ag-Ni alloy of different stoichiometric compositions and

of Pd0.5-Ni0.5 alloywas performed successfully at room temperature [137]. Oppositely

to thermodynamically stable core-shell structure of Ag-Ni nanoparticles, kinetically

preferable phase with average particle diameter 5.8 nm and narrow distribution forms

in Ag0.5-Ni0.5 under high irradiation dose (power 300 rad/s) [138]. Properties of the

formed bimetallic nanoparticles and nanoalloys are predominantly conditioned by

their structures, which are far more complex than those of monometallic particles.

These structures include core-shell and subcluster-segregated alloys ordered or het-

erogeneouslymixed nanoalloys, etc. Their particular feature is wide variety of shapes.

Apart from spherical nanoparticles, under radiolysis conditions bimetallic

nanostructures with high aspect ratio can form. Whiskers nanocrystalline structures

of several microns in length and from 3 to 20 nm in diameter were produced by

radiation reduction of Ag+ и PtCl6
2� ions in water solution and in presence of the

stabilizer, polyvinyl alcohol with a different degree of hydrolysis [139]. The crucial

role in formation of nanowires has molar ratio of two metals and formation of metal-

polymer complexes. It is assumed that presence of hydrophilic alcohol and hydropho-

bic acetate PVA groups can have an effect on anisotropy of formed structures during

radiolysis reduction.

3.3.5 In Situ Radiolysis

Original possibility of using in situ radiation source (oppositely to exterior source),

on the one hand, and production of radioactive nanoparticles, on the other hand, was

demonstrated on the example of H198AuCl4 served as a precursor for synthesis of

Au nanoparticles in polyethylene glycol [140]. Products of PEG and H2O radiolysis

formed under impact of γ-energy of 198Au (411 keV) stimulate reduction of a metal

ion with the following stabilization of PEG by the similar mechanism considered

above for the cases of external irradiation. It should be noted that the obtained

radioactive nanoparticles have high energy of γ-radiation (τ1/2¼ 2.69 day) and can

be used in vivo and in vitro for different biomedical purposes (see Chap. 7), even

more that the described method allows production of nanoparticles with rather high

concentrations. It is interesting that in situ radioactivity of 198Au isotope was also

efficient in synthesis of Au-Pd bimetal nanoparticles with core-shell structure [141],

despite essentially low radiation doses (0.01 mCi), as compared, for example, with

very high irradiation power density up to 9�102 Gy/h for 60Co γ-beams also used for

production of bimetal nanoparticles [135].
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3.4 Sonochemical Reduction

Sonochemistry is based on the acoustic cavitation phenomenon, which includes

nucleation, growth and collapse of bubbles in liquid medium. Almost adiabatic

collapse of microbubbles in a solution brings to rise in local temperatures up to

(>5,000 K), pressure (>20 MPa), and cooling rate (>107 K s�1) in micro-

environment from 0.3 to 150 μm depending on ultrasonic frequency (5 MHz,

20 kHz) [142]. On the gas/liquid interface free radicals form, which induce

sonochemical reactions. Different types of particles and reducing agents form

during sonolysis of water and organic compounds (2-propanol,3 ethylene glycol,

surfactants, polymer molecules, etc.). Extreme conditions formed under impact of

ultrasonic wave are widely used to produce different metal-containing

nanoparticles and nanocomposites [143–146]. Sonochemical reduction of metals

includes three main stages: formation of active particles, reduction of metal, and

growth of these particles. These processes can take place in different media: in gas

medium of cavitation bubbles under impact of high temperature and pressure water

undergoes pyrolysis, as a result, H and OH radicals form on the interface between

the bubbles and the solution, and finally in the solution (Scheme 3.12) [147].

Due to low vapor tension of metal salts, reduction proceeds mainly on the bubbles/

solution interface. The important factors, which influence efficiency of cavitation and

physical-chemical properties of the products, are power and frequency of ultrasonic

action, temperature of the initial solution, character of a solvent, etc. It has been

Generation of active species:

In cavitation bubbles:

H2O
Ultrasound H + OH

At bubbles/solution interface:

RH
Ultrasound + H

OH (H ) +RH R2 +H2O (H2)

R1

Metal reduction:

In solution:

Mn+ M0 +nR1 (R2)+nR1 (R2) +nH+

Growth of colloids:

In solution:

nM0 M0
colloid

Scheme 3.12 The main

stages of sonochemical

reduction

3 This is most often used organic addition is involved in sonochemical reactions as a polar solvent

having lower boiling temperature and surface tension than water, but with higher vapor tension to

change parameters of gas/liquid interface and to increase energy yield.
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shown that during sonochemical reduction of Au(III) in water solution containing

1-propanol, the initial rate of the reaction depends significantly on frequency of

ultrasound [148]. As is seen from Fig. 3.7, the reduction rate decreases as ultrasonic

frequency increases. It should be noted that size of the formed Au particles is

predominantly determined by the reaction rate and almost does not depend on

frequency of ultrasonic field. This confirms that sonochemical nucleation and growth

processes of metal clusters and nanoparticles are slightly influenced by mechanical

forces formed during cavitation [145].

However, in the case of Zn, Cr, Ni, and Mometal particles with the sizes from 5 to

10 μm there were agglomeration/melting processes and necks formed between the

particles due to local melting induced by high velocities of collisions between

particles under impact of intense shock wave at 20 kHz ultrasonic frequency

[149]. Moreover, 20-min impact of highly intense (40 W cm�2) ultrasonic wave of

Fig. 3.7 Dependence of the reduction rate of Au(III) on ultrasonic frequency (a) and average size
of the particles as a function of ultrasonic frequency (b) and of the reduction rate of Au(III) (c).
Conditions: Au(III): 0.2 mM, 1-propanol: 20 mM, Ar, power of ultrasound is 0.1 W ml�1 [148]
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the same frequency on the previously obtained citrate-preserved Au nanoparticles

with the average diameter 25� 7 nmwas enough to cause melting of nanoparticles in

the zone of contacts and formation of dumb-bell like structures [150].

Comparison of the boundary layer thickness δ, tangential velocity near the

bubble surface υt and the resulting shear stress Ψ found from the expressions

(3.40, 3.41 and 3.42):

δ ¼
ffiffiffiffiffiffi
2η

ρω

s
ð3:40Þ

υt � ωξ2R4
0

r5
) ωξ2

R0

ð3:41Þ

ψ ¼ η
∂υt
∂r

� ηωξ2

R0δ
ð3:42Þ

where η and ρ are viscosity and density of water at room temperature, respectively,

R0 is equilibrium radius of the bubble, ξ is displacement amplitude and ω is

frequency of ultrasonic wave has shown that tangential velocity υt and shear stress

Ψ for the system under action of 200 kHz ultrasonic wave are by 3–4 orders of

magnitude lower than in the case of the ultrasonic wave at 20 kHz frequency. This

confirms that physical effects caused by ultrasound should be far more prominent in

the latter case than at frequency 200 kHz and above. We shall also note that these

conclusions agree well with the abovementioned examples of Au nanoparticles

with the average size from 15 to 25 nm non-melted under ultrasonic impact in the

frequency range from 213 to 1,062 kHz [148].

The method of sonochemical synthesis is also successfully used to obtain

bimetallic systems. Morphological core-shell structures can be produced by conse-

quent reduction as, for example, in the case of Pt-Rh nanostructure [151], or by

simultaneous treatment in ultrasonic field of solution of mixture of metal ions as

was shown for Au and Ag [152, 153]. The decisive role in core-shell formation of

the structure plays reduction rate of a metal ion under conditions of sonochemical

reaction and the character of stabilizing of a polymer matrix and formation of

polymer-metal ion complex.

The approaches are intensely studied, which combine advantages of

sonochemical reactions with other methods. Among them sono-electrochemical

methods can be distinguished, their advantages are acceleration of mass transport,

cleaning and degassing of the surface of electrodes, increase in reaction rates, etc.

Pulse sono-electrochemical method has been successfully used for production of

nanostructural materials, it is based on alternating impact of sonic and electric

pulses on a reacting system [154, 155]. Initially metal or semiconductor particles

were electro-deposited, then shock ultrasonic wave was applied to remove the

particles from the electrode surface. This way fine Pd particles of different mor-

phologies and sizes were obtained [156], as well as Ag [157] and Cu [158] in
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presence of poly (N-vinylpyrrolidone) (PVP). Sizes of the nanoparticles and their

morphologies are controlled by change in reaction conditions (Table 3.8).

It draws attention that in many sonochemical reactions often poly

(N-vinylpyrrolidone) is used as a stabilizing agent. Moreover, it is assumed that

presence of shear stresses of a polymer in water solution can also induce

sonochemical reaction in flowing medium [159]. The stabilizing mechanism of

PVP action is based on specific structure of its molecule including polar functional

groups, which can donate unpaired electron forming coordination bond with a metal

ion, and which after reduction can also form bonds with clusters and metal

nanoparticles preventing further aggregation of both as is shown in the

sonochemical synthesis of Cu nanoparticles (Scheme 3.13) [158]:

Table 3.8 Effect of various

deposition parameters on Cu

particle size [158].

Variable parameter Conditions Particle size, nm

Current density, mA/cm2 55 29� 2

70 24� 4

100 10� 2

Reaction duration, min 10 23� 2

30 29� 2

60 38� 4

PVPr concentration, % 0.2 55� 10

1 33� 2

2 29� 2

Temperature, �C 15 17� 3

25 29� 2

50 62� 5

Ultrasound power, W 35 29� 2

50 29� 2

76 29� 2

Scheme 3.13 Forming of complexes of Cu2+ ions and Cu nanoparticles with poly

(vinylpyrrolidone)
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A large body of FT-IR spectral research [160–162] has shown that in the range of

valence vibrational modes of the carbonyl group of poly (4-vinylpyrrolidone)

1,665–1,640 cm�1 there is displacement to low frequency region, which points to

the interaction between C¼O and surface of nanoparticles. The absorption band of

the carbonyl group in the Pd(II)- poly (4-vinylpyrrolidone) system depends on

concentration of a metal ion, i.e. on a number of particles in suspension

[163]. A change in the initial concentration of Pd(II) from 0.66 � 10�3 to 2 � 10�3 mol

brings to increase in size of Pd nanoparticles from 3–4 nm to 5–6 nm. The

respective increase in the molar ratio Pd(II)/PVP is reflected in a decrease in

number of nanoparticles, and for the maximum ratio Pd(II)/PVP there is maximum

number of particles, therefore PVP cannot cover every particle (Table 3.9).

The active medium for sonochemical reactions are ionic liquids such as 1-n-

alkyl-3-methylimidazolium- bis(trifluoromethanesulfonyl)imide, etc. [164, 165].

Non-traditional class of solvents containing organic cations such as imidazolium,

pyridinium, pyrrolidinium, quaternary ammonium, sulfonium, and inorganic anion

attract attention by their chemical stability at high temperatures, low volatility, low

toxicity and low flammability, i.e. they mostly meet demands of green chemistry.

By varying length of alkyl chain and duration of ultrasonic action it is possible to

control efficiently morphology and sizes of nanoparticles, for example, to obtain

ZnO in form of nanorods or nanosheets [166]. It should be noted that sonochemical

synthesis, as a rule, brings to products with lower crystallinity than traditional

heating methods. Therefore sometimes sonochemical reactions are performed at

high temperatures. Thus, increase in temperature from room temperature to 40–

100 �С for production of Mn3O4 colloid nanoparticles leads to considerable

improvement of crystallinity of the product, though in the absence of ultrasonic

impact completely amorphous colloid nanoparticles are formed (Fig. 3.8) [167].

Therefore, sonochemical approach has wide application due to low cost and high

efficiency of the procedure of ultrasonic cavitation. On the other hand, impact

waves and turbulent flows generated by multiple collapses of microbubbles, make

nanoparticles move with velocities of hundreds meters per second and undergo

non-elastic impact with change in shape and crystallinity, i.e. ultrasonic melting of

inorganic materials provides production of metal particles at the nanoscale with

different morphologies and properties.

Table 3.9 Characteristics of the Pd/PVP nanocomposite obtained by a sonochemical

reaction [163].

Concentration of

Pd(II)
 103, mol.

Average size of

particles, nm

Calculated

number of

particles

Global

particle

surface, nm2
PVPn/

Nparticles

PVPn/Sparticles,
molecules/nm2

0.66 3.5 0.26�1018 9.87�1018 11.74 0.31

1.33 4.5 0.24�1018 15.46�1018 12.38 0.19

2.0 5.5 0.19�1018 17.74�1018 16.12 0.17

2.66 2.5 2.84�1018 55.67�1018 1.06 0.05
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Sonochemical methods include unique reaction ways for development of different

kinds of composite materials [148, 168–171]. Sonochemical intercalation of Au

nanoparticles in interlayer space of Na-montmorillonite can be a general approach

to synthesis of thermally stable metal-clay nanocomposites with high dispersion

ability of metal nanoparticles, including catalytically active [172]. Important advan-

tage of ultrasonic treatment is its multifunctional character, which displays itself in a

possibility to perform different procedures under its action: dispersion, emulsifica-

tion, organic synthesis, and polymerization. Combination of dispersion and polymer-

ization processes in situ were used to obtain polyaniline/Fe3O4 [173] and poly

(n-butyl methacrylate)/γ-Al2O3 nanocomposites [174]. In the latter case encapsulated

polymerization induced by ultrasonic irradiation (at frequency 2�104–109 Hz) pro-

ceeds with high conversion in presence of sodium dodecyl sulfate in the system,

which points to the fact that radicals which induce emulsion polymerization of butyl

methacrylate form during dissociation of a surfactant.

On the whole, sonochemical method of nanocomposite production can be consid-

ered as one of the most attractive and in this view it serves as an alternative to

ordinary solvothermal or hydrothermal synthesis, sol-gel processes, co-deposition,

electrochemical and pyrolytic methods. Most of these synthetic methods need high

temperatures, involve metal-organic precursors sensitive to oxidizing media and

temperature, and often use environment-polluting agents, etc. [175].

3.5 Physical and Chemical Deposition
from the Vapor Phase

Different variants of techniques of deposition from vapor phase are widely used for

production of metal polymer nanocomposites [4, 176, 177]. Their essence is in

simultaneous or consequent deposition of metal and organic components and

Fig. 3.8 X-ray diffraction

patterns of the samples of

Mn3O4 colloid

nanoparticles synthesized

at: (a) 100 �С, (b) room
temperature, (c) at room
temperature without

ultrasonic impact [167]
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formation of metal nanoparticles in growing composite films. Active metal atoms

during collision with polymer surface can diffuse in volume of a polymer matrix, be

captured by surface defects, and collide with each other, which results in aggregation

and formation of cluster particles. The volume fraction of metal nanoparticles in a

polymer film can be controlled by relationship between deposition rates of metal and

polymer components [178]. We shall consider some ways of production of

nanocomposites.

3.5.1 Plasmochemical Synthesis

In this method low temperature (4,000–10,000 K) nitrogen, ammonium, hydrogen,

hydrocarbon, or argon plasma is used, which is generated by arc, glow,

high-frequency or microwave discharge. The main conditions for obtaining

nanoparticles by this method are the reaction process being far from equilibrium,

high rate of the solid-state phase nucleation and low growth rate. Plasma chemical

synthesis provides high rates of formation and condensation of a compound and

quite high efficiency. Due to these advantages plasma technology is widely applied

in production of nanostructural materials [179, 180].

The method of plasma condensation is one of universal methods for production

of metal polymer nanocomposites based on spraying of a metal target and simul-

taneous polymerization of organic precursors in plasma [5, 176, 181]. This

approach supplies production of homogeneously distributed nanoparticles in a

polymer matrix and provides variation of degree of filling in wide range. Most

often fluorocarbon [182], hydrocarbon [182–185], organosilicic [186, 187] pre-

cursors are used for production of polymer matrix. The Ti- [184] and Pt- [185]

hydrocarbon nanocomposite coatings were obtained by one-stage plasma polymer-

ization method.

Content, size and distribution of metal clusters depend on parameters of plasma

chemical process, and can be regulated by power of plasma supply and flow

velocity of a monomer (Fig. 3.9).

Among plasma-mediated methods there are interesting approaches based on use

of monodisperse metal clusters generated in separate reactors by mechanism of gas

aggregation in connection with filtration by mass [188–191]. Formation of clusters

carries on in an aggregation chamber during thermal evaporation of a metal into

flow of a carrier gas (Ar or He) under high pressure (~100 Pa). Metal atoms are

condensed on gas molecules, and the generated clusters grow during homogeneous

nucleation-condensation and evaporation of atoms. The formed clusters are trans-

ferred with the gas-carrier flow through the outlet nozzle to substrate in the reactor,

where a polymer condenses gradually during plasma polymerization (Fig. 3.10).

It is interesting that the obtained by this strategy Pd cluster structures on PMMA

display far higher adhesion than the metal films synthesized by thermal evaporation

[192]. This method provides development of 3D nanocomposites with homoge-

neous size distribution of nanoparticles in volume of a polymer matrix, and

128 3 Physical-Chemical Methods of Nanocomposite Synthesis



development of layered nanocomposite structures. In the latter case necessary

concentrations are achieved by variations of deposition time, while for bulk depo-

sition it is important that the deposition rate of a polymer was higher than the

deposition rate of the clusters, like in Ag/SiOxCyHz [191].

3.5.2 Evaporation and Spraying Methods

The condensation (deposition) method from the vapor phase used for production of

metal polymer nanocomposites is usually reduced to evaporation of a monomer and

Target Magnetron head
Output orifice

Ar inlet

Aggregation chamber

Cooling of the aggregation chamber

Fig. 3.10 Schematic drawing of reactor for synthesis of monodispersed metallic cluster by

thermal evaporation and gas aggregation [188]

Fig. 3.9 Deposition rate of Pt/CHx nanocomposite film vs. input power (a) and ethylene flow rate

(b) [185]
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poly-condensation on a substrate, thermal disintegration of some polymers, for

example, Teflon, and partial repolymerization of fragments on a substrate [4, 177,

193]. Nanocomposite materials with different content of metal are obtained by

simultaneous deposition of noble metals and polymers (nylon 6, polytetrafluor-

oethylene, PMMA) [178]. Increase in particle size with increase in metal concen-

tration is typical of vapor deposition, in which temperature can be used as

additional controlled parameter. Volume fraction of a metal in nanocomposite

depends almost linearly on the ratio of metal/polymer deposition rates (Fig. 3.11).

The considered technique can also be used to obtain nanocomposite films

containing bimetal nanoparticles. The co-evaporation and co-deposition methods

were used to synthesize AuxAg1� x [194] and CuxAg1�x [195] in Teflon polymer

matrix. Components of the formed nanocomposite were evaporated simultaneously

from separate targets in a chamber under residual pressure 2.4
 10�5 Pa. Despite

of a complicated character of the processes in these systems (absorption and

reemission of metals, surface diffusion, etc.), coefficients of condensation can

reach 60 %, nanocomposite films are characterized by homogeneous size distribu-

tion of particles in the matrix (Fig. 3.12) in a wide range of their compositions and

volume fractions. The nanodisperse phase has prevailingly a core-shell structure,

which forms, probably, due to a considerable difference between coefficients of

condensation, for example, between copper and silver atoms.

Methods of simultaneous and consequent spraying and condensation include

radio frequency (RF) magnetron spattering of polymers from a polymer target and

cathode spattering of a metal target with direct current (DC) energy supply. Under

RF impact a polymer is fragmented and linked, which can bring to improvement of

mechanical properties of the obtained nanocomposite materials. The most often

used polymers in this technique are polytetrafluoroethylene and nylon [196, 197]. It

should be noted that this approach is especially efficient for production of alloys of

Fig. 3.11 The volume

fraction of Ag in

nanocomposites versus ratio

of evaporation rates Rm/Rp

of Ag to TAF (1), Nylon (2),

and PMMA (3),

respectively [178]
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bimetallic nanoparticles on the surface of polymers, as has been shown in the case

of Au-Ag/PTFE nanocomposites [194, 198], while consequent deposition pro-

cesses, as a rule, bring to formation of core-shell structures, and in this case

additional treatment is needed for production of alloyed particles, for example,

annealing [199] or laser-induced melting [200]. A possibility of use of targets made

of pure metals [201] and their alloys [202] is shown. The TiO2/FeCo

nanocomposite was produced one stage by simultaneous DC spraying of FeCo

target and TiO2-RF magnetron spattering [203].

An interesting approach was realized in multilayered nanocomposite material

based on Ag-composite [204]. Hydrophilic polymer layer, composition and thick-

ness of which was controlled by O2 flow during polymerization, was formed by

plasma polymerization of hexamethyldisiloxane (HMDSO) on the surface of Ag

nanoparticles of 2D ensemble in a thin layer of RF-spattered PTFE (Fig. 3.13).

Fig. 3.12 TEM micrographs of bimetallic CuxAg1�x/teflon nanocomposites with different com-

position (x) and volume fraction (f) of nanodispersed phase: (a) x¼ 0.2, f¼ 17 %; (b) x¼ 0.31,

f¼ 17 %; (c) x¼ 0.34, f¼ 42 %; (d) x¼ 0.35, f¼ 54 % [195]
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Microstructure and thickness of plasma-polymerized polymer film have a

significant effect on properties of multilayer composite material, in particular, on

release of silver ions.

3.5.3 Laser Ablation

Laser ablation of solids in liquid attracts more and more interest in production of

nanoparticles [4, 205–207]. The essence of this method is in focusing laser beam

through a transparent liquid to a metal target surface. Interaction of a powerful laser

irradiation with absorbing media causes ablation of the latter and spattering of their

material in air. At high absorption coefficients thickness of the removed layer is

small, from units to tens nanometers. Nanoparticles form due to collision of

molecules of a substance with each other during adiabatic expansion and recombi-

nation of plasma flame in rarefied gas. Mean free path of molecules is in the case of

laser ablation of solids in liquids by several orders of magnitude lower than that in

vacuum, because evaporated material of the target collides with vapors in the liquid

near the target. High pressure of liquid vapors at the temperature of the target has

effect on size distribution of the particles. Moreover, the function of size distribu-

tion of the particles can vary during irradiation due to absorption at the wavelength

of laser irradiation. One of advantages of this method is the fact that synthesis of

metal colloids can be realized in a solution in absence of chemical reagents,

i.e. high purity grade products can be obtained.

Laser ablation in presence of surfactants and polymers brings to formation of

nanocomposite materials. Microstructure of the obtained nanocomposites is sub-

stantially affected by parameters of laser interaction. Granular magnetoresistive

Co/PTFE nanocomposites are obtained by laser ablation (Nd-YAG laser at the

temperature 355 nm) [208]. Colloids of silver nanoparticles obtained by laser

irradiation in water solution of polyvinylpyrrolidone were more stable than

Fig. 3.13 A schematic view of the multilayered HMDSO/Ag/PTFE nanocomposites [204]
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colloidal water solutions [209]. Method of pulse laser ablation make it possible to

carry out functioning of nanoparticles by direct incorporation of functional agents

in ablation medium before laser irradiation, thus favoring simultaneous generation

of a nanoparticle and covalent bonding of a ligand, especially this approach is

important for production of bionanocomposite materials (see Chap. 7) [210,

211]. In situ bonding of laser generated Au nanoparticles by functional biomole-

cules is shown for dextran-coated nanoparticles used as biosensors for lectins

[212]. Another similar example relates to conjugation of Au nanoparticles with

thermo-sensitive co- poly(N-isopropylacrylamide) polymer with terminal thiol

groups in the processes of in- and ex-situ laser ablation [213]. Undoubtedly, in

systems containing thermo-sensitive biomolecules it is necessary to take into

account degrading effect of laser on them [214].

Theoretical studies in the field of applications of low temperature plasma in

nanotechnologies are intensely carried on. The theoretical model is developed to

estimate typical sizes of nanostructures formed on the surface of solids duringmelting

under laser irradiation [215]. Solution of Stefan problem ofmelting and crystallization

of the surface layer in combination with the theory of formation of crystal nuclei

displays a dependence of cooling rate and typical sizes of the seeds on pulse duration

and energy. At duration 10�8 s and energy density 4 J/cm2 the calculation gives typical

sizes of the structures about interatomic distances (5
 10�10 m), while at duration

10�6 s and energy 6 J/cm2 the typical size is ~100 nm.

Resuming, it can be noticed that classical solution methods for production of

nanocomposite materials, such as sol gel synthesis (see Chap. 4), hydrothermal

methods, etc., become more and more differentiated, and preparative instrumenta-

tion is supplemented by innovation approaches, such as microwave, laser, sonic-

chemical techniques, etc. For example, metal nanoparticles incorporated in dielec-

tric nanofibers are obtained in a sandwich-like microreactor by combined applica-

tion of H2 plasma of high-frequency microwave power and high temperature of

substrate [216]. In order to develop inorganic n-p-hetero-junctions based on

GaN/InGaN 1D heterostructures, the method of plasma-mediated molecular-beam

epitaxy was successfully used [217]. In similar semiconductor structures TiO2 shell

was formed by plasma spattering on the surface of ZnO nanorods, preliminary

obtained by hydrothermal method [218].

A tendency of development will, probably progress towards combination of new

synthetic strategies and hybrid approaches with individually adapted instrumenta-

tion for design of technologically important nanostructural materials.
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Chapter 4

Physics and Chemistry of Sol-Gel
Nanocomposites Formation

This method called sol-gel or dip- and spin-on-glass process, spin-spray-coating,
sol – gel glasses, which was widely used in the second half of the twentieth century

[1]1 is one of the most universal condensation ways of production of nanoparticles

stabilized by inorganic oxide or polymeric matrices. A special interest is attracted to

materials obtained by combination of sol-gel chemistry and aerosol or spray pro-

cesses, and combination of sol-gel synthesis with intercalation. This also includes

combinations of sol-gel processes with different types of thermolysis, and approaches

met in nature in biomineralization processes, etc., which are new aspects of integra-

tive chemistry approach. Traditional sol-gel concept is based on hydrolysis and

condensation of metal alkoxides and many metalloids including different ways of

their modification [2, 3]. Main reactions proceed at relatively low temperatures with

usage of prepared in advance or synthesized in parallel polymers, and are convenient

techniques for preparation of organic-inorganic nanocomposites compared with

commercial silicate-intercalation technique. Sizes of formed nanoparticles in a com-

posite can be reduced to 10 nm by choice of relative conditions. Polymer-inorganic

materials have high mechanical strength and thermal stability in combination with

optimal heat transport properties. They are widely used in practice due to unique

physical and chemical properties: incorporation of nanometric inorganic component

into polymeric matrix improves mechanical properties of material [4–7], permeabil-

ity of polymers [8]. Light-sensitive materials are used in optic and electronic industry,

printed-circuit boards, photoconductive cells, as key elements in solid coatings,

packing materials, as cover materials they have good transparency [9–11]. For

example, sol-gel method was used to produce various polymer/TiO2 composites

with high refractive index [12]. Such type of composites are used for chromato-

graphic carriers, membrane materials, these are the main class of plastics for different

applications, including airspace. Controlled properties of the surface of these colloid

1We refer here to the recent review devoted to celebration of 40th anniversary of innovation

researches in polymer-inorganic ceramics produced by sol-gel technique [1].

© Springer Science+Business Media Dordrecht 2014
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materials make reason for their wide use in pharmaceutical, cosmetic, food, biologic,

and medical applications. Nanocomposite materials combining organic and inorganic

phases are subjects for novel nanotechnologies, due to their combination of the best

properties of metal oxides and polymers or biopolymers. They have already found

their place in fabrication of various contact lenses, optic wave guides, thermally

resistant coatings, memory devices and printers, chemical filters, solid electrolytes,

biosensors, semiconductors, catalysts of many reactions, dip-pen lithography, ink jet

printing, electrospinning, etc.

Technology of introduction of inorganic fillings in situ, sol-gel process makes it

possible to obtain homogeneous products of constant chemical composition, high

purity, with good reproducibility. Homogeneity of the initial solution provides good

control over sizes and microstructures of inorganic filler, and conservation of these

features in a polymer [13]. In turn, strict control over nanostructure of organic/

inorganic nanocomposites is an important factor of formation of highly functioning

self-organized materials, though thus produced nanocomposites, are subjected to

change in structure and morphology during thermal transformations. It is important

that sol-gel method is zero-discharge and ecological.

In order to obtain hybrid composite materials either with covalent bond between

polymer and inorganic component or without it, many polymers were tested

modifying morphology of inorganic networks. Especially convenient way is com-

bination of inorganic “hosts” (precursors are silica titanium oxides, aluminum,

vanadium, molybdenum oxides, etc.) for intercalation of polymer matrix (“guests”

[14]) and polymeric nets at molecular level. For materials and their formation by

gel formation, transformation from sol to gel is used in the systems including a

polymer or its precursor, known as polymer sol-gel synthesis [15–19].

This approach allows, on the one hand, studying in more detail mechanism of

formation of nanoparticles, control over their sizes, and, on the other hand, con-

struction of the class of the novel materials having synergetic properties of the

initial components: inorganic phase can capture into “a trap,” oxide network, not

only nanoparticles, but monomers or polymer links. The leading role in these

non-equilibrium self-organized systems have interphase interactions between inor-

ganic and polymer components. Nanometric building blocks (among them can be

silica nanotubes or sheets, ceramics of layered silicates, including heterometallic

ceramics, etc.) give improved properties to composites as compared to conventional

microcomposites due to maximal interphase adhesion.

In this chapter we briefly focus on these problems from uniform position of

“bridge building” between “inorganic” sol-gel synthesis of precursor nanoparticles

and organic polymer phase taking part some way or other in formation of a

nanocomposite.

4.1 General Characteristics of Sol-Gel Reactions

Sol-gel synthesis includes the following main stages: preparation of solution! gel

formation! drying! heat treatment (xerogel).
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Using precursor compounds, which do not introduce impurities in content of the

final products, makes it possible to exclude stages of rinsing, which decreases

ecological burden of the process. Precursors in this case are metal alkoxides

(in the case of silicon derivatives there are silicic acids, chalcogenides, and alkoxide

compounds), reaction proceeds in the medium of organic solvents, mostly alcohols,

and water is a reagent whose addition causes hydrolysisМ(ОR)n (M¼ Si, Ti, Zr, V,

VO, Та, Zn, Al, Sn, Ce, Mo, W, also lanthanides, etc. R¼CnH2n + 1, alkyl aromatic

and unsaturated ligands), also chelated alkoxides or metal salts, chlorides, sulfates,

nitrates, etc. are used. Chemistry of sol-gel process is based on reactions of

polymerization (poly-condensation) of inorganic compounds. They go by multi-

stage mechanisms, first of which is hydroxylation of metal alkoxides and metal salts

going via hydrolysis of alkoxy groups and deprotonation of molecules of coordi-

nated water. Just after hydroxyl-groups have formed, branched oligomer or poly-

mers form with nuclei having metal framework for a core.

Intermediates are also highly active products, which are involved in reactions of

poly condensation due to residual hydroxyl and alkoxy groups, taking part in

olation or oxolation, respectively bringing to gel formation. Acid hydrolysis and

the following condensation can be represented by the formal schemes:

Si ORð Þ4 þ 4H2O ! Si OHð Þ4 þ 4ROH; ð4:1Þ

mSi OHð Þ4 ! SiO2ð Þm þ 2mH2O, ð4:2Þ

of (4.3) alkoxolation – alcohol release, (4.4) oxolation – water release:

Si O Si+ EtO Si
H+

−OH
+ EtOHSi OH ð4:3Þ

Si OH HO Si+
H+

−OH
Si O Si + H2O ð4:4Þ

Sols of silicic acid stabilized by alkali condense at 30 �С to the sizes 5–10 nm

during several months [20]; increase in temperature accelerates their growth.

For deposition of silica layers on different surfaces often well studied conse-

quence of reactions is used:

SiCl4 þ 4H2O ! Si OHð Þ4 þ 4HCl ð4:5Þ
Si OHð Þ4 ! SinO4n�xH4n�2x þ xH2O ð4:6Þ

The last reaction is basic, it determines the following transformations of silicic acid.

Less often its derivatives are used as precursors. Thus, dissociation of catecholate

complex completes almost instantly in the range of neutral pH:

K2Si C6H4O2ð Þ3
� �þ 2Hþ þ 4H2O ! Si OHð Þ4 þ 3C6H4 OHð Þ2 þ 2Kþ ð4:7Þ
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Advantage of inorganic precursor (sodium silicate) is that it is more available (it also

concerns its cost), and silicon acid forms as a result of its hydrolysis in aqua medium,

in contrast to, for example, hydrolysis of triethoxysilane (TEOS) [21].

Thus, sol-gel process includes polymerization of gel-precursor (chemically

controlled condensation), most often of alkali metal silicates, tetramethoxysilane

(TMOS) or TEOS, which form silica-gel structure (host) around a dopant (guest) as
though confined in a special cell-trap. In gels, as a rule, condensation reactions,

monomer and oligomer molecules redeposit, phase transformations between solid

and liquid phases go on.

Gel formation is sintering of the neighbor silica particles. Increase in concen-

tration of precursor and pH reaction accelerates condensation.

In order to get powder or film ceramics, drying and consolidation (often by

sintering) are conducted via sequence of stages (Fig. 4.1) [22].

Study of condensation of silicon acid has a long history and is related not only to

producing of silica-based nanocomposite materials, but also to problems of

bioinspiration and biomimetics (see Chap. 7). The first stage of condensation of

silicon acid is formation of small oligomer particles with Si–O–Si bonds, then they

are bound via the same bonds into branched chains and then concentrate to gel and a

rigid frame. In the case of acid pH values particle growth is determined by aggrega-

tion of tetrahedrons, condensation goes due to one Si–OH bond to the degree of

condensation 300, after that particle growth goes by Ostwald ripening due to disso-

lution of small particles and coarsening of coarser to 2–4 nm [23]. Gigantic 3D

molecule forms from polymerizing branched oligomers, a special cluster [24], which

coexists with sol. Control over gel formation of alkali silicon compounds and the

main methods of control over these compounds are considered in [25].

At the final stage it is important to remove a solvent (as a rule, it is ethanol) at

70 �С, aerosol drying at temperature in the heating zone at 350–500 �C (predom-

inantly at 400 �С). Duration of holding is several seconds, which prevents

decomposition of organic component of the product. Its calcination is carried out

at 350–700 �С during several hours in air. Ceramic components are sintered by

powder during several hours in air. Sintering of the ceramic components by powder

technology (mixing with the following compression, casting without melting)

causes formation of pure metal oxides with high melting temperature.

The same method is used to obtain non-silicate meso-structured ceramics, for

example, anatase and rutile modifications of TiO2 [26, 27].
2 The particles form as a

result of reaction of hydrolysis and co-condensation in the following way.

Hydrolysis Coating Drying
Glass oxide film

T>500°CPorous
xerogel film(RO)4Si

Precursor
(SO2)n
Nanosol

(SO2)n
Liogel film

Fig. 4.1 Sol-gel synthesis of SiO2 coatings [22]

2 It is more difficult to obtain polymetal-organic siloxanes of linear structure (SiR2–O–M)n, где
M¼Cu, Ni, Co, Mn, where R is carbohydrate radical by hydrolysis of alkyl trichlorsilane, alkali

splitting of the formed polysiloxane with the following exchanging reaction of organo silanolate

with metal chalcogenide (see for example [27]).
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Hydrolysis:

Ti ORð Þ4 þ H2O ! Ti ORð Þ3OHþ ROH ð4:8Þ

Condensation of two Ti-OH groups goes through oxolation, while condensation

of one Ti-OH with Ti-OR goes through alkoxalation with formation of Ti-O-Ti

oxo-bridges by the following reactions (4.9) and (4.10):

Oxolation (splitting of water molecule):

Ti ORð Þ3OHþ Ti ORð Þ3OH $ ORð Þ3Ti� O� Ti ORð Þ3 þ H2O ð4:9Þ

Alkoxalation (splitting of alcohol molecule of alcohol):

Ti ORð Þ3OH þ Ti ORð Þ4 $ ORð Þ3Ti� O� Ti ORð Þ3 þ ROH ð4:10Þ

However, these stages are difficult to identify (see, for example, [28]). Reaction

capability of M(OR)4 alkoxides increases in the line: Si(OR)4<< Sn(OR)4, and Ti

(OR)4<Zr(OR)4<Ce(OR)4. It is interesting that in the same line increase ionic

radius of the central atom (respectively 0,04, 0,06, 0,064, 0,087 and 0,102 nm) and its

coordination number KN (4, 6, 6, 7, 8), and its unsaturation, a difference between KN

and valence (0, 2, 2, 3 and 4). As KN of the central atom (Si, Ti, Zr) increases,

deposits form during shorter time for the same ligands. However, the primary

important is the ratio γ¼H2O/M(OR)n. In particular, in the case of VO(OPr)3
uniform transparent gel with alkoxide polymer network in n-propanol is reached at

γ¼ 3, while when γ> 100, the formed gel has a structure which cannot form

compounds of a filler. Kinetics of growth of TiO2 nanoparticles at high ratio between

water and titanium alkoxide is specially studied [29]. Metal oxo alcoholates, among

which are poly-nuclear TixOy(OR)4x�2y, can form as intermediated forms during

hydrolysis of oxo alcoholates, many of these are characterized quite well. As a result,

formation of TiO2 solid phase monodisperse powder follows some consecutive

stages: hydrolysis! condensation! nucleation! growth of particles. In traditional

sol-gel process oxo- oligomers or polymers (sometimes with relatively high molec-

ular mass), and also cross-linked polymers form. Most probably, particles grow by

diffusion mechanism; the diffusion coefficient is about 10�9 cm2�s�1. Nevertheless,

Fourier transformation infrared (FTIR) spectroscopy and small-angle X-ray scatter-

ing have shown that the main stage of hydrolysis of Zr(OBu)4 goes at early stages

(during the first second), and even within this time range condensation already takes

place [30]. Silicate and non-silicate precursors, as a rule, demonstrate absolutely

different kinetics of sol-gel condensation. Rate constants of these reactions are very

high. One of the most convenient ways of studies of such processes is study of

kinetics of formation of Ti–O–C bonds by IR spectroscopy (FTIR) during reaction

[31]. Area of the absorption band of the respective Ti–O–C bond at the initial moment
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(t¼ 0) is designated as A0, and for time t (min) it is At. Then the degree of

transformation of Ti–O–C bonds p is calculated by equation [32]:

p ¼ 1� At

A0

� �
� 100 ð4:11Þ

Linear dependence lnp on f(t) is observed according to the first-order reaction.

Kinetic constants at different temperatures and concentration of precursor in the

medium of high-boiling Squalane solvent and activation energies are listed in

Table 4.1. These data are compatible with absorption bands obtained for the melt.

Heat effects of hydrolysis reaction of Ti(OBu)4 in ROH (R¼Et, Pri, Bu) at

different ratios in the range of γ¼ 0.2� 70 increase to γ� 1 (average value is

19.3 kJ mol�1) and thereafter almost do not change; in other words, the thermal

effect corresponds to the reaction of substitution of one alkoxy group. In this case

optimization of conditions of the process is very important, as is using of catalysts

(including nucleophilic type NH4F, trifluoroacetic and even polymer acid, for

example, polystyrene sulfonic acid), and origin of metal and its alkoxy group

(because the hydrolysis rate of Ti(OBu)4 is almost by 150 times slower than the

hydrolysis rate of Ti(OEt)4). A significant effect has presence of other ligands in the

case of alkoxides of mixed type (especially chelate: β-diketonate, α- or β-hydroxy
acid, polyolic, etc.) in Zr(OSiMe3)2(acac)2 compounds applied in processes of

chemical metal-organic deposition from gas phase (MOCVD).

An important role has also a degree of association of alkoxides (for example, for

[Ti(OEt)4]n n¼ 2; 3). Rate of hydrolysis of formed in the process oxo- and alkoxo

clusters, such as Ti18O22(OBu)26(acac)2 is far lower than the hydrolysis rate of the

initial Ti(OR)4. Presently a wide diversity of methods for production of metal oxides

(for example, commercial TiO2) is known, nevertheless, sol-gel process looks the

most promising. As is known, sols are thermally unstable, constantly changing

systems with high free surface energy, and they can exist only in presence of

stabilizing agents. One of the efficient ways of their stabilizing is electrostatic,

which is controlled by pH of a system. Stabilizing of highly concentrated soles is a

difficult problem, because disturbance of the system causes uncontrolled agglomer-

ation of particles. There are several chemical strategies, which can be used for

stabilizing of inorganic precursor in a solution and production of nanostructured

materials by aerosol process, in particular, usage for precursors chlorine derivatives

Table 4.1 Experimental reaction rate constants and the energy of activation for hydrolysis of Ti

(OC4H9)4 of different concentrations in the Squalane medium [32]

k, min�1 (180 �C) k, min�1 (220 �C) k, min�1 (250 �C) E, kJ mol�1

Ti(OC4H9)4 0.29 0.50 0.83 47

Ti(OR)4 10 wt.% 0.10 0.61 0.91 65

Ti(OR)4 20 wt.% 0.07 0.37 0.75 66

Ti(OR)4 30 wt.% 0.06 0.28 0.87 79
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or complex forming agents (acetic acid or chlorine-fluorine hydrogen acid), which are

strongly connected to the surface of the SiO2, ZrO2, TiO2or Al2O3 particles [33].

Reaction ability of titanium alkoxides with respect to water is very high, so that it

even causes uncontrolled formation of a deposit, which limits their usage in sol-gel

synthesis. These problems are substantially overcome by using of organic ligands such

as acetylacetone (AcAc), diols, carbonic acids acting as bidentate ligands [34, 35]. The

structuring agents for many of them are polyethylene oxide (PEO) and its copolymers,

which are used for formation of mesopores in a product (within 4–6 nm). Crystalli-

zation of metal oxide matrices is conducted by thermal activation, and interesting

properties can be achieved, such as catalytic activation of TiO2 (anatase crystals),

providing aluminum γ-oxide with acidity, etc.
For mesostructural films of these composites critical nucleation and collapse

temperatures are found (for example, for anatase it is 350 �C and 700 �C,
respectively) [36].

Oxopolymers synthesized by sol-gel synthesis method have superfine porous net

with pore size 1–10 nm like zeolites have, sometimes they are called nanoperiodical

(mesostructured) materials, their specific surface changes from 130 to 1,260 m2�g�1

depending on synthesis conditions. A special interest (also for catalysis) have

titanium containing silica mesoporous molecular sieves like hexagonal MCM-41,

Ti-MCM-41 and cubic MCM-48 materials (graded by Mobil corporation). Signif-

icant size of their pores (2–3 nm and more) gives great opportunities for modifica-

tion of inner surface for control of hydrophobic-hydrophilic and acid properties,

design of catalytically active centers. Drying regime, during which volatile com-

ponents are removed, determines texture of the product: during long drying in air

coarse xerogels can form due to coagulation of gel particles in air. If drying

conditions prevent action of capillary forces, highly disperse aerogels form,

xerogels with a structure of wet gel, whose pores are filled with air instead of

removed liquid phase (in recent years CO2 in supercritical state is often used for it).

Formation of structure and texture of the product completes at the stage of heat

treatment. Its properties are also influenced by atmosphere of pyrolysis: inert,

vacuum or oxidizing (air) [ [37–43]3].

Annealing of material is also accompanied by many physical-chemical pro-

cesses: destruction of organic fragments, restructuring of inorganic polymer, its

crystallization, and sintering.

3 Sol-gel process with usage of highly porous silica-gel in polar solvent can also be applied for

microcapsulation of different large molecules such as pigments, photochromic fluorescent sub-

stances, scintillators, porphyrins, phthalocyanines, ferments, proteins, etc. (see Chap. 7) enclosed

into sol-gel matrix obtained by combined hydrolysis of Si(OEt)4�Zr(OBu)4, [37]. Methods of

their preparation and structure are similar to metal polymer nanocomposites. In particular, MMA,

in which perillene organic dye can be solved, is introduced in xerogel, and after thermal or UV

polymerization co-impregnated composition consisting of SiO2-PMMA-dye is obtained [38,

39]. Another variant is topochemical nanometically-precise imprinting of a dye in radial positions

in silica [40, 41]. These materials are often called organically doped or organically modified

sol-gel materials [42, 43].
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General scheme of hydrolysis and condensation of tantalum alkoxides is similar

to that of silicon, titanium, and vanadium oxides and can be reduced to the

following [44–46]:

Ta ORð Þ5 þ xH2O ! Ta ORð Þ5�x OHð Þx þ xROH ð4:12Þ

ORð Þ5�x OHð Þx�1Ta� OH þ XO� Ta OHð Þx ORð Þ4�x !
ORð Þ5�x OHð Þx�1Ta� O� Ta ORð Þ4�x OHð Þx þ XOH

гдe R ¼ C2H5;X ¼ H,R

ð4:13Þ

As a result of hydrolysis of Ta(OR)5 unstable intermediate hydroxyalkoxides

Ta(OH)x(OR)5�x form, whose polycondensation causes formation of a net by

oxolation or alkoxolation. Oleic acid forms micellar structure, which limits

further growth of Ta2O5 nanoparticles. It acts as surfactant and chelating element,

transforming Ta2O5 from hexagonal to orthorhombic form at increase in temper-

ature of baking from 700 to 750 �C. Usually recrystallization temperature of

orthorhombic blocked Ta2O5 is 800–1,000 �C. Consequently, a decrease in

sizes of grains of orthorhombic Ta2O5 to nanometric scale decreases temperature

of phase transition below 750 �C. This highly disperse Ta2O5 can be used as active

filler for polymeric matrices, and addition of HEMA (see below) as solidifying

agent brings to improvement of mechanical and dielectric properties, thermal

stability.

Interesting direction of development of sol-gel synthesis VO(OPri)3 – is produc-

tion of multilayered (from 2 to 30) vanadium oxide nanotubes [47] with the

following hydrothermal reaction causing formation of nanoparticles of diameter

from 15 to 150 nm.

Sol-gel process is a convenient way for production of fine ceramic materials

often called ceramers. Organic groups introduced in R0
nSi(OR)4�n based mate-

rials can fulfill two functions: modifying ormosils (ORMOSIL – ORganically

MOdified SILicates) and forming a net ORMOCER – ORganically MOdified

CERamics. Hybrid TiO2/ormosil films are efficient for application in

photonics [48].

Classification of sol-gel technologies should consider not only structure and

sources for the formed nets, but also type of bonding (Table 4.2) [49]. The first

group has materials in which organic and inorganic components are connected by

strong chemical bonds, in the second one there are only weak physical bonds

(captured by the nets). It is important that many of these products can be modified

not only at the stage of formation, but at the stage of following chemical trans-

formations of a composite by known ways.

Oxide-based ceramics is called white ceramics, while ceramic based on carbides

(SiC, B4C, TiC, etc.) or nitrides (Si3N4, AlN, BN, TiN, TiAlN, ZrN, GaN, InN), or

carbonitrides (SiCN, BCN, TiCN) is called black.
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4.2 Combination of Reactions of Polymerization
and Sol-Gel Synthesis of Nanocomposites in-situ

Hybrid nanocomposites can be structured in different ways, which differ by prehis-

tory of introduction of organic and inorganic phase in material. Thus, an organic

component, which can be monomer or oligomer, is introduced as a precursor; linear

polymers are introduces from a solution, melt, emulsion; polymer nets are physically

or chemically sewed. In turn, mineral ingredient also can be included in composition

of hybrid material in different ways: as metal oxide monomer, in preparation of

nanoparticles, in form of nanoporous structures (for example, aerogel).

Alternative method is sol-gel synthesis in presence of organic monomers with

the consequent or competitive polymerization or solidification. One of advantages

of this approach in sol-gel process is strict stabilization of unstable particles or their

precursors due to bonding of the sol surface with special molecules, monomers

[50–52]. If bifunctional molecules are used, which apart from hydrolyzed silane or

M-OR groups also include double bond, for example, methacrylic acid (MAA) and

zirconium alkoxides, then after controlled hydrolysis the respective precursors can

be obtained, which include ZrO2 particles with the sizes ~2 nm, which can

co-polymerize due to double MAA bond, which also plays the role of surface

modifier (Scheme 4.1).

Moreover, zirconium alkoxide has high reaction ability to hydrolysis, and in the

direct process ZrO2 aq is deposited, which cannot be used for preparation of

homogeneous composite material. Binding with MAA dramatically decrease

Table 4.2 Classification of the main methods of sol-gel technology

Structure The bond type Precursor

(1) Colloid The particles interconnected by Van-

der-Waals or hydrogen bonds

Oxide or hydroxide sols

(2) Metal oxide

polymer

Inorganic polymers interconnected
by Van-der-Waals or hydrogen bonds

Hydrolysis and condensation of

metal alkoxides

(3) Carbon chain

polymer

Organic polymers interconnected by

Van-der-Waals or hydrogen bonds

Covalent polymers largely used in

organic chemistry

(4) Metal

complexes

Associates weakly interconnected by

Van-der-Waals or hydrogen bonds

The concentrated solutions of

metal complexes (citrate method)

(5) Polymer complexes

In-situ

polymerable

complexes

Organic polymers interconnected by

coordinate, Van der Waals or hydro-

gen bonding

Polymerization between

α-hydroxycarboxylic acids and
polyhydroxyalcohols in the

presence of metal complexes;

e.g. Pechini method

Polymer- com-

plex solution

Coordinating polymer,

e.g. polyvinyl alcohol, and

metallic salt solutions
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ability of Zr(OR)4 to hydrolysis, therefore in presence of latent water in hydrolyzed

and condensed silane well dispersed ZrO2 nanoparticles form.

Practical realization of this combined reaction is difficult because sol-gel process

is fast as compared to polymerization, which can last several hours; not always

there is a common solvent, the growing polymer can become a template with

different shapes, sizes, etc.

Nevertheless, the method based on polymerization transformations of “hybrid”

monomers, compounds including precursor of inorganic component polymer

forming group (single-source precursors) is a convenient way for obtaining hybrid

nanocomposites. These compounds are called metal containing (element

Scheme 4.1 Block-scheme of combination of sol-gel synthesis and polymerization of organic

monomer
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containing) monomers (a situation related to their synthesis and polymerization

transformations is considered in the study [53]). Synthesis of titanium(trialkoxide)

methacrylate monomers CH2═C(CH3)COO-Ti(OR)3, in which R¼Bu, Pri, t-Bu,
t-amyl or 2-ethyl-hexyl can be displayed as an example.

Titanium alkoxides (as other metal alkoxides) are prone to association based on

nucleophilic connection of OR group with negative charge to positively charged

metal atom. A degree of this association is defined by reaction conditions (espe-

cially by a solvent origin and by temperature), and by alkyl groups. NMR 1Н, 13С
and IR spectroscopy were used to find existence of different structures in which

methacrylate group forms a bridge bond:

In principle, in order to obtain ormosil typematerials vinyl derivatives can be used,

for example, CH2¼CHSi(OEt)3 (as is known, R–Si are non-hydrolyzed groups) (see,

for example [54]), including those for functional mesoporous silica MCM-41. Quite

often formation of inorganic polymer in these systems is preceded by cluster forma-

tion. Thus, for these purposes metal clusters of [(RO)nM]xY type are used, where Y is

polymer-forming organic group х� 2 [55]. Methacrylate substituted tetra-nuclear

titanium, zircon, and tantalum oxide clusters of Ti4O2(OPr
i)6(OMc)6, Zr4O2(OMc)12,

Ta4O4(OEt)8(OMc)4 types are synthesized. Mechanism of formation of these struc-

tures is complicated and it is reduced to substitution of one ormore alkoxide ligands by

methacrylate groups, and released alcohol reacts with excess of acid, forming ether

and latent water. The latter by hydrolyzing of non-reacted alkoxide radicals brings to

formation of oxide and hydroxide groups in a cluster. Taking into account the fact that

these processes are relatively slow, there is a possibility of strict control over growth of

carboxylate substituted oxometallate clusters. Their nuclear ability and shape are

controlled by the ratio of initial components and nature of OR groups in alkoxide.

This was the way to produce cluster monomers of other metals, for example,

Hf4O2(OMc)12, Nb4O4(OPr
i)8(OMc)4, and also clusters of higher nuclear ability

(Ti6, Zr6, Ti9), including a series of different metal titanium/zirconium oxide clusters.

Structure of these formations is studied in detail. In Fig. 4.2, for example, the Ti4
cluster consists of 4 octahedral links more condensed than Ta4, because two central

octahedrons are bound to this face via μ3-oxygen [56]. Functions of six methacrylate

groups are reduced to balance of charges and coordination places of metal atoms.

Structure of Zr4 is similar to titanium, except that their central atoms are seven-

coordinated, whereas the exterior ones are eight-coordinated [57]. Therefore, a

degree of substitution by bidentante carboxyl groups is higher than in Ti4.
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Molecular structure of Ta4 is a central symmetric cycle consisting of four octahe-

drons connected by angles. Methacrylate groups form square planar surrounding

normal to cluster frame. Sol-gel synthesis from hydroxypropyl cellulose and Ti

(O-i-Pr)4, modified by methacrylic acid was used to obtain the respective

nanocomposites. Raman spectroscopy has found complexes of octahedral coordi-

nation of titanium atom in them [TiO6] surrounded by HPC, in spite of chelate bond

of [TiO6] with MMA [58]. During calcinations efficient control over sizes of TiO2

inorganic phase is done. This is interesting approach to creation of hybrid materials

based on assembling of strictly organized nanostructural blocks, which are prelim-

inary formed calibrated objects preserving their integrity in a final product.

Numerous silicon-based oxo clusters of polynuclear structure and titanium (like

Ti7O4(OEt)20, Ti16O16(OEt)32, Ti6O4(OEt)14(OOCPh)2, etc.) [57, 59–61], zirco-

nium [62], may also be potential building blocks of inorganic phase of hybrid

composites. Usually they are obtained in solution by controlled under-

stoichiometric (i.e. at less than one mol-equivalent of OH� groups per one mol

equivalent of alkoxy groups) hydrolysis of metal alkoxides or their complexes M

(OR)n�x(LZ)x (where LZ is organic ligand). Stability of clusters increases with

their nuclear ability and in presence of organic ligands. In the system of (tetra-n-
propyl) or (tetra-isopropyl) orthotitanates and methacrylic acid, depending on

molar ratios of the components, temperature of reaction, and time of holding of

the reaction products, crystal or amorphous Ti9O8(O-н-Pr)4 (ММA)16 oxo titanium

Fig. 4.2 Structure of polynuclear methacrylate complexes
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alkoxide form, which contains nine [TiO6] ring-shaped octahedral links with six μ2-
and two μ3-oxide bridges, and yellow crystal compound, oligomer oxo titanium

alkoxide carboxylate with the formula Ti4O2(O–iPr)6(MAA)6 [63]. Synthesis of

metal and metal oxide nanoparticles in silica matrices with usage of metal coordi-

nated organo-functional trialkoxy silanes is considered in detail in recent

review [64].

Sources including hybrid monomer, precursor of (RO)3Si–X–M type, in which

organic group X is connected to Si(OR)3-group and metal-containing unit (metal-

ion or metal alkoxide group), have advantages in control over dispersion of

particles in producing MOx/SiO2 or M/SiO2 nanocomposites.

The controlled post-synthetic treatment of gel causes formation of metal or

metal oxide nanoparticles as a result of degradation of organic groups; this method

is convenient for powder formation, for thin films or coatings preparation.

In recent years not only unsaturated carbon acids but also unsaturated alcohols

Ti(OR)3(OR
0), VO(OR)3�n(OR

0)n are used for production of sol-gel products by

polymerization method [65, 66], which are produced by reaction:

M ORð Þn þmR
0
OH!M ORð Þn�m OR

0
� �

m
þ R

0
OH ð4:14Þ

where OR0 is residual of the unsaturated alcohol (R¼ Pri, R0 ¼CH2C	CH,

CH2CH═CH2, (CH3)2CC	CCH═CH2 and (CH2)2OC(O)C(CH3)═CH2) [67].

Under condition of removal of alcohol released in the reaction, for example, in

form of azeotropy with a solvent, a range of polymerized alkoxides of Ti4+ and V5+ is

received. Iso-evgenol, 2-metoxi-4-propenylphenol were used to synthesize potential

monomers, the respective titanium alkoxides and more complicated products like {Zr

(OPri)2[(OC6H3)(OMe2)(CH2CH¼CH2)4](μ-OPri)}2, their crystallographic struc-

ture is studied. Hybrid precursor is synthesized also by reaction of metal amides, for

example, Ti(NMe2)4 with hydroquinone. Alcoholysis of Ti(OPri)4 by hydroquinone

brings to formation of covalent 3D Ti4+- quinone networks, the same relates to Zr

(NMe2)4 with 2,6- dimethylphenol or with 2-methoxy-4-propylenephenol and to

condensation of yttrium-iso-propoxide with diols (Scheme 4.2).

Y−O−R−O−Y

O

R

O

Y−O−R−O−Y
n

-C2H5,

S SO2

R=

Y(OiPr)3+HO−R−OH

Scheme 4.2 Reaction

of polycondensation

alcoholysis
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Polymer silanes are easily synthesized by condensation of polymers with end

carboxyl groups with 3-triethoxysilyl propylamine and radical polymerization of

3-(trimethoxysilyl)propyl thiol as chain transfer agent (Scheme 4.3).

A special interest for functioning of alkoxy derivatives of different metals or

related nanoparticles has 2-hydroxyethyl methacrylate (HEMA), in particular, due

to its OH-groups, HEMA is a good co-solvent for TEOS and water, and viscosity of

the composition is quite low to suit good blending.

In this sol-gel process two main reactions proceed: an ordinary one (hydrolysis

and condensation of TEOS, during which –SiOSiO– net forms) and condensation of

hydroxyl groups of silanol with 2- hydro methyl methacrylate in presence of acid

[68]. Depending on reaction conditions (ratio between organic and inorganic

reagents, pH of a medium, origin and concentration of a solvent), size of formed

nanoparticles changes significantly, and the smallest achievable size is 20 nm. As

content of inorganic component and solvent increases, pH decreases, thermal stability

of the synthesized composites improves significantly. The highest Tg and Td values
are 110 and 313 �C, respectively, which is by 50� and 70� higher than for pure poly

(HEMA), thermal expansion coefficient is far lower than for pure poly(HEMA).

Free radical co-polymerization of (methacrylate)titanium-tri-alkoxides with

MMA is conducted at the temperatures 40–60 �C in toluene under action of

AIBN [69], total concentration of monomers is 0.5–2 mol�L�1. In the case of

polynuclear clusters 3D structures form (Scheme 4.4):

H2C

H2C

CH

R

Polymerization COOH

R n

H2N Si(OEt)3

or

Polymerization
CH

R HS Si(OMe)3 n

S

R

Si(OMe)3

n

CONH

R

Si(OEt)3

Scheme 4.3 A scheme for synthesis of polymer silanes

Scheme 4.4 Formation of three-dimensional structures during polymerization of titanium alkoxy

derivatives

154 4 Physics and Chemistry of Sol-Gel Nanocomposites Formation



The formed active inorganic surface of nanometer sizes provides great

opportunities for control of polymerization process. Thus, strictly uniform hybrid

nanocomposites can be obtained by integration of nanoparticles synthesized by

controlled/living radical polymerization. In particular, on the surface of SiO2

nanoparticles (75 nm in diameter) macrocatalyst is immobilized and styrene is

polymerized in presence of CuCl/4,40-di(5-nonyl)-2,20-dipyridyl by atom transfer

radical polymerization (ATRP) [70, 71]. Properties of thus synthesized

nanocomposite are far better than those obtained by traditional grafting polymer-

ization of respective monomers. The analogous method (binding of CuX/pyridyl

methane imine on SiO2 particles) is used for ATRP methylmetacrylate [72].

Nanocomposite obtained by photocuring of acrylic monomers (MMA, HEMA,

trimethylolpropane triacrylate) in presence of Та2О5 nanoparticles was taken for

example to show strong interphase interaction between organic-inorganic compo-

nents (Fig. 4.3) [73].

Sol-gel condensation of bimethacrylate silane monomer obtained by reaction of

attachment of aminopropyltrimethoxysilane to ethylene glycol acrylate methacry-

late in triethylene glycol dimethacrylate (TGDMA) causes formation of

methacrylate-functioned nanoparticles suspended in TGDMA as in a reactive

solvent (Fig. 4.4) [74]. Oppositely to ordinary acrylic dispersions of nanoparticles,

in which strong interparticle interactions determine their thixotropic properties,

efficient steric stabilization of nanoparticles presents and viscosity of the formed

composites does not depend on a shift rate. The best results were found at a filler

concentration 1–4 wt% in TGDMA. These nanocomposite dispersions displaying

improved mechanical properties and low shrinking deformation are of interest for

dentistry and technologies with reactive composite particles.

It also should be noted that for producing nanocomposites by polymerization,

hybrid macromers may be used (see, for example [75, 76]). Macromers based on

polyhedral oligosesquioxane (POSS) containing almost spherical inorganic core

(Si8O12) with diameter about 1.4 nm are most often used for these purposes (Fig. 4.5).

Methacryloyl-functioned POSS (POSS-MA) is a new class of monomers, which

are actively studied for producing hybrid materials. They are easily co-polymerized
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with other methacrylate monomers, such as 1.6-hexamethylenedimethacrylate,

triethylene glycol dimethacrylate, HEMA, etc. (Fig. 4.6). These products are prom-

ising as potential alternative for usage in dental prosthetics, because the materials

based on multi-methacrylates have low shrinking deformation4 [77]. Really, includ-

ing of just 5 wt% of POSS-MA almost restores shrinking of standard materials.

One of interesting examples of formation of hybrid nanocomposites is

demonstrated by combination of radical polymerization reaction of N,

N-dimethylacrylamide (DMAAm) and acid catalysis of hydrolyze-condensation of
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Fig. 4.4 A scheme of synthesis of hybrid organic-inorganic nanocomposites according to the

reaction of condensation of alkoxysilanes

4 Significant decrease in volume (shrinkage) during polymerization of methylmethacrylate mono-

mers, which causes stress in matrix of dental tissue (material) and low conversion of double bonds

are two factors, which limit clinical application of dental materials based on methylmethacrylate.
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TMOS (Fig. 4.7) [78]. Polymer obtained in themixture of DMAAm/TMOS¼ 1:2 and

concentration of catalyst 1 % had average molecular mass 76,000. The composite had

high degree of homogenization and was suspended in aggregates with domain sizes

more than 30 nm. The value of specific surface in the nanocomposites after baking of

hybrid polymers at 600 �С was dependent on production conditions, especially on

amount of acid, and reached 365 m2�g�1. At that, two types of mutually penetrating

polymer networks (PPNs) formed: one was formed by spontaneous polymerization of

N,N0-dimethylacrylamide and N,N0-methylene-bis-acrylamide in methanol solution

of TMOS. The second type of PPN is obtained by co-polymerization of styrene with

divinylbenzene in presence of TMOS. It is assumed that siloxane network is so hard

that it even does not change at this temperature. Nevertheless, pore size is expectable

and comparable with domain sizes of a polymer in the initial hybrid, which confirms

its dendrimer structure [77].

Fig. 4.5 Structure of POSS

macromers

Fig. 4.6 Principal scheme of the preparation of new class of POSS-based hybrid materials
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If the first group of monomers for producing nanocomposites by sol-gel synthe-

sis includes compounds tending to opening of a multiple bond, the second one no

less widely spread, includes polymerization transformations of compositions like

(RO)3M–X–A, in which X is a connecting bridge (organic spacer), and A-group is

able to be subjected to opening of the cycle, polymerization (polycondensation) or

coupling reaction [28]. Often net-like epoxy group is used for A, for example, in the

case of 3-(glycidoxypropyl) it is binding for compatibility of TEOS with polyacids:

CH2 CH

O
OCH2CH2CH2 Si(OCH3)3

and more rarely with PEO[579] taking part in network formation. For this alkoxy

derivatives of different metals, for example, aluminum, can be used (Fig. 4.8):

epoxy silanes transform into cross-linked polymers, which is provided by catalytic

effect of γ-particles of aluminum oxide.

For modification of sol-gel products and obtaining of hybrid materials isocya-

nate derivatives of alkoxides, for example, 3-(trimethoxysilyl)propylisocyanate

and precursors with alkoxy groups substituted by others, for example, hexa

(methoxymethyl)melamine are used.

Fig. 4.7 Typical route of the preparation of hybrid nanocomposite

5 PEO is used for solvation of small cations such as lithium; in combination with oxopolymers it is

used in sol-gel synthesis for producing of polyelectrolytes with ionic conductivity (ormalites).

Classification of gel electrolytes and the recent data on application of metal-polymer

nanocomposites in this field are described in review [79].
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One of extraordinary methods for production of hybrid materials of this type is

thermal polymerization with opening of the cycle and formation of a new class of poly

(ferrocenylsilanes), high-molecular silaferrocenophanes [80]. Material with interest-

ing magnetic properties can be obtained by living anion polymerization with opening

of the cycle under action of BuLi. Polysiloxane block (Pt0 catalyst, toluene) is

connected to this polymer with formation of block-co-polymer [81] (Scheme 4.5):

During solution in hexane this poly(ferrocenylsilanes)-block-poly

(dimethylsilane), as many other block-polymers, is self-organized in cylinder,

Fig. 4.8 Reactions and structural models of network systems based on Al3+
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Scheme 4.5 Structure of poly(ferrocenesilanes)
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wormlike micelles, built as a core – poly(ferrocenylsilanes) blocks and shells – poly

(dimethylsilane) crowns [82] (Fig. 4.9).

A large group of monomers for sol-gel synthesis are derivatives of

trimethoxysilyl ferrocene. We do not consider here precursors of more complicated

content, which could potentially be used for these purposes, for example, silylated

chalcogenes such as E(R)SiMe3 (E¼ S, Se, Te), etc. However, interesting are

sol-gel products of multicomponent co-polymerization of СО2 with allyl glycidyl

ether (AGE) and oxide of cyclohexene (CHO) (poly(AGE-CHO-carbonate))

(Scheme 4.6) of the relevant molecular mass [83] catalyzed by the coordination

system Y(CF3COO)3-Zn(С2Н5)2-pyrogallol in 1,3-dioxolane:

Fig. 4.9 Self-organization of PFS-b-PDMS block-copolymer in hexane with the formation of

cylinder micelles
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cyclohexene oxide-carbonate) – precursor of SiO2-nanocomposites obtained by sol-gel synthesis
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Their radical co-polymerization (catalyst is benzoyl peroxide (BPO))

with 3-(trimethoxysilyl)propylmethacrylate results in formation of poly

(AGE-CHO-carbonate)-SiO2 nanocomposites, whose thermal and mechanical

properties are better than those of the initial material.

Studies of co-polymerization of monomers one of which contains trialkoxysilyl

groups have been quite detailed; however, hydrolytic instability of trialkoxysilyl

groups implanted in polymers is a drawback of the obtained products. Anyway,

their properties are useful. Let us consider a typical example. Methacryloxypropyl-

trimethoxysilane is hydrolyzed and condensed at adding of 0.5 N HCl, the product

of interaction of equimolar amounts of Zr(OR)4 and MAA are mixed with con-

trolled amount of condensed silane in required proportions and calculated amount

of H2O is added. Optimal amount of photocatalyst and alcohol is taken as a solvent

for viscosity control. Thin film of photosensitive material is applied for coating by

immersing. The structure of this nanocomposite is shown in Fig. 4.10.

Even more convenient technique for synthesis of these nanocomposites is

dispersion polymerization of the relative polymers, which is static

co-polymerization of silicon containing monomers (Fig. 4.11). As a result beads

of 100–500 nm form, which work as scaling templates at heating to 1,000 �С for

removal of organic component; the final particles have size about 100 nm. Thus, the

general scheme of production of nanoceramics via the stage of polymerization of

the respective monomer can be reduced to the following (Fig. 4.12).

Here we have briefly analyzed the main approaches to formation of hybrid

nanocomposites by sol gel method in cases when organic and inorganic polymers

form interpenetration networks (IPN) in situ according to classification shown in

Table 4.2. Alternative variant is usage of prepared and characterized polymers for

these purposes.

4.3 Formation of Inorganic Precursor in Presence
of Organic Polymers: Polymer Sol-Gel Synthesis

Thus obtained chemical materials are widely spread, most promising, and fast-

developed organic-inorganic nanocomposites, and the basic studies in this field

have been performed in the recent years, (for example [84–87]). At the stage of

synthesis of nanocomposites by sol-gel method nanoparticles of metal oxides can

be obtained and implanted into previously prepared organic polymers (see, for

example, [88–91]). As the composites obtained in other ways, these

nanocomposites are classified by the nature of interaction between organic and

inorganic phases: nanocomposites with interphase covalent bond [92–94] and

nanocomposites with weak (for example, hydrogen) bonds between the phases

[95–97]. There are quite many examples in which these types of nanocomposites

are described and characterized, we shall confine just to some of them [98–

110]. Class 5 by classification [49] from Table 4.2 belongs to this type of materials

4.3 Formation of Inorganic Precursor in Presence of Organic Polymers. . . 161



They include hardmetal oxide polymer and organic polymer capable of bindingmetal

ions, thus formingmetal-polymer complex. Presentlymany variants of sol-gel process

with organic ingredients employing surface modification by polymers, including

absorption, different coatings of grafting with colloid particles, etc. are used. In

sol-gel synthesis most often used are the polymer/TEOS systems based on various

macromolecules: poly(methyl methacrylate) (PMMA), poly(n-butyl acrylate), poly-

vinyl alcohol (PVA), PEO, polyvinyl acetate (PVA), PVP, poly(N, N-dimethyl

acrylamide), silicon containing polymers, poly(amide-ethylene oxide), poly(ethylene

oxide-co-epichlorohydrin), Nafion, polyoxazoline, polyphosphazene, etc. Assortment

of hybrid composites based on TiO2 is no less impressive.

Fig. 4.10 General routes of organic-inorganic cross-linking by functionalized silanes (a) and
model of the ZrO2 – methacrylic acid – methacryloxysilane system (b)
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Microstructure of these nanocomposites is controlled by formation of weak Van-

der-Waals bonds, hydrogen bonds or by hydrophilic-hydrophobic interactions.

Alternative to this is implantation of a polymer (or its precursor) in oxygel during

mixing of metal alkoxides or their impregnation (intercalation) into pores of the

network of oxide xerogel. Many variants of coating of nanoparticles by polymer

Fig. 4.11 Nanocomposites obtained by copolymerization of prepolymers

Fig. 4.12 Scheme for the

preparation of

nanoceramics
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latex during sol-gel synthesis are known. Even more the reverse process, coating of

latex particles by formed nanoparticles is known, for example, due to hydrolysis of

Ti(OBu)4 [111]. The required coating thickness of the coating is reached by

concentration relations, and after calcinations (250–900 �С) hollow TiO2

nanoparticles form, and as temperature increases, their morphology changes in

the line: amorphous! rutile! anatase. Unique by their homogeneity mesoporous

materials (having 2D and 3D hexagonal pores with diameter 2.7 and 3.1 nm) with

specific surface 750 and 1,170 m2�g�1 are formed in the cases when polymer

forming and inorganic fragments are in one molecule, for example, in 1, 2-di

(trimethoxysilyl)ethane (CH3O)3Si-CH2-CH2-Si(OCH3)3.

Taking into account that the systems polymer matrix-inorganic component are,

as a rule, thermodynamically incompatible, in conventional cases of production of

hybrid nanocomposites surface of a filler particles are dressed by special agents

before mixing. Hybrid materials produced by sol-gel synthesis are formed by the

mechanism of interaction of surface hydroxyl (or specially implanted) groups of

inorganic particles with chemically active polymer groups, including end groups

[112]. The general scheme of these interactions (polymer as intermediate link) can

be presented as in Fig. 4.13.

In these systems non-covalent interactions between side functional groups take

place [113, 114]. Moreover, amphiphile polyorganosiloxanes (hydrophilic inner

part and hydrophobic shell) can be themselves stabilizing agents (specific

nanoreactors) for nanoparticles, for example, noble metals [115]. Polysilane shell

cross-linked by PMMA is a polymer micelle stabilizing Au nanoparticles (average

diameter 25 nm) and Pd (20 nm), the latter has effective catalytic activity in Heck

reaction [116].

Hierarchic structure of pores in these structures is directly related to bimodal

packaging formed in the mixture of two colloids with different sizes of particles,

when coarser particles are structuring agents for finer particles via using of latex

polystyrene particles as template for colloid silica gel [117–119]. As SiO2 colloid

with particle sizes from 5 to 25 nm is mixed with PS latex (particle sizes from 42 to

178 nm), critical ratio of diameters of SiO2/PS latex is found, at which spontaneous

packaging of fine colloid particles around closely packed PS latex particles is

observed. Maximum diameter d of SiO2 particles which can fill space between

latex particles with diameter D is d¼ (√ 3/3� 1)D. The following technological

scheme of treatment consists of several heating zones: 1st stage is drying of liquid

Fig. 4.13 The scheme of interactions between functional groups of ingredients
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drops of suspended colloid at 100–200 �C, 2nd stage is calcinations of PS latex at

the temperature 450–500 �C, and 3rd stage is baking at 1,500 �C (ideal case is

900 �C) for formation of SiO2 structure.

Very strong interactions in composites of this type are observed in the case of

polyvinyl butyral (PVB), which has hardness and flexibility and high impact

strength at low temperatures. Moreover, PVB has good adhesive properties to

many materials, such as glass, metal, plastic, wood. Really, PVB/TiO2 composites

obtained in sol-gel process have good compatibility, strong interactions between

components and high mechanic properties.

We shall consider the typical example of sol-gel synthesis, grafting of silica gel

nanoparticles, using vinyltriethoxysilane as a precursor, to the surface of polypro-

pylene (PP) whose pores work as a specific reactor [120]. Chemical bond between

PP and SiO2 phases is established by different physical chemical methods.

Inorganic nanoparticles improve mechanical properties of the composite, for

example, cause two-time increase in impact strength. This points to the fact that the

chemical bonding between particles of a filler and PP matrix brings to brittle

fracture, and it confirms hypothesis that breakage of the bond is needed for

improvement of impact strength of PP by inorganic fillers.

Interesting method is production of PP/TiO2 nanocomposites in a special twin-

screw extruder (Fig. 4.14) [32], which provides in situ synthesis in PP melt (the

length/radius ratio is L/D¼ 34.5). Right-handed screw was a feeding zone, while

left-handed was the PP melt zone before spraying of Ti(On-C4 H9)4 and the

following two mixing zones, one of which was a stirring block with five-disc

spreader and the left-handed was a die exit. Software controlled continuous injec-

tion of liquid titanium precursor was performed at a constant rate through the

feeding mechanism and mixed with the PP melt.

Hybrid nanocomposites based on polyacrylamide (PAAm, molar mass 10,000)

and TEOS are prepared using transparent water solution of PAAm by sol-gel

synthesis [121]. Morphology of the hybrid material is particle-matrix structure

with in- and intermolecular hydrogen bonds between the phases (Fig. 4.15).

Depending on conditions of the synthesis (pH of medium), a number of charged

Si-O particles on a polymer surface is different. Their presence, as well as presence

of uncharged Si-OH particles, causes interaction with polymers due to formation of

ionic and hydrogen bonds.

Mixing
zone

Mixing
zone

Melting
zone

Precursor injection
L/D = 12.5

PP

Fig. 4.14 Profile of the screw and the point of Ti(On-C4 H9)4 injection
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At low concentration of TEOS highly disperse SiO2 particles form, as its

concentration increases, roughness of the surface and aggregation of silica gel

particles becomes stronger.

Spin coating is used to prepare flawless nanocomposite films with smooth

surface. Clusters of SiO2 formed after baking are more compacted, linked into

silica gel microstructured net.

Relatively often for preparation of organic-inorganic composites polymer

amines are used, and increase in degree of polymerization of polyamines causes

an increase in the condensation rate of silicic acid [122–125]. The driving force of

interaction between them is not formation of hydrogen bonds, but electrostatic

interaction between protonated amino- and silanol groups. A possibility is not

excluded of formation of microemulsion advantaging formation of non-aqua

micromedia around these particles, which would bring to contribution of donor-

acceptor interaction between them. Composites deposited through condensation of

silicic acid in presence of polyamines include 30-nm nanoparticles.

It is interesting that polyamino-amide dendrimers inhibit the condensation

process due to association and stabilization of oligo-silicates, which impedes

further growth of particles [126]. However, because of impossibility of complete

inhibiting, colloid particles deposit.

Polymers of 2-(dimethylamino)ethyl methacrylate with different degree of

quaternization catalyze condensation of silicic acid at neutral pH [127], in the

case of co-polymer wit acrylamide spherical particles about 50 nm with positive

ζ-potential form [128].

Polyvinylimidazole (PVI) has a specific effect on condensation: it is able to

stabilize formed SiO2 particles in the case of high molecular fractions of PVI, and at

the same time they bring to association of particles followed by their deposition at

neutral pH and excess of silicic acid [129, 130]. Phosphorylated chitosan inhibits
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Fig. 4.15 A proposed model of the formation of hydrogen bonds between TEOS and AAm

monomer (I) and PAAm polymer (II)
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condensation of silicic acid and also TMOS [131, 132]. Transparent PS/SiO2

nanocomposites are synthesized by split coating of mixture of solution of

hydroxyl containing derivatives of PS (such as poly(styrene-co-4-vinylphenol),

poly(styrene-co-hydroxymethylstyrene), etc.) and perhydropolysilazane (PHPS)

(Fig. 4.16) with molar mass 700 with the following calcinations of the mixed film

at 100 �С [133].

Silazane groups are very reaction active with respect to hydroxyl groups, which

favors grafting of polysilazane to hydroxyl containing polymer and formation of

transparent preceramic component in organic solvent. Organo/silicate or organo/

silicate/cobalt nanocomposites were prepared by mixing of PHPS and/or cobalt

acetate with PMMA, poly-2-vinylpiridine, poly-4-vinylpyridine [134], PS [133–

135]. Thermal stability of the composites did not change during hybridization of

PHPS due to formation of nanostructure. Leakage current decreased during hybrid-

ization, however, refraction index, dielectric constant remained unchanged.

Thickness of the silicon containing coating is tens nanometers, surface hardness

of these composites increases dramatically (from 0.22 to 0.55 GPa) with increase in

silicon fraction to 33.7 wt.%, morphology of the nanocomposite is microphase

separated.

Therefore, condensation of silicon containing precursors in presence of poly-

mers proceeds with formation of stable organic-silicon particles including

oligosilicate core and polymer shell.

We shall consider formation of similar nanocomposites in the systems of

polyimides (PI)-polyamides (PA), important engineering plastics having high

thermo-oxidizing stability and perfect mechanic, adhesion, and electric properties,

good resistance to organic solvents. A great number of PI is widely studied for

application as suitable polymer matrices, adhesive materials, highly efficient coat-

ings for microelectronics [136–142]. They are obtained by the scheme

(Fig. 4.17) [143].

Grafting

Graft copolymer

Polymer silica glassPolymer

Hydroxyl group

Cast

Calcination
PHPS

Composite of PHPS
and polymer

Composite of silica
glass and polymer

Fig. 4.16 Structure of perhydropolysilazane (PHPS) (a) and a grafted polymer on its base (b)
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Thus, properties of PA-66 semi-crystal thermoplastic can be improved by silica

gel nanoparticles (10–100 nm) [144–147]. However, preparation of nanoparticles

with the size less than 10 nm counters some considerable difficulties. In this regard

interest is drawn to polyoxometalates (POM) [Xn+ М12О40]
(8�n)�, [Xn

+M12042]
(12�n)� or [Xn+М6О24]

(12�n)� (X¼ P(V), As(V), Si(IV), Ge(IV), Ti(IV),

Ce(IV)), in which metal (М¼W, Mo, V) is bound by oxygen atoms [148–

150]. POM is interesting class of materials for electrochromic, photochromic,

catalytic, energy-efficient, and biomedical applications, but their drawback is low

workability [151–158]. In [142] it is reported about synthesis of nanocomposites

based on PA-66 and trioxide tungsten (WO3) clusters formed by sol-gel synthesis of

1–10-nm nanoparticles [159].6 Combination of WO3 (10 wt%) with PA-66 brings

to intriguing results, for example, dynamic elastic modulus (accumulation modu-

lus) at 258 �С increases 6 times [160].

Involving of water-solved polyimides in sol-gel synthesis makes it possible to

significantly improve compatibility of organic-inorganic components of PI/SiO2

nanocomposite [161–164]. Often small amounts of doping agents, such as

3-glycidyloxypropyl trimethoxysilane, are introduced in these systems to provide

covalent bonding of nanoparticles with polymer chain [165, 166] (Scheme 4.7):

BTDA + DDS
in NMP

Room temp.

24 h stirring

PAA solution
in NMP
24 (wt./v) %

TEOS + GOTMS +
HCl + H2O + EtOH

Dropwise

Stirring

PAA + alkoxysilane
solutions in NMP

4 h
stirringRoom temp.

Clear, viscous
hybrid solutions

Application on
glass panels

Imidization

1) 80 oC, 1 h

2) 150 oC, 1 h

3) 200 oC, 1 h

4) 300 oC, 1 h

The hybrid coatings

Fig. 4.17 A scheme of synthesis of the hybrid material on the base of polyamic acid (PAmA) –

3,30,4,40-benzophenone dianhydride tetracarboxylic acid (BTDA) and 3,30 diaminodisulpho-

nephenyl (DDS) – SiO2 in N-methyl-2-pyrrolidone (NMP)

6 PA-66 was solved in 99 % formic acid at room temperature, tungsten trioxide was solved in

sodium hydroxide at pH> 10, which was slowly added to PA-66 at mixing at room temperature.

Acid character of PA-66 provided formation of polyoxymetalate WO2
4�. Since in acid medium

the formed POM took negative charge, cluster particles were bound to protonized chains PA-66.

PA-66/POM nanocomposite was deposited with water addition. Variation in content of the initial

tungsten trioxide (0, 1, 3, 5, and 10 wt %) can be used to obtain nanocomposites with different

properties.
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This provides good transparency of polyimide nanocomposite films, and their

improved thermal and mechanical properties (ultimate strength and tension elon-

gation reach 91 MPa and 9.86 % at SiO2 concentration 15 %).

Sol-gel method was used [167] to obtain nanocomposites based on

bis-maleimide novolak resin/silsesquioxane (BMI-PN/SiO3/2) by the scheme

(Fig. 4.18).

Thermal stability (temperature of the beginning of their decomposition is above

550 �С) is their specific feature, while mechanical properties are improved by

implanting of 10 or 5 wt% of SiO2 nanoparticles. Variation in compatibility

between the components is due to different types of diamines. At high content of

inorganic phase mechanical and thermal properties deteriorate, which is caused by

aggregation of silica gel particles in the hybrid. These polyamides are promising

candidates for usage in microelectronics [168], other types of sol-gel products of

similar composition are promising for production of membranes with high gas

transporting properties [169], ceramics [170], nonflammable nanocomposites

[171], materials with low dielectric permeability [172, 173] and with stable optical

properties for non-linear optics, [174], etc. Also widely used are polyamide-silica

gel hybrid coatings (0–20 wt% SiO2), which are obtained, for example, from PI,

TEOS, glycidyloxypropyl trimethoxysilane and polyamic acid (synthesized from

3, 3, 4 benzophenone tetracarboxylic dianhydride (BTDA) and 3,30-
Diaminodiphenyl sulfone)(DDS) [143]), combination of sol-gel technique with

Scheme 4.7 Covalent binding of nanoparticles with a polymer chain by 3-glycidiloxytrimethoxy

silane
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thermal imidization. Hardness of these coatings increases with increase in SiO2

content, tensile tests shows significant improvements, inorganic particles are dis-

tributed homogeneously in PI matrix.

The method of production of nanocomposites based on novolak resins modified

by 4,40-bismaleimide diphenylmethane in composition with alko-derivatives of

titanium is interesting [175]. TiO2 particles dispersed in novolak resin matrix

have size less than 150 nm, however, implanting of titanium phase, while increases

elasticity modulus at temperatures below 200 �С, does not improve Тg of material

and does not decrease its thermal stability because of incomplete removal of AcAc

(Fig. 4.19) which is coordinated with titanium tetrabutoxide.

Polyimide materials, containing SiO2 and TiO2 nanoparticles forming 3D inor-

ganic nets, have high mechanical hardness. Interesting variant for synthesis of such

nanocomposites is using precursors for producing polyimide- polysilsesquioxane

(PI-POSS) composites [176]. In particular, during condensation of 1,1-bis

(4-aminophenyl)-1-phenyl-2,2,2- trifluoroethane and derivatives of pyromellitic

anhydride (PA) with aminophenyltrimethoxysilane (with simultaneous imidization

at 250–350 �С) films of organic-inorganic hybrids containing 32–70 % of homo-

geneously distributed SiO2 with particle size 0.5–7 nm are formed (Scheme 4.8).

Fig. 4.18 The main reactions of the synthesis of novolak resin/silsesquioxane nanocomposite

(TESPMA is N-triethoxysilylpropylmaleamic acid, APN is allylnovolak resin, TSI-PN is

prepolymer with triethoxysilylpropylic groups)
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Polyimide –SiO2 nanocomposites are synthesized and characterized also in

non-aqua sol-gel processes [177] (Fig. 4.20).

Nanoparticles are dispersed homogeneously in matrix and this is a way for

development of reinforced composites. Morphology of a nanocomposite is con-

trolled by sol-gel stages and by imidization.

Fig. 4.19 A scheme of synthesis of nanocomposite on the base of novolak resin modified with

bismaleimidediphenylmethane and TiO2 nanoparticles

Scheme 4.8 Synthesis of polyimide-polysilsesquioxane (PPO/POSS) composites

4.3 Formation of Inorganic Precursor in Presence of Organic Polymers. . . 171



Fluorinated oligomers and polyamic acids with trimethoxysilyl groups under

alkali conditions form PAmA/SiO2 nanocomposites by sol-gel synthesis reaction

[178]. These matrices well stabilize fine nanoparticles not only in aqua solutions,

but also in conventional organic solvents. Imidization of these oligomers smoothly

goes at 270 �C with formation of fluorinated oligomer/PAmA/SiO2 nanocomposites

by the scheme (Fig. 4.21).

Nanocomposites of this type are also obtained on the basis of polyimide ana-

logues, polyoxazolines, among which are functioned triethoxysilane groups.

We shall briefly consider the main ways of production of hybrid nanocomposites

based on two cross-linked polymers, whose organic and inorganic components

form strong covalent or ionic chemical bonds. Most widespread are two approaches
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Fig. 4.20 Sol-gel synthesis of hybrid PI- SiO2 nanocomposite in N,N-dimethylacetoamide

Fig. 4.21 Formation of fluorine oligomer nanocomposites
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to synthesis of these nets. The first one is formation of secondary nets in preliminary

formed primary nets, which should be functionalized in a special manner; more

rarely functionalized inorganic macromers and oxopolymers are used. The second

method is simultaneous formation of two different nets (including mutually pene-

trating) of molecular precursors having both organic and inorganic functionality

and reacting by different mechanisms (polyaddition, polycondensation, hydrolysis-

condensation, etc.).

At once we shall focus on complication of the problem and its conjugation with

many difficulties; studies in this direction just start and, as far as we know, there is

no clarity here, and a number of reliably implemented variants is scarce. Primary

attempts were based on usage of polymer solutions, however, phases separated

uncontrolled during gel formation, and heterogeneous material formed. We shall

note that the similar method is used for preparation of thin interphase layer between

oxidized Al, Si surfaces, porous Si via interaction with alkoxy zirconium com-

plexes, and also between these surfaces and poly(ethylene-co-acrylic acid) through

alkoxy zirconium [112]. Sol-gel materials, probably close to the required type, are

obtained by solution of HO-PES-OH (PES is polyether sulfone) and TEOS or

TMOS in DMF [179]: acid catalyzed hydrolysis-condensation of tetra

alkoxysilanes causes formation of products by the scheme:

	 Si� ORþ HO� PES� OH ! 	 Si� O� PES� OHþ ROH ð4:15Þ

Deep interaction between inorganic and organic chains is confirmed by different

methods: cross-linking of polyether sulfone links by alkoxysilane bridges and

formation of nanoparticles by condensation of alkoxysilane with these linking

groups is proved (Fig. 4.22).

In the cases when polymer has low surface energy and is not porous, for

example, polytetrafluoroethylene films (PTFE) activation of their surface is

Fig. 4.22 Cross-linking of polyethersulfone units by alkoxysilane groups
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provided by deposition of silicon dioxide formed in situ from SiCl4 and water without

chemical destruction or modification of a polymer block [180]. This technique

increases significantly adhesion of silica to fluoride polymer due to SiCl4 and water

diffusion to surface layers of the polymer. Chemical interaction between organic and

inorganic polymer components with formation of covalent bond was found during

sol-gel process in the systems containing styrene polymer with maleic anhydride,

TEOS in presence of a bonding agent, (3-aminopropyl)triethoxysilane (see, for

example, [28]):particles of less than 20 nm formed (Scheme 4.9). Organic

co-polymer worked as compatibilizer of organic-inorganic composite. Ti(OBu)4 or

allyl acetyl acetone (3-allyl-2,4-pentadione) can be used as a coupling agent.

Organic-inorganic chemical hybrid filler for dental use [181] is produced by sol-gel

reaction of poly[methyl methacrylate-co-3-(trimethoxysilyl)propyl methacrylate].

It is assumed that in this hybrid nanocomposite polymethacrylate chains are

covalently bound and homogeneously distributed in silicon nets, on molecular

level, without macroscopic separation of organic-inorganic phases. Oppositely to

already mentioned standard dental materials based on 2,2-bis(n-2-hydroxy-3-
methacryloxypropoxyphenyl)propane/triethylene glycol dimethacrylate filled with

fine SiO2, there is stronger interaction in the sol-gel produced nanocomposites. The

surface of thus fabricated hybrid filler includes initially polymer component, whose

structure is similar to the matrix. Most probably, one of the most important

conditions for homogeneity of the formed hybrid, polystyrene (PS) – the sol-gel

reaction product of phenyltrimethoxysilane is π-π-interaction between benzene

rings of PS and modified silica gel. Probably, even more complicated is structural

arrangement of composites based on poly(isoprene-block-ethylene oxide), in which

phase-separated block-copolymers were mixed with alkoxide (3-glycidil

oxypropyl)trimethoxysilane and aluminum butoxide in sol-gel process. Fixing of

PEO macromolecules on the surface of metal oxides due to H-bonds of oxygen

atoms with OH-groups of the surface conducts even through layers of coordination-

coupled with these groups water [26]. As a rule, strong hydrogen bonds usually

form between organic and inorganic phases. Sometimes for producing of hybrid

Scheme 4.9 Sol-gel synthesis of poly[methylmethacrylate-co-3-(triethoxysilyl)propylmethacrylate]
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gels such as SiO2/PEO both components are modified, mineral precursor

and polymer. Thus, for synthesis of efficient luminescent materials

3-isocyanotriethoxysilane is used with O,O0-di(2-aminopropyl)- polyethylene

oxide, which while swelling in ethanol solution of terbium nitrate and

2,2-dipyridyl couples both lanthanide ion and ligand. The same way is used to

obtain hybrid materials including not only luminescent but also redox-active or

catalytic active centers [182], for example, oxygen-selective organic-inorganic

hybrid membranes contain salcomine as oxygen carrier, etc.

In composites polyamidoimide (PAI)/TiO2 prepared in situ in sol-gel process

(area sizes of TiO2 change from 5 to 50 nm at increasing of its composition from 3.7

to 17.9 wt %), formation of hydrogen bond between amido-groups of PAI and

hydroxyl groups of inorganic oxide is found [17]. Composite materials obtained in

sol-gel process, based on inorganic structures and polymers and having high

thermal and mechanical characteristics, as compared to the initial ingredients, are

also used for production of optic waveguides. They are formed by deposition of

polymer – TiO2 coating on a glass plate with the following heat treatment (30 min at

300 �С in N2 atmosphere). Advantage of production of nanocomposites in polymer

solution is a possibility to form transparent films due to avoiding formation of

yellow colored titanium complexes. Thermal stability of these materials

(containing 4 % TiO2) is almost the same as that of the initial polymer: mass loss

is 1 % in N2 atmosphere at 461 and 463 �С, respectively. This points to the fact that
impregnation of TiO2 almost does not change thermal characteristics of host-

polymer. Thus, in some cases just mixing of components, polyimide solution

with sol-gel-precursor, which causes phase separation, is needed for formation of

polymer-inorganic composite. Phase separation in these IPN is, as a rule confined to

nanometric areas of different phases.

Optimal variant for synthesis of SiO2 – polymer nanocomposites with minimal

shrinkage is metathesis polymerization with cycle opening and free radical con-

nection of cyclic alcohols [183]. Synchronic formation of mutually penetrating

cross-links was due to competitive polymerization and hydrolysis with condensa-

tion of silicon alkoxide under action of nucleophilic catalyst NaF (Fig. 4.23).

In the PVP-TiO2 composites the latter fast crystallizes at the stage of calcina-

tions due to strong interaction with polymer. The same effect is caused by addition

of organic gelling agents, organogelators, at the stage of sol-gel reaction. In the case

of MAA modified silanes, as was already mentioned, these monomers are

co-polymerized, silicon containing polymer is used as matrix material for

nanoparticles.

Titanium and silicon alkoxides are coupling reagents for many natural polymers,

such as polysaccharides, cellulose materials, derivatives of vegetable oils, etc.

[184]. They contain highly active hydroxyl groups, which can form oxo polymers.

Co-condensation of macromers containing trialkoxysilyl groups with known poly-

mers such as functioned PS, polyoxazoline, PI, PEO, polyether ketones, PMMA, etc.,

including end functioning groups, is a convenient method for production of telechelic

cross-links [185]. The same relates to poly tetramethylene oxide, whose end links are
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modified by triethoxysilyl groups (EtO)3Si–(CH2)3–O–[�(CH2)4–O–]n–(CH2)3–Si

(OEt)3.

For the abovementioned method of co-polymerization of titanium alkoxy deriv-

atives with acrylic acid there is alternative way which includes polymer-analogue

transformations etherification reaction of PAA and Ti(OR)4 (Scheme 4.10):

Fig. 4.23 Modified precursors of Si alkoxides (a) and scheme of the formation of organic-

inorganic interpenetrating networks with the participation of precursors (b)

Scheme 4.10
Etherification reaction

of polyacrylic acid with Ti

(OR)4
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In the cases when molar ratio Ti(IV)/COOH< 1, i.e. at deficiency of Ti(OR)4,

3D structures of clusters reinforcing polymers form (Scheme 4.11):

Their structure is similar to the composites produced at the stage of

co-polymerization of the respective monomers (compare with the Scheme 4.4).

TiO2 – based nanocomposites are synthesized by hydrolysis of Ti(OPri)4 solved in

inverse micelles formed by iso-octane and sodium salt of bis(2-ethylhexyl)

sulfosuccinic acid (AOT) and containing calculated amount of water. At that, Ti

(OPri)4 diffused slowly in micelles, hydrolyzed and condensed in them as in

microreactors, forming nanoparticles. The latter were extracted and dispersed in

fluorinated polyimide solution.

We shall also note one interesting possibility of application of sol-gel polymer

synthesis. The case in point is formation of inorganic coatings on the surface of

polymer materials. This approach can be demonstrated on example of formation of

multicomponent microspheres Ni/PS/TiO2 [186]. Previously synthesized Ni

nanoparticles were coated by PS shell during radical polymerization of styrene,

then inorganic coating was fabricated by hydrolysis of Ti(OBu)4. This multilayered

coating material had high sensitivity (response) to electric and magnetic fields

[187–190]. Nanoparticles of noble metals coated by TiO2 are used in photocatalysis

[191], the same relates to TiO2/Ag nanoparticles [192, 193]. These hetero elemental

composites will be considered in the next chapter.

It needless to say that the presented brief analysis is not exhaustive, regarding

diversity of hybrid nanocomposites obtained by polymeric sol-gel technique. Most

probably, this listing just gives an idea about possibilities of this method.

4.4 Hybrid Nanocomposites Based on Heteroelemental
Oxide/Oxide Ceramics

Sol-gel synthesis is used to produce films or powders consisting of binary and

ternary oxides (non-silicate mesostructured ceramics). The following

heteroelements are usually impregnated in silicate matrices: aluminum [194, 195],

Scheme 4.11 Formation of cross-linking structures with the participation of Ti(OR)4
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zirconium [196, 197], calcium [33, 88, 198], iron [199], palladium [200],

phosphate-ions [201], etc. However, most popular is already mentioned ceramic

mixture of Si-Ti, Ti-Zr oxides [202–213]. Sol-gel synthesis was performed at low

temperatures andmakes it possible to realize strict control over ratio of elements and

their homogenous distribution in formed nanocomposites. Thus, SiO2/TiO2-

nanocomposites (with sizes �10� 50 nm) were obtained on the basis of petroleum

sulfonate ionomers, and TiO2/ZrO2 nanocomposites were formed from Ti(OR)4, Zr

(OR)4 in matrices of co-polymer styrene with 4-vinyl phenol, etc. This way is also

convenient for synthesis of Ti, Ta, and Nb bimetal nanocomposites, which are

interesting for catalytic application (see, for example [214, 215]) and even for

ternary compounds like Ti-Zr-Sn, Ti-Zr-Al, and also complex perovskite oxides

Ba1�xSrxTiO3, Ga-Si-O-materials including acid centers, serving good precursors

for new catalysts, Brönsted acids and many others. The most important value have

zircon ZrSiO4 (or SiO2�ZrO2), obtained from ZrOCl2�8H20 or Zr(OPri)4 and Si

(OEt)4 with the following heat treatment, and V- or Ni-zircons. Various methods

are used for synthesis of SrTiO3 [216] (Fig. 4.24a) and zircon with 12 mol % CeO2

additives (Fig. 4.24b).

Fig. 4.24 Block-scheme of synthesis of SrTiO3 (a) and Zr0.88Ce0.12O2 (b)
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Polytitanium siloxanes are also obtained in one stage by combined controlled

hydrolysis of Si(OEt)4 and Ti(OPri)2(acac)2. Ladder polymer is structured, which

contains chain forming links Si–O–Si and Si–O–Ti, the ratio between them depends

on synthesis conditions and can reach 10. It determines time of gel formation and a

possibility of fiber fabrication by spinning, while ceramic fibers are obtained by

annealing of material at 500–900 �С. Hybrid film material is prepared [217] in the

process including phase separation of TiO2 by hydrolysis and condensation of

tetraisopropoxide and 3-methacryloxypropyl trimethoxysilane (Fig. 4.25) with

excess of aqua solution of the acid at elevated (80 �C) temperature, different

molar ratios Ti/Si, and different aging times. Nanoparticles containing nanocrys-

talline TiO2 have no cracks, their dielectric constant is 5.0–7.1 and depends on

content.

For production of mixed metal oxides, for example, ZrxTi(1�x)O2, ZrxCe (1 x)O2,

10%CuO/TiO2, doped by Nb2O5 and others also aerosol process is widely used

[88]: spray-drying is a convenient way for synthesis of powders with high loading

of heteroelements, which causes wide variation of properties, such as improvement

of hydrothermal stability (Al or Zn incorporation), biological activity (introduction

of Ca and/or phosphates), catalytic properties (addition of Pt, Au, Zr, and Al),

thermal stability (implantation of Zr), electric conductivity (Nb2O5-doped Ru), etc.

Localization of heteroelements, incorporated in the initial solution as molecular

precursor, during spray-drying is very sensitive to their reaction ability, interaction

with structuring agent and silicon oligomers [218–221].

When concentration of heteroelement in solution increases, captured volume of

a structuring agent and silicon oligomer play a crucial role in final localization of

metal centers. At low concentrations heteroelement is usually homogenously dis-

tributed in the final particles. At high concentrations mesostructures of pure silica

are observed, which have no effect on incorporation of small amount of metal.

However, as concentration of heteroelement increases, there is a tendency to
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reorganization of a structure. Limiting amount of one heteroelement is

predetermined by its ability to interaction with silicon oligomer or with a structur-

ing agent. This interaction prevents inorganic-inorganic or organic-inorganic phase

separation until there is radial concentration gradient caused by drying of drops. If

attraction is weak or capability of capture of silicon oxide oligomers and/or

surfactant is suppressed (for example, by introduction of high concentration of

heteroelements), heterocenters can migrate faster than silica gel oligomers along

radial gradient of concentration, and concentration gradient of heteroelement or its

phase separation can be in the center of a particle. Concentration gradient some-

times can serve for formation of particles with core-shell structure, for example, for

delivery of drags or for nucleation of functional nanoparticle in the center of such

particle as magnetite.

Variety of the method is gas-flame spray-pyrolysis, for example, for production

of nanocomposites on the basis MgO–ZrO2,Y2O3–MgO, CoOx–Al2O3 [222–225].

The main obstacle for effective usage of oxide/oxide nanoceramics is precise

control over synthesis conditions and high cost of metal organic precursor, which

causes its rise in price. Less expensive are etherized derivatives, which are used in

many areas of sol-gel techniques. For example, multicomponent nanocomposites

NiAl2O4/SiO2 or Co2+ doped by NiAl2O4/SiO2, nanocomposite materials

containing 5 % NiO – 6 % Al2O3 – 89 % SiO2 or 0.2 % CoO – 4.8 % NiO – 6 %

Al2O3 – 89% SiO2 are produced by the following block-schemes (Scheme 4.12 and

Fig. 4.26) [226]:

Nanoparticles grow in SiO2 amorphous matrices during heating of dried gel in

the temperature range from 60 to 800 �C at the rate 1 deg/min. According to TEM

data, NiAl2O4 and its cobalt-doped nanocrystals are homogeneously dispersed in

SiO2 amorphous matrix, its average size is ~5–8 nm.

Materials with structure of oxide spinels attract great attention in materials

science, because has interesting properties, such as magnetism, semiconducting,

catalytic properties, heat-resistance in wide temperature range, they belong to dyed

ceramics. In metal aluminates with spinel structure and general formula MAl2O4

(M¼Ni, Co, Mg, Zn), two metal cations M2+ and Al 3+, have tetrahedral and

octahedral configurations, respectively. In the spinel structure distribution of dif-

ferent cations along available tetrahedral and octahedral sets is determined by

Si(OC2H5)4 + Ni(NO3)2 6H2O + Al(NO3)3 9H2O
nH2O, nC2H5OH

60 oC

NiOAl2O3SiO2 + nC2H5OH + nH2O (Gel)

NiO Al2O3

Al2O3

SiO2

SiO2

(Gel) 600 oC
NiO Al2O3 SiO2 (Glass)

NiO (Glass) 800 oC
NiAl2O4/SiO2

Crystalline/glass : nanocomposite

Scheme 4.12 Schemes of synthesis of Ni-doped Al2O3–SiO2 ceramic nanocomposites
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respective energy preference, which depends on Madelung potential, ion size,

polarization of anion, temperature of calcinations, etc. [227–233].

Based on polymer-derivatives structural ceramics are produced for high temper-

ature applications [234–242]. For example, silicon carbonitride (SiCN) shows oxi-

dizing resistance at high temperatures, creep at compression appears only at high

temperatures [243], silicon oxycarbide (SiOC) synthesized by transformation of

polymer-ceramics based on polysiloxane is high-temperature resistant material. The

same relates to hafnium doped silicon oxycarbide ceramics (Fig. 4.27) [244, 245].

A special place have oxide ceramic materials with incorporated rare metal ions

(Er3+, Sc3+, Y3+, La3+ etc.), which are efficient for use in solid lasers, photo and

luminescent applications, optic amplifiers, active planar waveguides, etc. High

demands are made to telecommunication segments, to new materials with special

optic properties, and to improvement of materials properties [246]. Preparation by

sol-gel method, structure, morphology and luminescent properties of Eu3+ doped

SiO2/Ta2O5 nanocomposite is reported (Si/Ta molar ratio is 90:10, 80:20, 70:30,

60:40, 50:50). Sol was held at 60 �С before xerogel formation by baking for 2 h at

900–1,100 �С. The samples with low Ta content (10 mol %) baked at 1,100 �С had

a structure with separated phases, and nanocrystals had size 3.8 nm. As tantalum

concentration increased, phases sharply separated and crystallized depending on

content and baking temperature. As OH� group was displaced, SiO2 as well as

Ta2O5 cross-linked nets formed, as a result, glassed ceramic formed containing
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Ta2O5 nanocrystals dispersed in SiO2 amorphous matrix. Nanocomposites baked at

1,100 �C for 2 h show wide band emission at 1,535 nm, which increases by 64 and

92 nm as tantalum concentration increases (molar ratio Si/Te is 60:40 and 50:50).

Lifetime of active state points out that Er3+ ions are predominantly localized in

areas enriched by Ta2O5 nanoparticles.

Many heteroderivatives based on silica materials obtained by sol-gel method are

described, among them are Sc2SiO5, Y2SiO5, HfO2–SiO2, etc. (see, for example,

[247–256]).

During co-synthesis, one-pot procedure, different types of organic and hybrid

components, for example, fluorescent colors, rhodamine B, spiropyran or

spirooxazine [257], phenanthroline Eu3+ Tb 3+ complexes [258] and other agents,

which provide transparent photochromic films with 97–100 % transmission, can be

impregnated into mesostructured microparticles.

Stable homogeneous MgO–Y2O3 fine-grained nanocomposites and phase

domains were obtained by new “foam” method. This process is realized with

usage of non-expensive precursors under soft conditions in low-dense organic

foams. Their transformation with respective oxides is reached by low temperature

calcinations followed by high temperature post-calcinations. Formation of amor-

phous intermediate during calcinations is critical for formation of fine structure of

oxide/oxide nanocomposites [259]. Implementation of this procedure can be

reduced to the follows. The MgO–Y2O3 nanocomposites were prepared from

respective nitrates by etherification reaction of ethylene glycol and citric acid. A

foam forms during emanation of nitrogen oxide, and during calcinations extremely

fine nanocomposite powder forms from it. Surprisingly, this microstructure remains

unchanged during post-calcinations and consolidation at heat treatment under

pressure and is a result of competitive crystallization and phase separation.
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Homogenous separation of domains of submicron phase is found in MgO–ZrO2

[222] and in MgO–Y2O3 [260]. A composite containing about 90 mol % of MgO is

prepared from respective amounts of 0.5 M Y(NO3)3 (7 mmol) and 0.5 M Mg

(NO3)2 (33 mmol) water solutions, citric acid (40 mmol) and ethylene glycol

(13 mmol), and was placed after mixing in oven heated to 200 �С. After grinding
colorless composite material containing MgO and Y2O3 phases formed.

Stabilized yttrium-zirconium ceramics (YSZ) is produced from ZrOCl2 8H2O

and YCl3 6H2O, YSZ contained 3 mol % Y2O3 [261]. Coating of carbon nanofibers

by yttrium zirconium ceramics forms superconducting ceramics (120 vol % YSZ

per carbon fiber). This material has perfect mechanical, thermal, and electric

properties, it is used in many applications.

The most serious problem in preparation of composites of this type is difficulties

in homogenous phase distribution with different properties of nanocarbon fibers and

zirconyl caused by weak interaction between them. Therefore they are prepared by

plasma sintering of powder mixtures or by coating nanofibers surface by wet

chemical method [262–267].

Therefore, properties of products fabricated by sol-gel method depend also on

additionally implanted modifying agents, and highly disperse fillers, which can be

metal nanoparticles or their precursors. Among numerous examples of this type we

shall highlight just several ones [28]: SiO2�xM (M¼Ni, Cu, Co, Cu/Ni, Co/Ni,

Co/Cu) xerogels, metal acetates/TEOS M¼ Pt, Gd/Pt, Au, Pd, Cr2O3, Co, Zn, Cu,

which are obtained by system hydrolysis, stable nanofilms Pb(Zr,Ti)O3, etc.

[268–272].

Based on TEOS, Ti(OPri)4, SAS and NaOH, using chromium salts or vanadyl,

the already mentioned template materials M-MCM-48 (Ssp for М¼Ti ~ 1,000 m2.

g, dpor ~ 2,5 nm), and also M¼Cr have been obtained [17]. Their special property is

an increase in condensation degree of silica frame (by ~25 %) at inclusion of

heterometal ion. Similar procedure is also used for growth of ultra thin barium-

ferrite powders, and also LiZn ferrite thin films, CoFe2O4 cobalt-ferrite and many

others.

Anyway, the polymerization method used for synthesis of heterometallic

ceramics is most widely applied for perovskites with AВО3. Found in nature

CaTiO3 perofskite has a pseudo cubic crystal lattice, in which big cations are

in corners of the cell, and small ones are in its center, oxygen ions are in the face

centers. Traditional way of their production, for example, PbTiO3 (A2+B4+O3-

ceramics) is solid phase mixing in mills of PbO и TiO2 followed by baking at

temperatures above 600 �С (ex situ-production). However, this process was accom-

panied by formation of undesired and toxic PbO. Sol-gel synthesis (Scheme 4.13a),

in which complex formation of components with citric acid and polyetherification

by ethylene glycol followed by polymerization (at 160 �С) and pyrolysis are used, is
free of these drawbacks. In this case thin films with properties of blocked materials

can be obtained.

Barium stannate with perovskite structure BaSnO3 is obtained by polymeriza-

tion, pyrolysis of preliminary produced BaSn(C6H5O7)2 citrate complex

(Scheme 4.13c), whose grain size is 80–100 nm; this method is used to produce
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Scheme 4.13 Block scheme of synthesis of A2+B4+O2 (a, b) and A2+B4+O3 (c) ceramics
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other perofskite ceramics (see, for example, [28]): monodisperse BaTiO3, (Ba,Sr)

TiO3, Pb(Zr,Ti)O3, NdAlO3 (A3+В3+О3-ceramics), ZrO2/X (X¼CeO2, Y2O3,

Y6WO12), SrBi2Ta2O9 nanoparticles, and even high temperature superconducting

ceramics YBa2Cu3O7�δ [273]. As a result of polymer synthesis with the following

decomposition of organic phase at 300–400 ºC and calcinations at 400–900 ºC

oxides of molecular degree of homogeneity and high purity are obtained. Here

we shall just notice a possibility of fabrication of one phase thin films KTiOPO4

(having high thermal stability and impressive optical properties used for non-linear

optics) by using Ti(OEt)4, KOEt and various phosphorous sources for precursors

(Scheme 4.13b), among which the optimal one is (n-BuO)2P(O)(OH) (see [15]).
To this group of nanocomposites also belong heteropolymetallates such as

Keggin acids (H3PW12O40, H4SiW12O40 – spheres with diameter ~1 nm) included

in organic-inorganic structures with good electrochemical properties for potential

usage in holography. Nanocomposites are obtained in two ways: by mixing with

TEOS (at the ratio W/Sialkoxide¼ 0.2� 0.6) and tetraethylene glycol or by their

impregnation in organosilanes. Idealized structure of these materials is shown in

Fig. 4.28.

Prospective method is polymerized transformations of specific clusters,

oxometalates, whose W-O-Si links are included in side chains of a polymer. They

are synthesized by interaction of substituted trichlorosilane RSiCl3 (R is vinyl, allyl,

methacryl, styril, etc.) with K4SiW11O40 polyanion. The formed cluster-containing

monomers are built from metal-oxo core with polymer forming ligands, set on

periphery (Fig. 4.29a). Metal-oxo cores are used for formation of a cluster net and

formation of nanohybrides, which are attached ensembles of exhaustively character-

ized structural blocks. Yield of polymer under action of radical initiators and chain

lengths depended on reaction ability of unsaturated groups and decreased in sequence:

SiW11O40Si(vinyl)<<SiW11O40Si(allyl)2< SiW11O40Si(methacryl)2< SiW11O40Si

(styril)2. Principal scheme of these polyoxometalate polymers are shown in Fig. 4.29b.

Fig. 4.28 Schematic representation of the structure of organo–inorganic nanocomposites based

on polymetallates
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We shall just note that by the same mechanism, bonding in a complex with

bi-functioning ligand containing alkoxo- or hydroxy silyl for reactive group, Os3,

PtSn, Fe2P, Co2P, Ni2P or Ge clusters are impregnated in the composite, and Pd2+,

Cu2+ and other ions are implanted in poly(ethyltrimethylsilane).

We shall especially highlight usage of sol-gel technique for performance of

template syntheses, which are considered as processed of formation of purposeful

products by assembling of simple components, carried on under conditions of strict

stoichiometric orientation of reagents. These conditions, first of all, small reaction

volume, due to which closer attraction of reacting molecules as compared with

processes in solution or in solid phase advantage so called “soft” template process.

The result of this is that assembling has place under normal conditions (sometimes

just at room temperature). For example, already analyzed mesoporous molecular

sieves (like MCM-41) are highly organized substances, their formation includes self-

organization of SAS molecules in solution, and sol-gel processes of frame formation

around micellar structures, which play function of templates. Synthesis with usage of

inverse micelles is introduction of surface-active substances (in particular, didodecyl-

dimethylammonium bromide, AOT, etc.) in toluene, as a result, inverse micelles

form, in which metal salts, for example, AuCl3 and gel precursor TEOS are impreg-

nated. The reducing agent is LiBH4/THF. Hydrolysis of TEOS and condensation

cause formation of impregnated in wet gel Au nanoparticles with average sizes

dependent on the ratio H2O/Si and SAS concentration (at H2O:Si¼ 1:1� 4:1, aver-

age particle size is 5–7 nm). To obtain closely packed and organized 2D gold layers

(about 10-nm thick), its colloid particles immobilized on the surface of highly

disperse SiO2 by bi-functional (CH3O)3Si(CH2)3NHCH2–CH2NH2 amino silane

stabilize SAS by dodecanethiol (see, for example, [28]). The following treatment of

RSH particles makes them movable by breaking bonds with SiO2, repetition of the

immobilization-stabilization acts (Fig. 4.30a) caused growth of highly ordered 2D

particles with interlinked grains (Fig. 4.30b).

Fig. 4.29 The structure of [SiW11O40Si(C6H5CH═CH2)2]
4� polyanion (a) and schematic

representation of the structure of hybrid polymer-inorganic material based on such anion (b)
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Silver and gold nanoparticles are synthesized in sol-gel process in thin SiO2,

TiO2 and ZrO2 films [274] by the method based on coordination chemistry of

respective ligands for stabilizing Ag+и Au3+ ions in sol-gel systems. As is seen

from Fig. 4.31, size of gold nanoparticles depends on precursor (Ti or Zr) and

baking temperature for the ceramics.

Convenient method of incorporation of metal nanoparticles in these inorganic

polymers Pt/SiO2 is combination of nanocluster formation reactions by reduction of

respective salts in inverse micelles with sol-gel synthesis (Fig. 4.32).
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Fig. 4.30 Formation mechanisms of hybrid-phase materials based on inverse micelles (a) and
electronic micrograph of highly organized 2D Au particle latex obtained by scheme (b): 1 immo-

bilization of colloidal Au particles, 2 exchange reactions of alkanthiol molecules and breakage of

Au–NH2 bonds, 3 fast restoration of the layer at complete binding of Au particles
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This method can be used for other noble metals (Pd, Rh, Ru, Ir). At sintering

metal nanoparticles are incorporated in xerogel structures without agglomeration.

Assortment of these transformations is doubtless far wider. It includes almost all

chain forming elements of Periodic Table of Elements.

For example, formation of Pt/Fe binary systems occurs during thermal reduction

of acetylacetonate complexes incorporated in TiO2 matrix at the stage of xerogel

formation [275]. It is important that combination of sol-gel synthesis with thermal

reduction in this system favors formation of isolated L10 FePt nanoparticles at
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Fig. 4.31 Dependence of

the mean size of particles on

the temperature of sintering

for the Au/TiO2 and

Au/ZrO2 systems [274]

Fig. 4.32 Reduction of a metal salt combined with sol-gel processing. (a) formation of

nanoclusters by the inverse micelle technique, (b) formation of the gel around nanoclusters
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lower temperatures. Moreover, presence in the system of complex forming ligand

gives stability to metal ion and thus improves control over its reaction ability under

conditions of sol-gel synthesis during formation of metal nanoparticles. General

approach in this method is demonstrated in [274] during formation of Au and Ag

nanoparticles in SiO2, TiO2, ZrO2 in sol-gel process, when respective variation of

coordinating ligands, matrix origin, temperature allows conduction of controlled

synthesis of thin filmed nanocomposites (Table 4.3).

Table 4.3 The influence of nature of coordinating ligands on the nanocomposite formation in

sol-gel process

Nanocomposite

Without

adding of

ligand Diene CH3CN DMSO Pyridine

Ag-SiO2 Slow

precipitation

of brown

compound

Stable sol

without

precipitation

Slow

formation

of brown

compound

Stable sol

during 3 days

without

precipitation

Ag-TiO2 Formation

of black

precipitate

in a day

Stable sol

with slow

formation

of black

precipitate

Formation

of black

precipitate

in a day

Formation

of black

precipitate

in a day

Stable sol

during 1 week,

at low ration

pyridine/Ag

sol becomes

red, then a

black precipi-

tate forms

Ag-ZrO2 Very quickly

formation of

black

precipitate

(during

several min)

Stable sol

during

3 days

Quickly for-

mation of

black

precipitate

Turbidity at

the addition

of DMSO, sol

becomes red,

then a black

precipitate

forms

Turbidity at

the addition of

pyridine, sol

becomes red,

then a black

precipitate

forms

Au-TiO2 Formation

of black

precipitate

in a day

Formation

of black

precipitate

in a day

Slow

formation of

small amount

of black

precipitate

(more than

for 1 week)

Au-ZrO2 Formation of

black precip-

itate in sev-

eral hours

Formation

of black

precipitate

in several

hours

Slow

formation of

small amount

of black

precipitate

(more than

for 1 week)
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4.5 Morphology and Fractal Models of Hybrid
Nanocomposites

Many special features of morphology of nanocomposites formed by sol-gel method

were repeatedly considered. Here we shall consider interesting examples. Interest is

drawn to photo-curable polymer nanocomposites due to their different applications

and interesting morphology [276]. Thus, photo-curable polyacrylate nanocomposite

with silica gel nanoparticles is prepared by sol-gel synthesis. In contrast to

the ordinary sol-gel process (using water for liquid), in this work hydrolysis of the

precursor was conducted through air moisture in order to confine size of silica gel

nanoparticles to nanometer scale and protect the composite from residual water

molecules [277]. Morphology of crystals in polyurethane cast films (PU) with dif-

ferent gold particles content 0.1, 0.3 and 1.0 % is studied (Fig. 4.33) [278]. Crystals of

pure PU are very fine and not seen. Cross wheel of these spherical crystals was

observed in PU-Au, size of spherical crystals decreased as gold content increased. In

the samples with higher gold content there are many spherolites coagulating due to

nucleation and crystallization. Gold nanoparticles become the center of hard segment

in PU and star-like coupling of PU appears.

Fig. 4.33 Crystal morphology of polyurethane (a) and polyurethane containing 0.1 (b), 0.3
(c) and 1.0 wt.% (d) Au by the optical polarization microscopy data [278]
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The simplified scheme of hybrid composite, in particular, containing cluster

fragments, can be represented as followed (Fig. 4.34) [279].

Sol-gel synthesis is a perfect method for illustration of theory of fractals in the

percolation theory as applied to structure of hybrid materials. Detailed analysis and

theoretical ground of the theory were recently considered in the monograph

[280]. We shall reduce the limit just to basic information. In materials of sol-gel

synthesis at different degrees of porosity bulk and surface fractals are observed

[281]. Bulk fractals form in two extreme cases: formed by porous medium or by

frame of a porous material, in intermediate cases product can show properties of a

surface crystal. As is known, fractal aggregates are characterized by fractal dimen-

sionality Dm (1
Dm
 3), which can be found from the relation:

N � RD, ð4:16Þ

where N is mass of an aggregate, or a number of primary particles in it; R is typical

size equal, for example, to inertia radius of an object.

Self-similarity or scale invariance of a fractal aggregate means that at different

scales of its length its structure does not change overall, and any of its part is similar

to the whole aggregate [24, 25, 28].

Fractal surface is characterized by fractal dimensionality Ds, which correlates

surface of an object S and its radius r:

S ¼ rDs ð4:17Þ

Fig. 4.34 Schematic illustration of nanocomposite microstructure
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where 2
Ds
 3. The higher Ds, the rougher is surface of a fractal object: Ds¼ 2

corresponds to smooth surface, while Ds¼ 3 corresponds to maximum rough

surface.

Products of hydrolysis of Ti(OBu)4 are multilevel systems, whose structural

element is a complex oligomer molecule of titanium oxobutyrate (see, for example

[28]). Under drying transformation of polydisperse particles to homogenous parti-

cles with fractal dimensionality Ds = 3 takes place. This respects to the case of

surface fractal with maximum developed surface. Role of the coupling agent can

play compounds including labile, vinyl, methacrylic, epoxy and other groups.

At the same time fractal dimensionality of polymer and colloid formations of

aerogel TiO2 with high Sspec (prepared by sol-gel technique with CO2 drying in

supercritical state) is 2.6–2.8. Fractal surface of particles is just a little less regular

than that of polymer aerogels. This similarity in dimensionalities means that

morphology at nanometer level is predetermined at early stages of synthesis,

contribution from the process is insignificant. However, morphology at mesoscale

depends on conditions of synthesis. Thus, extent of poly-ε-caprolactone incorpo-

rated in the cross-link of silicon oxide depends on molar relations HCl:TEOS and

H2O:TEOS. Structure of interphase material is a bulk fractal with respect to

changing morphology of both phases, it is more open when acid concentration is

below and water concentration is higher than average (Dm changes from 1,4 to 2,0).

This provides a possibility of control over parameterization of the surface. For

example, in [282, 283] morphology of two types of nanocomposites is compared:

A (30 wt % SiO2) obtained by block polymerization of HEMA, preliminary

functioned with silicon dioxide particles (~13 nm) and B based on synthesized in
situ SiO2 (as a result of hydrolysis of TEOS hydrolysis) during radical HEMA

polymerization.

In the first case (A) nanocomposite has ordinary particle-matrix morphology in

which particles of mineral phase have a tendency to aggregation in continuous poly-

HEMA phase (Fig. 4.35a).

Another material (B) has finer structure. Its mineral part obtained in situ has

almost perfect morphology consisting of very open mass-fractal silicate formations

in bicontinuous structures at molecular level. This fine morphology is as though

frozen in vitrified organic phase. Thus, composite B can be called nanocomposite

Fig. 4.35 Morphology of hybrid nanocomposites formed by different procedures (see text) [283]
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with molecular level of morphology. At that in A material two types of size of

nanoparticles are identified by SAXS data: compact primary which form smooth

and distinct interphase with polymer matrix (their average diameter is ~14 nm) and

secondary – aggregation of the primary nanoparticles. These aggregates show

mass-fractal geometry, whose fractal dimensionality is lower than 2 (Ds¼ 1.6).

Their equivalent spherical diameter is close to 30 nm, which confirms that they

include just few primary microparticles. Typical fractal models fulfilled at conden-

sation of TEOS in solution are not found during polymerization in the matrix

(polysiloxane cross-links). High molecular masses of the matrix and formed poly-

mer bring to a decrease in entropy of the mixture and, consequently, to phase

separation. Not separated by phases systems are obtained just under definite

conditions, however, at concentration of SiO2 above 5 %, phase separation takes

place, which increases mechanical strength of the composites. It is interesting that

morphology and structure of hybrid PEO-TEOS composite depends also on nature

of a catalyst used in sol-gel synthesis: in materials obtained in acid medium

(oppositely to NH4F), links of a polymer chain were bound with SiO2 particles

forming ideal composite. In the case of in situ deposition of TiO2 (up to 5 % filling)

extremely coarse domains were observed, strength properties of these composites

are inferior to the systems with SiO2. Mechanism of phase separation in hybrid

materials prepared by sol-gel method is keenly studied (see, for example [24]). Two

mechanisms of phase separations are considered: nuclei formation (domain forma-

tion) and growth (NG), and also spinodal decomposition (SD). Mechanism NG is

preferable for extinguishing (quenching) of metastable phase bimodal and spinodal

curves. Nucleation is initiated by local density and fluctuation concentration with

formation of nuclei with distinct interface. This requires activation energy

depending on interphase energy for formation of these centers. Evolution process

followed by diffusion of macromolecules in nucleus domains is spontaneous.

Composition of nuclei stays constant for entire phase separation. The observed

morphology during NG phase separation at early and late stages has dropped/matrix

type. On the other hand, SD mechanism of phase separation prevails in

extinguishing of unstable regions in spinodals. Extended concentration of fluctua-

tion is spontaneously initiated by prevailing wavelength, which is constant at the

very early stages and depends on intensity of extinguishing. Fluctuation of wave-

length increases at intermediate stages and phase coalescence is observed at late

stages. If it is possible to avoid coalescence, 3D spatial continuous morphology is

observed. When a solvent is removed from hybrid material poly(ethylenoxide -co-

epichlorohydrin)-TEOS, spontaneous growth of inorganic net begins, mechanism

of phase separation is spinodal decomposition; the same morphology was observed

in hybrid films of poly(ethylenoxide-amide-6) including sol-gel prepared SiO2 and

TiO2 as inorganic fillers, however, titanium films are harder [284]. Although

correlations between changes in properties of sol-gel products and their fractal

dimensionality are still not found, studies in this direction are promising.

As it follows from the above brief analysis, using of sol-gel technique for

combination of polymer with inorganic material has several directions and allows

purposeful using of a complex of methods for development of novel materials with
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unique properties. First of all, usage of alkoxides modified by two different functional

groups is promising: one of the groups reacts with monomer link of a macromolecule,

another one reacts with sol-gel precursor, as a result strong chemical bond forms

between a polymer and sol-gel cross-links. Secondly, interesting is to use special

bonding agents, which also form chemical bond between these components. For

example, modifying surfaces of highly disperse SiO2 with aminobutyric acid, then

dispersing of this product in ε-capramide and catalyzed co-polymerization. Unique-

ness of the considered method of obtaining of hybrid nanocomposites is that at

the stage of formation of the products of sol-gel synthesis different modifying

dopants of organic or inorganic type can be incorporated, for example, 1,10-

phenantrolinhydrochloride and butyl amine for absorption in UV region (<350 nm)

and transparency in visible light. In sol-gel process also can be involved alumoxanes,

carboxylates with general formula [Al(O)x(OH)y(OOCR)z]n, at this stage ceramics

can be doped by additional incorporation of acetylacetonate complexes M(acac)n
(M¼Ca2+, Mn2+, Y3+, etc.) and metal chelates of other origin including transura-

nium, various heterometallic compounds.

There may be advantageous sol-gel process, which causes formation of power-

intensive materials [285–289]. For example, polymer sols resorcinol – formalde-

hyde and resorcinol – furfural were mixed with water solutions of inorganic salts

NH4ClO4,Mg(ClO4)2 and NH4NO3. After gel formation and drying under normal

pressure hybrid nanocomposite showed properties of power-intensive material,

which after beforehand heating in flame boisterously burned with loud noise and

sparks. In these composites including organic gel-oxidant, important role have a

solvent and a possibility of dry gel production containing 50 % oxidant (with

respect to polymer matrix) with balanced ratio oxidant/fuel without breaking of

homogeneity of the system.

Sol-gel process is very flexible and multisided by type of products produced, for

example, for optical and communication technologies (Fig. 4.36) [290]. Motivation

for this field is a decrease in optic scattering on interface, when phase domain is

smaller than wavelength of electromagnetic photon.

We shall notice actively developed method of heterophase sol-gel synthesis, and

the deposition-precipitation method with usage of products of sol-gel synthesis for

production of highly active heterogeneous catalysts. These are independent

research fields, which also should be analyzed. This is the way to obtain porous

monolithic products with meso- and macro- architecture of pores, and compo-

nents may be incorporated at the stage of SiO2 formation, which abruptly increases

its absorption ability with respect to water (for example, up to 30 % of waterless

CaCl2) [291].

In order to increase compatibility of organic and inorganic ingredients, different

co-polymers will be used as compatibilizers. Thus, already analyzed styrene block-

copolymer and 4-vinyl phenol (50:50) was very efficient for these purposes.

Probably, expectation will be realized [69] of polymers based on acrylate titanium

alkoxides, oppositely to tin-organic ones will be self-polished non-toxic coatings

for ships, which emanate biocides, absolutely innocuous for sea medium.
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There are all grounds to believe that development of new nanocomposite

materials based on carbon nanofibers in composition with ceramics (including

heteroelemental), having good mechanic, thermal and electric properties and inter-

esting for a range of industrial applications will progress. Among them stands out

ceramic material based on zirconium dioxide, which has unique mechanical proper-

ties. The best illustration of preparation of such a product, is a material, which is

difficult to prepare, with homogeneous phase distribution of carbon fibers and ZrO2

with different properties due to weak interaction between them. These composites are

prepared by the powders mixture and sintering in spark plasma [261, 263, 265–267].

The considered organic-inorganic hybrid materials are biocompatible and biode-

gradable, in particular, this relates to the system based on TEOS-poly(ε-caprolactam).

These nanobiocomposites will be analyzed in Chap. 7.
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Chapter 5

Physical Chemistry of Intercalated System

The driving force of development of intercalation chemistry is significant improve-

ment of properties of fabricated nanocomposites and design of materials with new

properties. Forming hybrid structures (sometimes called “ship-in-the-bottle”)

define important functional characteristics: improved mechanical strength (increase

in modulus), enhanced stiffness, heat resistance (decrease in thermal expansion

coefficient), heat stability, and other thermal physical properties, water resistance,

interesting barrier properties for gas separation, high flame and fire resistance,

electric and electrochemical behavior, size stability, chemical stability, different

from the simple additive properties [1–20].

Hybrid-phase nanocomposites [21] are not only of academic, but of commercial

interest, because they posses improved mechanical and thermal properties as

compared with the same content of conventional fillers (such as carbon soot or

deposited silica gel). The methods of production of hybrid nanocomposites from

polymer solutions or polymerization in situ in combination with delamination and

exfoliation were already studied at the end of the last century (for example, [22,

23]). However, there were technological drawbacks: these methods had low corre-

lation with polymer production and demanded great amounts of organic solvents.

At the beginning of 1990s more convenient technique appeared on the basis of

PEO (polyethylene-oxide) and MMT (montmorillonite), which advantageously

demonstrated the intercalation process in the polymer melt, as well as potential

applications of the obtained products in solid phase electrolytes of recharged

lithium batteries.

However, highly promising commercial strategy in this problem was formulated

after the group of researchers of Toyota company [24–26] had found extraordinary

strengthening of mechanical properties of polymer-layered nylon-based

nanocomposites, which was caused by extremely large surface contacts of the

ingredients and high aspect ratio reached in the intercalation/exfoliation process,

and by homogenous dispersion of silica plates in the polymer matrix [27, 28]. On

the one hand, these functional materials have a relation to nanocomposites via

© Springer Science+Business Media Dordrecht 2014
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nanosized galleries of layered silicates (1—5 nm), distances between networks and

layers formed by polymer and inorganic components, on the other hand, via the

value of their exfoliated fragments [29].

Most widely known hybrid organic-inorganic nanocomposites are polymer-

clay ones, which combine organic polymers with smectites. MMT is the most

convenient layered silicate for application into intercalation systems, because

their natural reserves are unlimited, substitution of their inlayer inorganic cations

by organic ones, such as ammonium groups with long hydrocarbon chains, is

easy. Such a modification provides better compatibility of a silicate with a

polymer matrix [30, 31]. Polymer is inserted into interlayer space of a smectite

via penetration from a solution, melt with following delamination (layering) or

exfoliation (peeling) with in situ formation of mineral nanoparticles, which are

uniformly distributed in the polymer. Intercalation of inorganic component into

organic materials having limited interlayer distance with preserving of their

layered structure is, on the one hand, a perfect way of structuring of organic-

inorganic nano-ensembles [9], and, on the other hand, it provides additional

possibilities for studying physical-chemical properties of these systems. These

are supramolecular formations with original molecular architecture (see, for

example, [9]).

Rigid crystalline matrices of these materials (hosts) with regulated system of

percolation pores and nanosized layers can be filled with atomic or molecular

guest structures: molecules of organic matters, not only monomer links, but also

solvents, alkyl amines, crown ethers, cryptands, etc., and also clusters,

nanoparticles, inorganic coordination polymers of (CdS)x type, large molecules,

like C60 fullerenes. For example, intercalation of buckminsterfullerene

functionalized with ethylene diamine into mica-like silicate of hectorite type

was found [32].

Most substantial are other problems, whose solutions are closely connected to

intercalation physical chemistry of periodic mesoporous structures: sorption and

phase transitions; ion exchange and complex formation; formation of metal, oxide,

sulfide, and semiconductor clusters and nanowires; covalent inoculation of ligand

and functional groups to a host; finding of a composition and structure of hybrid

materials, obtained via in situ assembling, condensation, polymerization, or inser-

tion of primarily prepared macromolecules in the interlayer space, finding of

topochemistry of individual stages of reactions, etc. Numerous studies concerning

intercalation of organic metal organic and inorganic compounds, and properties of

the formed products are published (previous studies on the subject were considered

in our reviews [33, 34]. The great surge of the studies relates to the last decade and

concerns mostly “bridges constructing” between inorganic materials having inter-

calation properties and intermediates forming, as well as to characteristics of

hybrid-phase nanocomposites.

206 5 Physical Chemistry of Intercalated System



5.1 Composition, Structure, and Intercalation
Properties of Layered Materials

From four thousands of known minerals hundreds are of zeolite type (amphoteric

silicates) [35, 36]. Layered silicates or smectites, smectite clays are groups of clay

rock minerals, 2D layered aluminosilicate, phyllosilicate, such as MMT are crystal

formations of natural origin and produced by various synthetic methods (including

hydrothermal, sol-gel synthesis, etc.). This is the most important type of solids with

interesting functional and structural properties, whose special feature is a weak

bond between individual layers. Natural Na-MMT clay of intercalation purity

modified by long-chain ammonium cations, for example, trimethyl octadecyl

ammonium chloride has exchange capacity 1.2 mg-eq/g, contains 56.3 mass.% of

inorganic component, basal distance is d001¼ 2.07 nm, aspect ratio, length to

thickness ratio, is AR¼ 1/c from 80 to 1,120, average AR is 320. For comparison,

we shall consider oxide content of the native montmorillonite (%): SiO2 62.9,

Al2O3 19.6, TiO2 0.009, FeO 0.32, Fe2O3 3.35, MnO 0.006, MgO 3.05, CaO

1.68, Na2O 0.153, K2O 0.53, exchange capacity is 0.76 mg-eq/g. For

non-modified MMT thickness of one structural layer is about 1 nm (0.96 nm),

surface of the plates reaches 800 m2/g, aggregates consist of tens of such plates,

their size in nm is: saponite 50–60, MMT 100–150, hectorite 200–300, for the latter

AR is also high [30].

Most widely known are also other natural materials used due to their prominent

intercalation abilities: hectorite, laponite, nontonite, beidelite, volkonskoite, sepio-

lite, stevensite, sauconite, swinfordite, kenyaite, bentonite, in particular, bentonite

clay containing predominantly MMT, (Na,Ca)0.33(Al,Mg)2Si4O10(OH)2 · (H2O)n,

d001¼ 1.206 nm, product of volcanic ash erosion, layered mica silicates, including

vermiculite, illite and close to them hydro-mica tubular attapulgite, a kind of

palygorskite, the mineral with tubular structure formed owing to corrugation of

structural layers, etc. The structure and composition of the layered silicates, their

physical-chemical properties, the origin of active surface have been studied in

detail for a long time, their models and properties of intercalation systems were

considered in many reviews (see, for example, just one of them [37]). These are

specific materials, whose interlayer space includes sandwich OH- groups of octa-

hedron aluminum hydroxide and oxygen atoms of tetrahedron silica sheets: the

crystals consist of altering layers of cations and negatively charged silicates in the

2:1 ratio. Their main structuring blocks are Si(O, OH)4 tetrahedrons and M(O, OH)6
octahedrons, in which M¼Mg2+, Al3+, Fe2+,3+. In kaolin (M¼ Fe and Mg) tetra-

hedrons and octahedrons are condensed in a monolayer with the ratio 1:1. In many

minerals there is isomorphism, which is due to substitution of Si4+ ions in tetrahe-

dral or Al3+ or Mg2+ in octahedral layers. In these cases a lattice can acquire charge

depending on a valence state – from electrically neutral, in the mineral groups of

pyrophyllite, talc to x+ y¼ 0.25–0.6 (layered silicates with such a charge are

particularly called smectites), 0.6–0.9 in vermiculites, synthetic clays of hectorite
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type, as MgO(SiO2)s(Al2O3)a(AB)b(H2O)x (AB is a ionic pair of NaF type) and

even 1 for mica. Oxide composition of Na-hectorite is Na0.33Mg2.67Li0.33Si3O10F2
and that of potassium tetrasilicate mica is KMg2,5Si4O10F2.

Idealized 2:1 structure of the layered silicate is presented by two tetrahedral

sheets, which are condensed with octahedral sheets (the ratio is between tetrahedral

and octahedral layers). The native silica gallery is usually filled with hydrated

cations of alkali metal. The parameter, which characterizes intercalation activity

of clay minerals can change depending on natural form of smectite clays, which is a

crystal structure of aluminum silicate, a size of exchanging anions and aqua portion

in the interlamellar space (Fig. 5.1).

In synthetic layered silicates (LHD) only octahedral and framing elements (Al,

Mg, Zn, etc.) exist. General formula of dioctahedral minerals (pyrophyllite,

vermiculite, and others) formed by Al-octahedrons, can be presented as follows

(Si8-xMy)
4(Al4�0

y)
6(OH)4O20M

00
(x + y)/n(H2O)w (content of oxides in vermiculite is,

mass.%): SiO2 38.8, Al2O3 13.8, TiO2 1.97, FeO 1.11, Fe2O3 6.25, MgO 18.3,

foreign oxides MnO 0.03, Cr2O3 0.01, ZnO 0.01, NiO 0.12, CoO 0.01,

cation capacity of this silicate is 1.36 mg-eq/g), and for Mg-octahedron based

trioctahedral minerals (talc, saponite, biotite, hectorite, etc.) the formula is

(Si8� xMx)
4(Mg6� yM

0
y)
6(OH)4O20M

00
(x + y)/n(H2O)w, where x is a portion of

isomorphic substitution.

Fig. 5.1 The chemical general structures are respectively for: 2:1 phyllosilicates (a) and LDH (b),
with the schematic representation of the tetrahedra (T) and octahedra (O) occupancies, substitution

elements (Y), and interlayer ions (Z) in natural and synthetic layered nano-fillers. (а) Talc (T¼ Si,

O¼Mg (occupancy 3/3), Z none; hectorite: T¼ Si, O¼Mg (occupancy 3/3); Y¼Li, Z¼Na+/

Mg2+; saponite: T¼ Si, O¼Mg (occupancy 3/3), Z¼Na+/Mg2+, Y¼Al; montmorinollite: T¼ Si,

O¼Al (occupancy 2/3), Z¼Na+/Mg2+, Y¼Mg; beidellite: T¼ Si, O¼Al (occupancy 2/3),

Z¼Na+/Mg2+, Y¼Al. б) brucite: O¼Mg (occupancy 3/3), T¼Z¼Y none; gibbcite: O¼Al

(occupancy 2/3), T¼Z¼Y none; hydrotalcite: O¼Mg/Zn etc., Z¼Cl�, CO3
�, NO3

�, T¼Al
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Some characteristics of the surface and porosity of the most widely known

alumosilicates1 [38] are presented in Tables 5.1 and 5.2.

In the presence of water molecules in the MMT gallery it is difficult to obtain

clear evidence of intercalation process. In the system dry MMT/PEO, MMT-B34

the intercalation process, for example, with PEO, is found by various physical

chemical methods, for example, by X-ray powder diffractometry (XRD),2 wide-

angle X-ray scattering (WAXS), differential scanning calorimetry (DSC), etc.

We shall demonstrate this using as an example magadiite modified with long

chained phosphorus-containing [39] surfactant (tributylhexadecylphosphonium

bromide), which by its intercalation properties is close to organomodified MMT

(OMMT)(Fig. 5.2).

In majority of layered systems basal (interlayer) space is no more than ~5 nm, a

layer thickness in perovskite, for example, varies from 0.5 to 2.2 nm, dehydrated

Na-MMT the space between the neighbor layers is approximately 1.0 (0.96 nm). It

can increase from 1.25 nm to 1.50–1.55 or even to 1.80–1.90 nm, when mono-, bi-,

and trimolecular water layers are inserted into the lamellar space. Layered

1As a rule, for scientific researches Swy-1 County Creek, Wyoming USA standard clays, or highly

iron-concentrated smectite, Gafsa, Tunisia, supplied by Source Clay Repository, Clay Minerals

Society or other suppliers (see, for example, [38]), Na-MMT - University of Missouri-Columbia

(USA), Cloisite organic silicates, Benahavis (Málaga, Spain) vermiculite are used. MMT- Closite

30B is supplied by Southern Clay Products Inc (Texas, USA), Tokyo Kasei Industries Ltd, Na+-

MMT is supplied by Zhe-Jiang Fenghong Clay Company(China), modifier, N- diamine octadecyl

ammonium chloride supplied by Zhejiang Chemi-520 Agent Company (China). It should be noted

that also widely used are clays from Angrensk, Glukhovets national deposits, vermiculite from

Kovdorsk deposit, etc. In the vermiculite from Kovdorsk deposit between mica packages (Si3
4+Al)

O2�
10 (Mg2+)6(OH

�)4� hydrated layer is inserted, Mg ions are surrounded by 12 water molecules

forming double-layer shell of Mg2+. If an interlayer magnesium cation is replaced by univalent

cations, the initial mineral is split into separate layers, bond strength between them depends on

water state, its molecular mobility. First Mg2+ ions are substituted by Na+ (via boiling in saturated

NaCl solution), at the second stage sodium ions are substituted by RNH3
+ (during boiling in 20–

40 % aqua solution of respective alkyl ammonium chloride), cation exchange capacity is 1.7 mg-

eq/g, after intense one-dimensional swelling, the mineral is dried in air. Water content in the dry

product is 15–20 mass.%.
2 Powder samples of organic silica were scanned to reflect in the angular range 2θ¼ 2–10�. The
interlayer distance of the organic silicate is calculated using Wulf-Bragg equation by position of

the d001 peak in the diffraction pattern λ¼ 2d sin θ, λ¼ 0.1542 nm is wavelength for Ni-filtered Cu

Kα-radiation, d is interplanar distance, θ diffraction angle. After subtraction of background

scattering, intensity of scattering distribution is implanted by azimuth angle and presented as

dispersion function of q-vector in space:

q ¼ 4π

λ
sin

2θ

2
and

d001 ¼ 2π

q

d001 ¼ 1

2

λ

sin 2θ=2ð Þ
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Table 5.1 Characteristics of some aluminum silicates [395]

Silicate Annealing temperature, �C Ssp BET, m
2/g Vgen porous, cm

3/g

Montmorillonite Initial 50.0 0.081

450 368 0.392

500 382 0.402

550 360 0.382

Vermiculite Initial 23 0.043

450 484 0.427

500 471 0.396

Silicate

Minerals 450 517 0.340

500 600 0.398

550 584 0.388

Table 5.2 Characteristics of some modified MMT [396]

Organosilicatea
Modifier ammonium

cationb 2θ, deg
D001,

nm

Concentration of modifier,

mg-eq/g

Cloisite® 10A (CH3)2(HT)(CH2C6H5)

N+
4.38 2.01 1.25

Cloisite® 6A (CH3)2(HT)2 N
+ 2.38, 4.34 3.7 1.40

Cloisite® C20A (CH3)2(HT)2 N
+ 2.42

Cloisite® 30B (CH3)2(T)

(CH2CH2OH)2 N
+

4.72 1.87 0.90

aCation exchange capacity of the non-modified silicate is 0.926 mg-eq/g
bT(tallow) are amines of fatty acids of hydrated tall oil (~65 % C18, ~30 % C16, 5 % C14)

Fig. 5.2 WAXS of the

magadiite powder (peak at

2θ¼ 5.7� corresponds to a

basal spacing of 1.5 nm) (1);
organomodified magadiite

(peak at 2θ¼ 3.0�

corresponds to 2.9 nm) (2);
organomagadiite after melt

annealing at 160 �C for

30 min (3);
organomagadiite in PS

microcomposites (4); and
organomagadiite in PCL

nanocomposites (peak at

2.58 corresponds to 3.5 nm)

(5) [39]
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perovskites are easily exfoliated into separate single nanosheets. From this point of

view exfoliation can be regarded as the ultimate case of intercalation.

The longitudinal size of disc particles of clay is governed by the methods of its

preparation: clays obtained by grinding have a typical plate shape with longitudinal

size 0.1–1.0 μm. Taking into account the fact that their colloid sizes are character-

ized by extraordinary high length-to-thickness ratio, for example, AR¼ 25–27 for

synthetic laponites, the exfoliated clays have extremely developed surface. For the

AR to be AR> 25 is a mandatory demand for good intercalating properties of

materials, which are of interest for the technology of fabrication of polymer

nanocomposites (thickness of exfoliated plates is 0.7–2.5 nm) with far better

characteristics of materials. In contrast to mica, cations in natural forms of smectite

clays easily exchange as a result of isomorphic substitution of Al3+ by Mg2+ in

Si8(Al3.34 Mg0.67)(OH)4O20M
+
0.67 MMT, including replacement by the transition

metal ions.

Exchange cation capacity depending on a crystal structure of aluminum silicate

reaches 0.64–1.50 mg-eq/g (for MMT it is 1.10, for hectorite it is 1.20, for saponite

it is 0.87 mg-eq/g, etc) [40]. A negative charge appears in the octahedral layer, it

is compensated by metal cations in the interlayer space, which may be Na+, Ca2+,

Mg2+ or Al3+. Apart from non-stoichiometric octahedral substitution the natural

MMT can also have tetrahedral isomorphic substitutions (in particular, Al3+ instead

of Si4+), and also excess negative charge on the side surfaces of the crystals and

ОН� groups of the basic character. When М2+ cations are substituted by М3+

(Fe, Al, Ga) or by Zr4+, Sn4+ in the layered materials, for example, LDH, exchange

anion capacity can reach significant value, 2–4 mg-eq/g (Fig. 5.3) [41].

One important property of MMT is their tendency to swelling in polar reagents

of ionic (water) and non-ionic (monoatomic and polyatomic alcohols, amines, nitro
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methane, acetonitrile, ketones, aromatic hydrocarbons, etc.). They insert between

aluminum-silica-oxygen layers and easily draw them apart. These molecules,

though they form ion-dipole, Van der Waals, hydrogen bonds, may be substituted

by others which can penetrate into interlayer distances. In the natural MMT

interlayer distance is filled with metal cations, which impede dispersion of silicates

in a polymer matrix. Substitution of metal ions by alkyl ammonium cations is a

widely used method for enhancement of silicate dispersion in a polymeric matrix

and for improvement of compatibility with the matrix.

Interlayer compensating cations of the layered silicates can be also replaced by

various organic cations, the most interesting are ammonium cations with hydrocar-

bon chain С1–С18. Most often cation surfactants are used, such as octadecylamine

(modification of MMT surface 15–30 mass.%), hexadecylamine, decylamine, and

dodecylamine, hexadecyltrimethylammonium chloride, and also ammonium cations

of amines of higher fatty acids of hydrated tallow oil, such as methylenbis

(2-hydroxyethyl)tallow (2M2HT), alkylammonium [СН3(T)N(C2H4OH)2
+/MMT],

consisting of ~65 % C18, 30 % C16 and 5 % C14, intergallery cation with exchange

capacity 0.9–1.25 mg-eq/g, tetralkyl ditallow ammonium modifier B34 in bentonite

increases d-basalt space by 25 % [42] (sometimes the latter named by trade name

Nanometer 1.30 T). We should also note di(2-oxyethyl)-12alkano-3-methyl-

aminochloride,

aminoundecanoic acid, more rarely, chiral L-leucine (СН3)2СНСН2CH(NH2)

COOH and many others. Thus, exchange capacity of MMT increases to 1.14 mg-

eq/g in the case of modifying with 3-(acrylamidopropyl)trimethylammonium chlo-

ride. In this case d001 depends on a chain length in the cation of the modifying amine

(Fig. 5.4).

Interplanar distance increases almost linearly with an increase in a number of

carbon atoms in the primary amine CnH2n¼1NH2 · HCl, intercalated in a layered

silicate (Fig. 5.4), in this case the correlation equation is approximated as follows:

d001 (nm)¼ 0.998 + 0.052n, the correlation score is r¼ 0.980 [43]. In other words,

each CH2- group increases d by 0.1 nm.

Degree of intercalation of a modifier is calculated taking into account interplanar

distance DF in a composite, with account for widening of the gallery (from 3.2 to

4 nm), and the magadiite sheet thickness (L¼ 1 nm) [39].

DF ¼ d001 organomagadiiteð Þ � Lð Þ � d001 magadiiteð Þ � Lð Þ½ �
d001 magadiiteð Þ � Lð Þ½ � ð5:1Þ
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The interplanar distance also depends on a modifying degree of a silicate (its cation

exchange capacity), and on orientation of a modifying ammonium cation

(Table 5.3).

The modifying agent can be parallel to the silicate layers, normal to them or

placed in other way (Fig. 5.5).

Exchange mainly occurs in the layers containing solvated potassium cations.

Taking into account the fact that hydrogen bonds form between layers, the character

of small polar molecules inserted directly between them is limited and includes

such ones as dimethylformamide, dimethyl sulfoxide, glycerol. Adsorption, its

constant, and ΔН increase as a length of hydrocarbon radical increases. Interplanar

distance also depends on orientation of cations in a layer, on how the layers are

close-packed. These parameters, in turn, are defined by a surface charge: in

low-charged silicates alkyl chains are between layers, in high-charged they are

vertical to the surface [44]; for this type of substitution organic silicates gain

hydrophobic properties due to blocking of absorption centers, and ability to swell

Fig. 5.4 The dependence

of the interlayer spacing on

the number of carbon atoms

(n) in the amine intercalated

into a layered silicate [43]

Table 5.3 Characteristics

of organic silicate
Designationa Interlayer distance, d001, nm

1.40С 3.47

1.25С 2.36

0.95С 1.89
aThe values are cation exchange capacity in the organic silicate,

mg-eq/g

Fig. 5.5 Orientation of the

modifying agent in silicate

layers
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in organic solvents reaches maximum in the case of alkyl ammonium modifiers

with a number of carbon atoms in a chain 12–18 (Fig. 5.6).

Molecular mobility of a modifying surfactant (taking for example tributyl-

hexadecyl phosphonium bromide or dodecyl trimethyl ammonium bromide) in

layers of synthetic magadiite [39]. In this case tributylhexadecyl phosphonium

bromide was bound to imineoxyl radical to obtain spin-labeled surfactants such as

which made it possible to use EPR, NMR 31P, and other techniques. Existence of

two types of modifiers was found, bound to magadiite and individual, just one type

of ligand was found as the temperature increased. Amine modifier enhances

intercalation more efficiently than P-containing, due to smaller volume of its

functional group. Behavior of these spin labels (rotation activation energy is 6–

60 kJ/mol) resembles polymer-immobilized ones. The layered silicates modified

with quarter amines with two long aliphatic chains have mixed layered structure

consisting of packages with different interplanar distances. In their interplanar

spaces ordered adsorption layers of a modifier are formed, which substantially

draw apart plates of the layered silicate [45].

As a rule, mechanical properties of intercalated nanocomposites, such as ulti-

mate tension strength, relative elongation in tension, elastic modulus and fracture

energy are improved. Ultimate strength for tensile increases as a length of amine

Fig. 5.6 Interlayer spacing of the MMT modified by 30 % (1) and 35 % (2) stearylbenzyldi-
methylammonium as a function of the dielectric constant of the solvent [44]
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chain increases depending on character of a clay: Na-MMT> bentonite>K-MMT,

which corresponds with an increase in interplanar distance. Thus, an amine defines

organophilic properties of a silicate, this, in turn, improves interaction between

polymer and filler and properties of a composite [46]. Improvement of compatibil-

ity is proved by different methods, including solving and mechanical mixing. A

tendency to improvement of properties is followed in the range: organophilic

clay>Na hectorite>K bentonite> deposited SiO2, which reflects their intercala-

tion and organophilic abilities. It should be noted that not only ammonium but also

alkylphosphonic salts [47], including tributylhexadecyl phosphonium bromide are

suggested as organic exchanging cations, intercalating agents. Phosphor containing

surfactants have higher thermal stability, than their nitrogen containing analogues,

especially, in compositions on the basis of layered materials [48, 49]. Modifiers can

be ranged in order of their intercalation, and finally, exfoliation activity: aqua-

soluble sulfonates, sulfates, carboxylites. Modification of MMT by intercalation

with various polyhydrocomplexes and other additives makes it possible to signif-

icantly increase its adsorption-structural characteristics and thermal stability.

Synthetic phyllosilicate clays, silicic acids, acid potassium phyllosilicate,

magadiite, layered double hydroxides (LDHs) (Fig. 5.7), bilayered (HLaNb2O7)

and trilayered (HLa2Nb3O10) perovskites, zirconium phosphates (ZrPs),

dichalcogenides are obtained by different, relatively simple ways [50]. Their

main advantage is in chemical purity (absence of amorphous sand contaminators,

arsenic, iron, heavy metals), they are transparent, which provides glossy color of a

product, they have a wide rang of the aspect ratio from 20 to 6,000 [51]. The most

widely applied is hydrothermal technique with usage of templates [52–57].

Coprecipitation of the respective cursors is used to obtain

Zn0.67Al0.33(OH)2Cl0.33 � 0.75H2O or Cu0.68Cr0.32(OH)2Cl0.33 � 0.92 H2O, and

magadiite is obtained via hydrothermal synthesis from two components: silica

oxide, potassium hydroxide, and water in the ratio 3:1:200, its calculated formula

is Na2Si14O29 � 11H2O, the exchange capacity is 1.82 mg-eq/g two potassium ions

are substituted by one molecule, the total absorption of the modifier – long chained

amine is 0.85 mmol/g. Layered nanohybrid materials are synthesized via interaction

Fig. 5.7 The schematic

illustration of LDH layers

(The interlayer space is

0.50–0.60 nm) [50]
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of Zn(OH)2, ZnO or Zn/Al with carboxylic acids or with oxychlorides; the guest/
host ratio in these composites is from 1.5:0.5 to 1.8:0.2. Depending on a character

of the reacting components, morphology of the particles changes from fibers to

plates, interlayer distance increases from 1.61 to 2.01 nm. Hydrotalcite materials3

([AlMg2(OH)2(OH)4]
+[0,5CO3, OH, Cl]

�) LDH [9] consist of layers of positively

charged [Mg6Al2(OH)16]
2+ cations neutralized by СО3

2� ions in the interlayer area

[4, 43, 58–61].

For modifying of LDH the following four approaches can be taken: anion

exchange, in LDH, direct synthesis via precipitation, rehydration and calcinations

of LDH, and thermal reactions. Styrene sulfonate RSO3
�, alkyl benzene sulfates,

dodecyl benzene sulfate are relatively stable modifiers of LDH, break of the tail-

head bond in a surfactant happens at the temperatures 100–200 �С. However, these
modifiers has not been widely applied for nanocomposites.

It should be especially noted that some metal oxides prepared by “wet” chemical

synthesis (hydrothermal, solvothermal [62, 63]) have anisotropic structure, which

should cause variation in their properties along different crystallographic direc-

tions. It relates, for example, to α-МоО3, which is one-dimensional rod [64] to

layered double hydroxides (LDHs) M2+
(1-x)M

3+
x(OH)2]

y+(An� y/n)m H2O, for

example, Mg6Al3-4(OH)18-8(CO3)1-7H2O or Zn6Al2(OH)16CO3nH2O. Materials

with layered-columnar structure made on the basis of montmorillonite clays are

widely used in various areas, including sorption technique and catalytic processes.

This is especially related to widely used in catalysis Ti(IV) columnar montmoril-

lonite materials (see for example [65–70]). They include centers of acid and Lewis

types (three-coordinate Al3+cations substituting Si4+ in tetrahedral layers), as well

as Brőnsted centers (containing Si-OH-Al- groups). Residual water has a significant

effect on their acid capacity; they inflate when filled with organic solvents, mono-

mers, or polymers. Inflation of interior crystalline cavities, which is sometimes

called characteristic basis of clay swelling, depends on a nature of cations in layers

and also on density of negative charge on them. Moreover, inorganic acids have

surface hydroxyl groups, which develop strongly polar surface active in bonding of

various metal ions. However, main properties of these materials are governed

by characteristics of porous open systems and especially by pore sizes. In the

compounds of insertion guest-molecules are in crystallographic hollow sites of

the host-matter. The layered “sandwich” structures and one-dimensional channel

structures mostly belong to these compounds. Metal ions included in these struc-

tures can easily reduce under action of various chemical reducers, or thermally, less

often by photochemical process, and form nanoparticles [71].

3 Synthetic hydrotalcite Ex0.66[Li0.66 Mg5.34Si8O20(OH, F)4] (Ex¼Li, R) is obtained, from the

precursor of the composite 0.32 R, 1.0 LiF, 5.3 Mg(OH)2, 8 SiO2 · nH2O, in which R is organic salt

of univalent metal and Ex is substituted cation. The process begins from solution of 0.72 mmol of

organic salt in water and addition of 4.8 mmol of LiF during stirring. Separately 24 mmol of

MgCl2 · 6H2O is solved in water and mixed with 32 ml 2 N NH4OH to formation of fresh Mg

(OH)2.
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The layered materials are distinguished as two types by their architecture and

properties. First of them is characterized by stiff pores with a constant volume,

parallel insulation of the lattice channels and communicating channels of the

network. Localization, concentration and spatial distribution of guests are defined

by the topology, chemical origin, and reaction ability of the inner surface of the

host, whose matrix can additionally be subjected to functionalization. Moreover,

guests types are limited by minimal conjugated channels, which causes selected

intercalation behavior of guests in matrices (like molecular “sieves”). The second

type is presented by low-dimensional lattice of a host, i.e. layered or chained

structure. This provides “flexible” pores, whose dimensionality can adapt to dimen-

sionality of a guest. Matrix lattice of a host can have no effect on intercalation-

deintercalation (in the case of lattices of insulators, zeolites, layered aluminum

silicates, metal phosphates, etc.). For them intercalation behavior is predominantly

characterized by acid-base and exchange properties.

Host lattices with electron conductivity (semiconductors based on layered

metals, their chalcogenides, etc.), undergoing redox reactions during intercalation

with electron or ion transport accompanied by significant change in physical

properties of a host matrix take a special place. Thus, a great intercalation capacity

of xerogel on the base of V5+ oxide is known: this is H2V12O31 � nH2O poly-

vanadium acid, in which negative charge of vanadium-oxygen layers is distributed

along V2O5 fibres [72]. The fibers are plane ribbons up to 100 mm in length and

10 nm in width (Fig. 5.8) and include water molecules, chemically bound with

vanadium atoms via different types of bonds. Intercalation can develop by dipole

absorption, ion exchange or oxidation-reduction processes. Vanadyl phosphates are

relatives to intercalation gels. Insertion of quite large VOPO4 �H2O �EtOH mole-

cules in VOPO4 · 2H2O layered structure, interlayer distance can increase from 0.75

to 1.03 nm.

Other phosphates such as: α-Zr(HPO4)2 �H2O, HUO2PO4 � 4H2O, layered alu-

minum phosphates, such as, for example, AlPO4, berlinite, Al4(PO4)3(OH)3·9H2O,

Fig. 5.8 (a) Schematic of the layered microstructure of V2O5 nH2O xerogel and (b) a model for its

crystal structure [72]
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vantasselite, produced by hydrothermal synthesis from H3PO4 and Al(OH)3 with

structural-governing agent (template), М4+ phosphates or phosphonates (М4+¼Ti,

Zr, Sn), for example, α-form Zr(HPO4)2 · 2H2O, γ-form ZrPO4О2Р(ОН)2 · 2H2O,

λ-form ZrPO4XY (where X, Y is anion or neutral ligand), phosphorus-molybdenum

acid H3PMo12O40, etc. For example, uranyl hydrophosphate is layered bright

yellow material with interplanar distance 0.87 nm. The layers include dumbbell

shaped UO2
+-ions with additional coordination of uranium with four equatorial

oxygen atoms of PO4
3� tetrahedrons forming 2D sheets (referred by [34])

(Fig. 5.9).

An important place in intercalation processes have cerium(IV)hydrophosphates,

belonging to acid salts of tetravalent metals, in which inorganic network is built

from М4+О6 conjugated octahedrons (M¼Zr, Ti, Ce, Sn, etc.) and ХО4 tetrahe-

drons (Х¼ Р or As), structured as 2D and 3D structures [73]. Some layered acids,

such as kanenite, makatite, octasilylsilicate, magadiite, kenyaite have interesting

intercalating properties.

Among the materials, which are obtained by sol-gel synthesis [74] we shall note

once again TiO2 (anatase) pillared clays. They consist of saponite, natural purified

montmorillonites (MMT-TiO2), mica (mica-TiO2). Nanoparticles TiO2 intercalated

into silicate clays widen their interlayer distance, while crystal structure and sizes of

anatase remain almost identical for various types of clays [75]. Intercalation of

TiO2 in MMT or in hectorite can go in two ways [76]: preabsorption of precursors,

titanium alkoxides, on mineral plates with the following hydrolysis and calcinations

or heterocoagulation of titanium dioxide and the mineral [77, 78]. It is especially

typical of SiO2 intercalation, which depends on the character of alkoxysilane and

initial clay, modified by longchained amines; most efficient is tetramethoxysilane

(TMOS) with varied (from 1:0.5 to 1:5 mass.%) ratio clay/silane. A different ability

of silanes to penetrate interlayer space is caused by facilitated diffusion, steric

hindrances, which are weaker for TMOS than for Si(OC2H5)4, etc.

Fig. 5.9 Structure of

HUO2PO4 4H2O [34]
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General scheme of this combined sol-gel-intercalation process can be briefly

described as follows [39, 79] (Fig. 5.10).

This process may be influenced by different density of electric charges in

silicate, which is defined by a number of alkyl ammonium cations per unit area of

its interlayer distance. After annealing at 500 �C SiO2
� inorganic composite forms.

For alkoxides of various metals (Ti, Al, Zr, Sn) this way can be used to obtain

layered titanites, zirconites, etc.

An interesting field is production of vanadium oxide nanotubes, nanotubular forms

of intercalating compounds. The case in point is sol-gel synthesis with participation of

VO(OPri)3 in presence of primary or α,ω-diamines followed by hydrothermal reaction

in autoclave at 180 �C for 2–7 days. After washing and drying vanadium oxide ofmixed

valence had a nanorod shape with the composition V2O5 � 0.3 H2O, diameter from 15 to

150 nm (inner diameter from 5 to 50 nm), its length reached 15 μm [80]. The tubes

consisted of 2–30 layers of crystal oxides of vanadium and amine molecules, interca-

lated between them. A distance between layers is 1.7–3.8 nm proportional to the amine

length, which acted as structure governing template. In contrast tomesoporous oxides of

metals with lamellar structure these nanocomposites are characterized by tubular

morphology and well-structured walls. “Curls” of vanadium-oxygen layers are very

flexible, they can be stretched in line and take part in many exchange reactions.

Structural flexibility provides possibilities of further formation of nanotubular structure

and modifying of mechanical, electrical, and chemical properties of this material.

Vanadium oxides, as will be shown below, are perfect hosts for obtaining of composites

on the basis of conjugated polymers. For intercalation far rarely are used layered

Fig. 5.10 Combined sol-gel-intercalation synthesis using a modified silicate [395]
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minerals, oxides and hydroxides, such as brucite Mg(OH)2; gibbsite Al(OH)3; also

LiMn2O4; LiCoO2; LiNiO2; H2Si2O3; V6O13; HTiNbO3; potassium titanate whiskers

K2Ti6O13; W0.2 V2.8O7; Cr3O8; MoO3(OH)2; CaPO4CH3 ·H2O; MnHAs ·H2O;

Ag6Mo10O33; monoclinic structures (type m-WO3), etc. [62–64].

Last advances in this field are described in recent reviews, concerning exfolia-

tion of layered oxides [81, 82], etc.

As the methods of obtaining of nanocomposites will be analyzed, some other

inorganic materials will be also discussed, among them the abovementioned

phosphorus-molybdenum acid H3PMo12O40, and layered compounds like graphite,

graphene, chlorides FeCl3, FeOCl, some chalcogenides TiS2, MoS2, MoS3, Cr0.5
V0.5S2, (PbS)1.8(TiS2)2. Thus, layered MoS2 structure consists of quite thin packs less

than 5 nm in size (several layers) with a distance between layers (periodicity) 3.4 nm.

Presence of negative charges in monolayer dispersions of MoS2 separated by solvent

molecules (which is ionic system (MoS2)
x� – alkali metal-hydroxide-anion [83] give

a possibility of their modifying by various cations, including formation of layered

compounds with the cations of quarter alkyl ammonium, etc. [84].

At the same time layered halogenides and thiophosphates of transition metals,

oppositely to the abovementioned layered metal oxides (and considered below

metal chalcogenides) did not attract much attention for intercalation. Maybe, a

reason for this is low stability of majority of them that undergo various chemical

transitions, hydrolysis, solution, decomposition, etc. one of exceptions is α-RuCl3,
which has a lamellar structure (Fig. 5.11).

Fig. 5.11 Layered

structure of α-RuCl3: (a)
octahedral coordination of

Ru atoms; (b) projection
along the c axis [34]
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5.2 General Characteristics of Intercalated Systems

As it has already been noted, layered materials interesting for usage in technology

of polymer composites, should form flakes 0.7–2.5 nm in thickness and having a

definite size of interspace distance [85–87].

Nanocomposites are usually products, which consist of at least two different

materials with a clear interphase boundary between them, at least one of them

should have nano- (1–100 nm) sizes in no less than at least one direction. The same

relates to the distances between networks and layers formed by polymer and

inorganic gradients [71]. The last type includes materials in which monomeric or

polymeric molecules are inserted as guests in a host structure, which possesses

intercalation properties. Under effect of the forming polymer particles of this “host”

disperse into individual layers which results in formation of exfoliated

nanocomposite (Fig. 5.12). The “peeling” technique is quite well developed.

Peeling lamellas of MMT can act on polymeric chains as nanosized “hosts” and

effect structure and orientation of intercalated macromolecules.

The driving force of intercalation process is a decrease in free energy in the system:

a change in enthalpy is due to intermolecular interactions, and change is entropy is due

to configuration interactions. Enthalpy is a dominant factor, which governs intercala-

tion process, at least because the liquid-plate interaction characterizes behavior of

liquid molecules with respect to surface of a solid and is crucial in this case.

Analysis of thermodynamic parameters [88, 89] shows that nanostructures are

formed if free energy of a change in interlayer volume (ΔFv) is negative, it can be

written as follows

ΔFv ¼ ΔEv � TΔSv ð5:2Þ

where ΔEυ, ΔSυ are enthalpy and entropy of a change in volume during intercala-

tion, T is temperature.

Fig. 5.12 Morphology

structure of layered silicates

in (a) conventional
composites, (b) intercalated
nanocomposites and

(c) exfoliated
nanocomposites [85]
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Taking into account the fact that a small increase in gallery space has insignif-

icant effect on a total change in entropy, the driving force of the process is a change

in total enthalpy, which is expressed as follows:

ΔEv ¼ φ1φ2

1

Q

2

h0
εsp � εsa
� �þ 2

r
εap

� �
ð5:3Þ

where φ1 and φ2 are volumes of the intercalated polymer and bonded chains of a

surfactant, Q is a number of links, ho is initial size of organosilicate gallery, r is
radius of intercalation surface of the chains of the bonded surfactant, εsp, εsa and εap
is intercalation energy of interaction between a layered silicate and polymer,

layered silicate and intercalating (modifying) agent and intercalating agent and

polymer, respectively.

Exfoliation can appear only for positive value of Flory-Huggins parameter

between polymers and thin discs modeling silicate layers, though a mixture of

polymers and clay can delaminate, while intercalation is expected if the interaction

parameter is negative. Thus a polymer diffuses through energetically preferable

gallery, which enhances its contact with two limiting silicate layers. The diffusing

polymer molecule sticks two neighbor surfaces, making them kinetically captured.

Therefore, even though interaction energy is required for diffusion of the polymer

into the gallery of silicate layers, its increase would cause predominant intercala-

tion, despite predominant exfoliation [90–92]. Adhesion behaviors of polar poly-

mers and hydrophilic silicate layers is sometimes called sticking effect [93].

This effective way of obtaining of various types of nanocomposites, for example,

based on PS, PE, PP [94], polyamide (PA) [95, 96], polyethylene terephthalate

(PETP) [97–99] and others [100, 101]. As was already mentioned, exfoliation is

accompanied by formation of monolayers of nanometer thickness with highly aniso-

tropic shape, uniformly distributed in a polymeric matrix [9, 12, 85, 88, 102–109].

Thus, in this process three main hybrid-phase composites can form (taking for

example dispersion of OMMT particles in polymer matrices): microcomposite with

separated phases (traditional material), intercalated (including folliculated mate-

rial) and exfoliated nanocomposites. Traditional microcomposites with separated

phases include a clay tactoid with layers aggregated in non-intercalated state. A

silicate is finely dispersed as a separate phase, these composites are often called

delaminated (delaminated suspension). Depending on nature of the reacting com-

ponents and conditions, a mixed composite can form, which contains the described

structures in various proportions. Intercalation state is less stressed, its morphology

is characterized by preserved order in the silicate layers, including one or more

polymer chains intercalated in gallery space with a certain structure, which are tend

to increased basal space of a layered silicate. Exfoliation of the silicate in a

nanocomposite is a result of homogenous dispersion of nanoplates of delaminated

silicate in a continuous phase. In other words, exfoliated or delaminated

nanocomposites are materials in which packed silicate layers are absolutely frac-

tured and single layers are uniformly distributed in polymeric matrix. In this case a

collapsed structure consisting of elongated silicate plates can be absolutely random
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or can have some order. In other words exfoliated nanocomposites can be formed as

a result of ordered (by topography of silicate nanoplates) and disordered exfoliation

[110]. Ratio between depends on such factors as capacity of the layers to swelling

under conditions of the process, maximum separation, depending on volume frac-

tion of exfoliated layers. Moreover, intermediate morphologies appear owing to

rotation of partly exfoliated associates dispersed in layers in combination with

small thickness of their bunches [111]. Widening, a distance between the separated

layers is, as a rule, 10 nm and more and depends on a nature of inorganic

component, its aspect ratio, concentration of a polymer in a composite [1, 110,

112, 113].

Exfoliated nanocomposite contains low concentrations of a silicate (which plays

a role of nanorods), which does not cause a significant increase in density and

deterioration in recycling ability of a material, which is a solid structure, its

properties are defined by a nanoconfined polymer. One of the aspects of delamina-

tion is a possibility of introduction of polymers by the mechanism guest-host with
intermediate reaction time and following precipitation of the intercalated systems

after removal of a solvent. Taking into account directions of modified agents

between layers of a silicate (Fig. 5.13) localized macromolecules between these

layers can be presented as follows:

Moreover, morphology of the nanocomposites depends on polarity of the sili-

cate, way of its modification, polarity of intercalated polymer, interaction between

components, OH-groups in the silicate. The effect of these factors is schematically

shown in Fig. 5.14 [114]. In a non-modified silicate non-polar polymer is localized,

mainly, on side surfaces of the silicate, in a modified intercalated structures form,

while polar polymers have mostly exfoliated morphology.

A significant difference in characteristics of these materials is shown, for

example, for their barrier properties.

One more moment should be highlighted. The matter is about obtaining of

concentrates of the composites (the method of dosed introduction of components,

masterbatch). As a rule, they are obtained at the stage of polymerization or from a

melt of polymer, taking high (higher than 21 mass.%) concentrations of a silicate

with the following extrusion (including introduction of additional ingredients at this

stage) for production of a necessary homogenous nanoconcentrate, which is then

Fig. 5.13 Model of oriented structure of long-chain alkylamine (a) and polymer chain (b) in an

interlayer space of MMT [42]
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used for production of nanocomposites of a requires content. Other types of silicates

are less active in intercalation of polymers due to their low intercalation ability.

This relates, for example, to a family of crystal alkaline-earth polysilicates, whose

oxygen ions are neutralized by sodium cations, such as kanemite, makatite,

ortosilicate, magadiite, kenyaite, and hollandite, though for these purposes some-

times MnO2 (KMn8O16 type) nanocrystals are used with hollandite or mica

structure.

The field of physical chemistry of intercalated systems and its lines are relatively

often and in detail generalized, for example, composites based on intercalated

polyolefins [115] and functionalized thermoplastic materials were considered in

the informative review: [116] main data on PE intercalation, including linear

low-density polyethylene (LLDPE), syndiotactic polypropylene, polybutadiene,

copolymers poly(ethylene-co-propylene), poly(ethylene-co-vinyl acetate), their

Fig. 5.14 Effect of organophilic and polar interactions on the morphologies of composites [114]
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preparation, thermal, mechanical, rheological, barrier and plasma-retarding prop-

erties, intercalated polyvinyl chlorides, polyamides, organic-inorganic materials for

energy-efficient technologies in [15, 33, 34, 106, 117], etc.

Typical methods of production of intercalated composites, which are here

analyzed, can be confined to following:

• in-situ polymerization (solution mixing)

• mixing in suspension

• latex compounding

• direct intercalation in a polymer melt (reactor mixing).

5.3 Special Features of Polymerization of Monomers
in Interlayer Space

Probably, this is one of the most interesting types of intercrystalline chemical

reactions, inserting of monomer molecules and initializing particles in pores of a

host with the following interior transformation into polymer, oligomer, or hybrid

sandwich products (postintercalation transitions). Often this method is called “ship-

in-the-bottle” polymerizing approach or in situ polymerization of pre-intercalated

monomers. A layered silicate in this process plays a role of nanoreactor. This is

rather exhaustively investigated field, many studies of this way performed

nanocomposite formation may be referred to [11, 118].

A special attention is drawn to monomers and polymer links synthesized via

topotactic in-situ process [119, 120] characterized by low activation energy of

diffusion controlled by structural organization of insertion compounds. The

obtained nanocomposites are, as a rule, metastable, and cannot be synthesized in

other ways, for example, by thermal synthesis or mixture of components (because

of exfoliation of a polymer from inorganic component).

From thermodynamic point of view in situ intercalation polymerization has an

advantage in formation of finer dispersion. Formation of hybrid systems takes place

if free energy of a chainΔG caused by separation of silicate layers and insertion of a

polymer chain from a block is negative. Entropy to enthalpy ratio defines interca-

lation of a monomer molecule and its yield: the greater decrease in internal energy,

the higher tendency to formation of intercalated/exfoliated hybrids. Since a great

amount of heat is emitted during in situ intercalation polymerization, it is efficiently

compensated by loss in entropy of the hybrid and promotes penetration of polymer

in silicate layers.

Intercalation was modeled by molecular dynamics (MD) [121]. The calculations

confirm non-equilibrium process of intercalation in layers with low aspect ratio at

low concentration of the component stronger bound to the layers. As the latter

increases, initial stages of exfoliated structures are generated [122]. Also interca-

lation of a solvent and polymer in the silicate gallery were modeled by Monte-Carlo

technique [123].
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A matrix polymer in interlayer space of aluminum silicate is synthesized almost

by any known mechanism; polymerization in the interlayer space can be initialized

by conventional methods. Since polymerization goes in presence of an incentive,

various additives, a necessity appears to study intercalation processes of a monomer,

incentive substance and additives modifying a silicate surface.

5.3.1 Emulsion Polymerization in Interlayer Space

The simplest method of intercalation of polymers in inorganic structures, one

staged methods of emulsion or suspension polymerization of traditional monomers

(most often styrene, methyl methacrylate, acrylonitrile, vinyl acetate, etc.) in

presence of various organophilic minerals.

Though detailed mechanism of the process is not completely studied, say nothing

about topochemistry of elemental stages, physical picture of intercalation can be

considered as follows. Characteristic basis of a clay swelling in aqua systems

containing 2–10-nm monomer micelles allows their deep penetration in inflated

OMMT layers. At the same time, large monomer drops (102–104 nm) form during

polymerization in a solution, therefore they usually easily absorb or are connected to

exterior surface of silicate particles. A typical emulsion polymerization of latex

particles takes place in ordered 2D colloid ensembles. This principle is used to produce

PMMA/MMT, PVC/MMT, PS/MMT and others, their copolymers [124–129].

PS-organosilicate composites are obtained by suspension polymerization of

intercalated styrene, an effect of a length of alkyl chain of ammonium modifier

and its concentration on properties of the composite is found [130]. Non-extracted

nanocomposites, styrene-acrylonitrile SAN/MMT is formed in two ways by inter-

calation technique: one staged emulsion co-polymerization in water or from a

copolymer solution in cyclohexane and OMMT. Interlayer distance of the emulsion

substance increases dramatically, by 0.76 nm, whereas in the solute substance it

widens only by 0.39 nm. Emulsion polymerization of aniline in situ in presence of

TiO2 causes incapsulation of the nanocomposite, the process is interesting because

of use of functionalized protonic acid, dodecylbenzene sulfonic acid, which is

simultaneously surfactant for water emulsion polymerization and a doping agent

for a forming polymer [131]. Emulsion polymerization has ecological advantages

before the solution techniques, because it does not require organic solutions.

5.3.2 Interlayer Blocked Radical Polymerization
and Copolymerization

Often during polymerization in situ intercalation of monomers in layered double

hydroxides is used (see, for example, [132–134]). Thus, in LDH of the

Zn0.67Al0.33(OH)2Cl0.33 0.75H2O or Cu0.68Cr0.32(OH)2Cl0.33 · 0.92 H2O composition
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chlorine is substituted by acid monomer during interaction with vinylbenzene-

sulfonate (VBS) sodium salt or aminobenzenesulfonate (ABS) before in situ poly-

merization. Interstitial monomers increase interlayer distance from 0.776 to 1.80 nm

(VBS) or 1.54 nm (ABS) [132].

Lamellar aluminum silicates are often used as hosts for polymerization of acryl

monomers [1, 113]. The type of forming nanocomposites polymer/clay is deter-

mined by a character of a monomer, conditions of its formation.

During radical polymerization of vinyl monomers a significant functional groups

of long-chained amines-modifiers of layered silicates taking part in complex for-

mation with polar monomers can play an important role. One of most obvious

examples is synthesis of the functional nanocomposites via copolymerization of

pre-intercalated itaconic acid with cations of N,N-(dimethyl)dodecyl ammonium

(DMDA) modifying MMT surface, and n-butyl methacrylate (used as interior

plasticizing comonomer) in the MEC solution [135–138]. In fact, they deal with a

new type of radical polymerization, interlamellar complex-radical copolymeriza-

tion (Fig. 5.15). Comparative analysis of various parameters points to formation of

interlayer hydrogen bond with oxygen atom of flexible n-butyl methacrylate ether

link (BMA) and its crucial role in interlamellar copolymerization and intercalation/

exfoliation in presence of radical initiators (AIBN):

In future this approach was broadened, details of its mechanism were

studied [139].

A special place in this problem should be assigned to orientation control of a

guest molecule in intercalation systems of a host and, as a result, to formation of

stereo-regular polymers: during intercalation the host identifies the guest type and
reversibly accepts it in 2D layered structure [12] (Fig. 5.16).

Fig. 5.15 Interlamellar complex-radical copolymerization of pre-intercalated itaconic complex

with n-butyl methacrylate [135]
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Stereo-regular polymers are produced via topochemical polymerization (Z, Z)-

or (E, E)-derivatives of muconic acid m-iso-tactic, r-syn-tactic, m-syn-tactic, r-iso-
tactic (Fig. 5.17) having translation and alternative stacked structure, respectively,

in a solid state under UV-radiation of acid salt crystals and amines with different

length of hydrocarbon chain in silicate layers [140–148]. Hydrolysis (HCl или
H2SO4) converts them into stereo-regular polymuconic acids (PMA) in silicate

layers.

Both m-iso-PMA and r-iso-PMA crystals show inclined line of the dependence

of interlayer distance on a number of carbon atoms in alkylamine, d increases by 1Ả
with each carbon atom (Fig. 5.18). Most probably, m- r-syn-PMA (A, C, straight

line 2) have different structures, as is also true for iso-PMA (B, D – straight line 1),

which differ by a layer structure and by different packages of alkyl ammonium

groups. Alkyl chain of a guest has a regular structure, corresponding to a trans-
planar conformation with a partial gauche-conformation with different positions of

carboxylic groups in the plane of polymer and by 2D structure of intercalated

ammonium complex.

Fig. 5.16 Intercalation polymerization of muconic acid and orientational control of guest

molecule

Fig. 5.17 Stereostructures of polymuconic acids obtained via intercalation polymerization of

muconic acid: r-syn-tactic (a), r-iso-tactic (b), m-syn-tactic (c), and m-iso-tactic (d)
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The host provides control over variation of the guest orientation (tactics) and

direction, normal or parallel to a polymer chain in isotactic or syndiotactic polymer

sheets, respectively. Orientation control of the host-molecule (alkylamine in a

polymeric crystal) opens a way to design of finely regulated layered materials

with modern functions.

5.3.3 Interlamellar Catalytic Polymerization

An important stage in increase in intensity of intercalation processes and exfoliation

of a layered silicate is intercalation of Ziegler-Natta catalyst with the following

polymerization and co-polymerization of olefin monomers. Reviews of anion-

coordination polymerization of olefins in presence of mineral fillers are referred

to [33, 149, 150]. Then metallocenes catalysis was studied: after protection of the

inner surface of a silicate with aluminum organic compound (most often methylalu-

minoxane) and introduction of zirconocene, the formed system causes catalytic

polymerization of ethylene its copolymerization with higher olefins (for production

of low-density polyethylene, LDPE), intercalated stereo-regular or oligomer poly-

propylene. More convenient approach is usage of single-component catalysts of

olefins polymerization. In particular, this concerns the Pd2+ chelate complex

[[(dppp)Pd(OTs)(H2O)]OT[(dppp)Pd(OTs)(H2O)]OT]

Fig. 5.18 Change in basal

space value (d) as a function

of the carbon number of

n-alkylamines (n). Closed

and open symbols indicate

isotactic and syndiotactic

polymers, respectively:m-r-
iso-PMA (1), m-r-syn-PMA

(2) [142]
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(where dppp¼ 1.3 Bis(diphenylphosphino)propane, OTs – n-toluene sulfonate)
which is intercalated in synthetic hectorite modified by tetra(decyl)ammonium

cations and performs gas phase polymerization of ethylene at 295 K with formation

of high molecular polyethylene (PE extracted with toluene, Mn¼ 159,000,

Mw¼ 262,000). After 2-h absorption of ethylene a dramatic increase in the sili-

cate/catalyst size was observed followed by its collapse: in the composite produced

after 24 h of polymerization there are absolutely no diffraction peaks of the silicate.

Thus, at the initial stage of in situ formation of hybrid nanocomposites intercalated

polymer forms, while at later stages exfoliation of a silicate takes place.

As it was mentioned in Sect. 5.2, almost all natural silicates contain as impurity

constitutionally bound compounds of transition metals, components of metal com-

plex catalysts (copper, titanium, vanadium chromium, zirconium, molybdenum,

etc.) In this connection those are of a special interest that include impurity ions of

metals initiating polymerization of an intercalated monomer. Thus, hectorite,

whose sodium ions are substituted by Cu2+, initializes styrene polymerization, in

pores as well as on the surface. The polymer has a “brush” structure, which points to

orientating effect of inorganic surface, which decreases as the chain growth dis-

tances from the surface. Compulsory neighboring in limited basal space has an

effect on higher ordering of the polymer, its optical and mechanical properties.

Intercalated PS exists in two forms, first of which is similar to blocked polystyrene

on the surface, and another one is stiffer, maybe because of high ordering of the

polymer. Redox-properties also have Fe2+ and Ru3+ cations exchanging in clay

minerals: many monomers in their coordination sphere have a trend to intercalation

radical polymerization. In the already mentioned review [35] crystal chemistry of

the frame-forming silicate materials, in which impurity atoms of some transit

metals, such as Ti, Nb, Ta, W, Fe, Mn (naturally immobilized metal ions) and

others with coordination numbers 5, 6, as well as tetrahedral coordination atoms,

are analyzed. Probably, they may serve as starting elements for hybrid materials,

however, presently these data are limited, in the systems where naturally

immobilized clays activated by aluminum organic compounds are used, activity

of these elements in polymerization of olefins is low.

It should be noted that there is a possibility of obtaining molecular polymer-

polymer nanocomposites [151] using spatial limitations which arise during cata-

lytic formation of various chains in mesoporous systems [152]. Experimentally this

approach is realized by treatment of silicates by methylalumoxane followed by

bonding of two catalysts Ср2TiCl2 (Cp- cyclopentadienyl ligand) – the catalyst of

ethylene polymerization and СpmTi(OMe)3 (Cpm-pentamethylcyclopentadienyl

ligand) – the catalyst of syndiotactic styrene polymerization. As a result, a com-

posite forms with improved properties due to uniform (at nanometric level) distri-

bution of polymers in a reactor mixture.

Oppositely to polar polymer matrices, in the case of polyolefin nanocomposites

it is impossible to reach significant improvements of a complex of properties at low

filling factor owing to, on the one hand, limited compatibility of non-polar polymers

with layered silicates, and, on the other hand, difficulties in reaching exfoliation of a

layered ingredient in single nanolayers in polyolefin matrix.
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We shall especially highlight catalytic polymerization of MMA and formation of

a stereo complex syndiotactic/isotactic PMMA in the layered silicate [153]. To do

this, methyl-bis(2-hydroxyethyl)alkyl of fatty acids [Me(T)N(C2H4OH)2
+/MMT]

modified by ammonium salt is activated by toluene adduct tris-(pentafluoride
phenyl)alane Al(C6F5)3(C7H8)0.5 (A activator) or Al(CH3)3 with the following

treatment B(C6F5)3 (В activator) and then combine with zirconium containing

catalyst for production of iso- and syndiotactic PMMA [154]. Combination of

thus activated (A and B) OMMT with decyl metallocene complexes of various

symmetry, including achiral C2v-symmetric Cp2ZrMe2, chiral C2-symmetric ras-
(EBI)ZrMe2 (EBI¼C2H4(Ind)2, Ind- indenyl), pro-chiral Cs-symmetric

CGCTiMe2 (CGC¼Me2Si(Me4C5(t-BuN), with in situ MMA polymerization

brings to formation with high yield of PMMA/OMMT nanocomposite with inter-

calated morphology (Fig. 5.19). In this case the forming polymer chain is subjected

to stoichiometric control, realized as atactic, iso- or syndiotactic polymer from iso-
syndio-stereoblock governed by metallocene symmetry (like polymerization of

abovementioned muconic acid).

A range of stereo regulated systems of the considered type is significantly

widened, see for example [155–157].

5.3.4 Intercalation Assembling

Molecules of a monomer intersticed by displacement form hydrogen and other

bonds with a host, because kaolin-methanol intercalated compounds are comfort-

able intermediates for substitution by guests such as n-nitroaniline, ε-caprolactam,

alkylamines, vinylpyrrolidone and others by relatively large molecules. This is a

convenient way for formation of clays and nanocomposites based on condensation

type of polymers, for example, ω- amino acids with a short carbon chain, β-alanine
[H2N-(CH2)2COOH], 6-aminocaproic acid [H2N-(CH2)5COOH]. Taking into

account that direct formation of compounds of 6-aminocaproic acid insertion is

hindered by its relatively large dimensions and low intercalation ability it is more

often intercalated in vermiculite or indirect way is used, guest-substitution reaction,
when kaolin-methanol intercalate is used for intermediate [27]. Polymerization is

performed via heating during 1 h at 250 �C in nitrogen flow. As is seen from

Fig. 5.20, basal space of the matter of acid intercalation is 1.23 nm (intensive peak

at 10.6� (0.84 nm)) corresponds to crystal structure of 6-aminocaproic acid

absorbed on surface), it is greater than for kaolin (0.72 nm) or for the intercalated

compound kaolin/methanol (1.11 nm). It is interesting that the basal space of

thermally treated substance is 1.16 nm, which is shorter than the initial one

(1.23 nm).

Probably, the reason for this decrease is reaction of polycondensation accompa-

nied by spontaneous reorganizing of hydrogen bonds between OH-groups of guest
molecules.
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Formation of aramid composite [158] can be presented schematically

(Fig. 5.21), from which it is seen that interstitial co-monomer is simultaneously

MMT modifier:

Intercalation technique [159] is applied to produce PA by polymerization in N,N

(dimethylacetate amide) using 4,4(oxydianiline) (ODA) and isophthaloyl chloride

(IPC) by the scheme (Fig. 5.22).

However, more widely used for formation of this type of composites are melt-

intercalation techniques (see Sect. 5.4.4).

Fig. 5.19 Intercalated zirconocene cations for stereochemical control of PMMA chain growth

[153]
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5.3.5 Polymerization with a Ring Opening

This is a limited group of nanocomposites, only few examples of their synthesis are

known. Hybrid polybenzoxazine/MMT nanocomposites are obtained via OMMT

polymerization with a precursor ring opening (270–280 �С). The surface of OMMT

has catalytic properties in this reaction [160]. In nanocomposites containing up to

10 mass.% OMMT there is distortion and breakage of its layered structure. In other

words, nanocomposites with high content of organo-modified MMT have a mixed

morphology, exfoliated in addition to intercalated one. The mechanism of the

composite formation via ring-opening polymerization has much in common with

intercalating polymerization of vinyl type of monomers [161, 162].

5.3.6 Redox-Intercalation Polymerization

Apart from vinyl monomers in mineral matrices also acetylene monomers are

polymerized, for example, 2-ethylpyridine (EPy), implanted in MMT galleries

[163, 164].

Probably, it is possible to realize photochemical polymerization of diacetylene-

3,5-octadiine in the layers of metal phosphates (M¼Mg, Mn or Zn). It can be

assumed that under respective conditions monomers fill almost all volume of pores

or interlayer distance. The next oxidizing polymerization is governed by molecular

Fig. 5.20 X-ray diffraction

patterns of (a) kaolinite,
(b) a kaolinite–methanol

intercalation compound

prepared wetchemically,

and (c, d ) a kaolinite-6-
aminohexanoic acid

intercalation compound

before and after heat

treatment at 520 K,

respectively [27]
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oxygen acting as electron acceptor in presence of redox-active host, catalyst of
electron transport, for example, Fe3+, Cu2+. Widely known are hybrid

nanocomposites based on polyconjugated conductive polymers, such as polyaniline

(PAn), poly(2-ethylaniline), poly-n-phenylene, polythiophene, polypyrrole (PPy)

and polyacrylonitrile (followed by pyrolysis), and on various mineral matrices.

Thus, interchannel reactions of polymerization of preadsorbed acrylonitrile in a

confined volume result in formation of a fiber polymer. As a result of this pyrolysis,

carbonized conductive material forms in channels of a host. Postintercalation

polymerization of aniline (associated, as a rule, with amino groups proton treat-

ment) is performed in air at 130 �C in phosphate layers: Zr(HPO4)2 zirconium

Fig. 5.21 Schematic representation for formation of aromatic PA/MMT nanocomposite [158]
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ODA in DMAc

O

Polymerization
(25°C for 24 h)

Film casting
at 70°C for 12 h

Drying under vacuum
at 80°C for 72 h

COCI end-capped polyamide solution

TEA

IPC
(in excess)

IPC

CIOC

COCI

H2N NH2

PA solution

Composite

p-PDA-MMT

Fig. 5.22 Flow chart diagram for the synthesis of aramid/p-PDA-MMT nanocomposites [159]
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phosphate, VOPO4 vanadium phosphate, uranium HUO2PO4 hydrophosphate,

Mg-Al layered binary hydroxides, HMWO6 �H2O (M¼Nb, Ta), in layered acid

zirconium-copper phosphates, etc. (see, for example [73, 165–167]).

Redox-intercalation aniline (An) polymerization proceeds with loss of two

electrons and two protons for each monomer link:

nC6H5NH2 ! �C6H4NH�ð Þn þ 2nHþ þ 2ne ð5:4Þ

It is important that oxidation polymerization of aniline, pyrrole, dithiophene mono-

mers, intercalated in layered aluminum silicates leads to formation of highly

oriented host-guest layers [117].4

Oxidation polymerization of pyrrole, dithiophene, tetrahydrofuran, acrylonitrile

in FeOCl lattice has been known fairly long. Intercalated aniline forms hydrogen

bonds with chlorine atoms of a lattice, polymerization proceeds along its diagonal

(Fig. 5.23).

This lattice proves to be convenient for oxidation polymerization of An intro-

duced from aprotonic solution. Gross content of the obtained substance is expressed

by the formula (An)0,28FeOCl, single crystal was grown from this. Zigzag polymer

chains with Mw¼ 6,100, commensurable with FeOCl lattice are directed along the

host crystal and hydrogen bonds of NH-groups with chlorine atoms of the lattice

layers. In this case the ratio Fe2+/Fe3+ is ~1:9, and polymer intercalate behaves as

p-type semiconductor (specific conductivity of a single crystal is 1,5 � 10�2 S/cm);

during its long oxidation in air a mixture forms consisting of PAn and β-FeOOH.
Other layered chlorides FeCl3, CdI2, CdCl2 are seldom used in intercalation prac-

tice. At the same α-RuCl3/PAn nanocomposites were obtained in situ via oxidation

Fig. 5.23 Schematic

representation of

polyaniline intercalation

into FeOCl lattice

4 Very interesting is a title of one of the recent reviews [117], which considers energy efficient

hybrid materials Hybrid organic–inorganic materials: from child’s play to energy applications.
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intercalation polymerization [168]. Moreover, α-RuCl3 behaves as a perfect inter-
calation host polymer.

We should also notice that the materials obtained in polymerizing systems from

N-vinylcarbazole and iron chloride impregnant with MMT (referred to [33]).

Hybrid nanocomposites based on PAn have special properties – variability of

structures doping mechanisms, proper stability and recycling ability are widely

used as materials for electronics. The most widely used variants are: PAn interca-

lations in V2O5, TiO2, MoO3, SnO2, SiO2, BaSO4, HUO2PO4, Fe2O3, etc. [73,

131]. Thus, intercalation of aniline in HMWO6 Bronsted layer acids proceeds at

130 �C in air and is accompanied by polymerization according to the scheme:

C6H5NH3ð ÞxH1�xMMoO6 � H2O�!O2
PAn� H1�xMMoO6 þ 1þ xð ÞH2O ð5:5Þ

Lattice parameters of the monomer intercalate (x¼ 0.31) increase by ~0.69 nm as

compared with non-aqueous HMMoO6, while the corresponding polymeric only by

0.5 nm (Fig. 5.24). Probably, the polymer chain in PAn/HMWO6 is so oriented that

C2 axis is parallel to inorganic lattice. Similar situation takes place in the V2O5-

based nanocomposites.

Fig. 5.24 Configurations of

intercalated (a) aniline and
(b) PAn in HMMoO6.

(M¼Mg, Mn, Zn)
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The hybrid material produced by polymerization of pyrrole in this fiber matrix is

a solid conductive nanocomposite. Inorganic phase based on V2O5 xerogel is more

expanded and is used for synthesis of hybrid materials with conductive polymers.

Various intercalated types of conductive polymers, such as PAn, poly

(2,2-dithiophen) or PPy are rather well investigated [169, 170]. Their redox-

intercalation polymerization in V2O5 xerogel is an efficient method for obtaining

of layered materials with a conductive polymer layer formed by polyconjugated

anisotropic laminar microstructures [171, 172]. Their formation is based on

oxidation-reduction reaction in which a monomer polymerizes after oxidation and

V5+ is partially reduced to tetravalence. Intercalations (for example, in the case of

aniline formation (C6H4NH)0.44 �V2O5 � 0,5H2O) deep-blue complex with metal

gloss is formed) are accompanied by polymerization. Growth of polymeric chains

are realized first inside the xerogel, which is critical for formation of intercalation

polymer, and are related to molecular oxygen transport, meanwhile, V2O5 xerogel

also acts as a catalyst. Conductive polymer with different PAn/V2O5 ratios is

formed with participance of mixed valence (V4+/V5+) lamellas of the host ordered
in one direction. The material consists of altering vanadium oxide and polymer

layers, its conductivity is by 4 orders of magnitude higher than the conductivity of

initial V2O5 � nH2O xerogel and is at room temperature ~0.5Ω�1 � cm�1. Typically,

depending on molar ratio of the components, two phases form with the composition

(C6H4NH)0.6 �V2O5 � nH2O и (C6H4NH)1.2 �V2O5 � nH2O. For the first one the

interlayer distance is 1.4 nm, which corresponds to intercalation of one monolayer

in the xerogel, for the second one (d¼ 2.0 nm), which corresponds to two mono-

layers. These structures allow doping of intercalated PAn accompanied by a small

increase of electric conductivity of the produced materials, redox-active both in

acid media and in aprotonic organic electrolytes. Physical chemical studies prove

formation of a salted form of PAn. Aging of the material in air induces partial

oxidation of inorganic frame and oxidizing binding of PAn in interlamellar space

accompanied by further polymerization of aniline oligomers in xerogel layers. The

formed polymer is as if frozen in them, which is caused by binding interaction

organic and inorganic components due to formation of hydrogen bonds –N–H��� O–
V–.

It is interesting that microstructure and properties of another conducting mate-

rial, PPy/V2O5 aerogel composite depend on the synthesis method: it can be

obtained as a result of combined polymerization of pyrrole and sol gel transforma-

tion of vanadyl alkoxide precursor (VO(OPr)3 + pyrrole +water + acetone mixture)

or mixturing of V2O5 gel with PPy). The best conductivity has a tablet

nanocomposite synthesized by “post-gelatin” polymerization including consecutive

polymerization of inorganic and organic phases. There is almost nothing known

about co-intercalation of different types of monomers for synthesis of hybrid

materials including two polymer components (by polymer-polymer type). Apart

from the abovementioned catalytic way of formation of PE/PS composite, the

method should be found based on mixing of methanol solution of

2,5-dimercapto-1, 3, 4-thiadiazole and aniline with V2O5 � nH2O gel in molar

ratio 1:2:2 [173]. Competitive polymerization and insertion of aniline takes place
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also in the case of МоО3 with formation of (PAn)0,24 �МоО3 nanostructures,

including usage of low temperature intercalation technique. Polyaniline chains

widen layers and change a potential surface, decreasing polarizing ability of the

lattice. Further oxidation of polyaniline chains intercalated in МоО3 is due to

(NH4)2S2O8. Chemical synthesis of hybrid materials can realize via simple addition

of pure aniline to the solid fluorite-molybdenum acid H3PMo12O40. Its gallery

includes a water layer bound with hydrogen bonds. Cation H+-galleries can be

substituted not only by other compensating cations, but also by aniline molecules

with its following polymerization.

Heteropolyanions compose redox-frame of PAn, PPy [174], poly(3, -

4-ethylenedioxythiophene) [175, 176] (Fig. 5.25).

The structure of conducting composites, ranged from the nucleus-shell complex

to nanostructures and 100-nm nanoparticles, intercalation hybrids or smaller than

1 nm molecular structures are distinguished by a type of layered structures. Various

inorganic phases with developed surface such as RuO2, MnO2, etc. are used as

components of components of conductive systems [177].

Integration of polyoxometalates in conductive polymers is unusual class of

electrically active hybrids, the result of a new idea of application of these in

electrochemical supercapacitors. Figure 5.26 shows electrochemical characteristics

of (PMo12O40)
3�/PAn hybrid-based solid phased symmetric supercapacitor gauges

as active electrodes [178, 179], in this case electric capacity evolves with increase

in cycling acts up to 300 cycles (up to 120 F/g).

Polyoxometalates, which are ideal model electrodes for molecular batteries, are

also active intercalating elements. In the forming hybrid organo-inorganic

nanomaterials the conductive phase is polyaniline matrix and fluorine-molybdate

anion (PMo12O40)
3� is active inorganic redox-component. Advantages of hybrid

electrodes can be described as follows. First of all, a possibility of synthesis of

hybrid materials exclusively with doped centers is shown. Next, they show stable

behavior in terms of cyclic anion/cation integration. Thirdly, they can be used as

blocked solid materials with molecular centers of fluorine-molybdate-anion.

Fig. 5.25 Structure of conducting PAn/V2O5 and PPy/(PMo12O40)
3� composites [117]
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Very interesting intercalated agent for production of conductive materials is

molybdenum disulfide (Fig. 5.27). X-ray diffraction patterns of MoS2 and PPy

intercalated in them show intense peaks at 2θ¼ 7.63 deg (Fig. 5.27b, 2) and

8.96 deg (Fig. 5.27b, 3) are associated with reflection (002, c axis) from the plane

of layered molybdenum disulfide, interlayer distance in MoS2 with intercalated

polypyrrole 1.158 for PPy/MoS2-1 and 0.986 nm for PPy/MoS2-2, respectively [180].

Taking into account that the interlayer distance in the initial MoS2 is estimated

as 0.615 nm (Fig. 5.27b, 1) and it increases by 0.543 and 0.371 nm in two

composites, which confirms intercalation of PPy between the layers of MoS2. On

the other hand, appearance of two different interplanar distances shows that the

polypyrrole chains between MoS2 layers are in two different conformations (ori-

entations) (Fig. 5.27a). Most probably, smaller interplanar distance corresponds to a

guest polymer molecule lying on a plane between layers of MoS2, greater

interplanar distance is responsible for the polymer molecules perpendicular to

MoS2. Intercalation of PPy in MoS2 causes significant increase in electric conduc-

tivity of both conformations (PPy/MoS2-2 far more than PPy/MoS2-1). Probably,

this molecule of the previous polymer lies in the plane of π-electrons parallel to
layers of MoS2, which facilitates electron transport between organic and inorganic

components.

Despite great facilities of the intercalation method carried out via in situ poly-

merization, it has drawbacks. The main drawbacks of the intercalation polymeri-

zation method are the problems of specifying molecular – mass characteristics of

produced polymers, which impedes investigation of kinetic parameters of interca-

lation polymerization and finding of its special features as compared to traditional

processes. Applications of these methods are confined to thin films production,

coats, etc.

Fig. 5.26 Capacitance as a function of cycle number for a symmetrical supercapacitor cell with

the hybrid (PMo12O40)
3�/PAn as electrode material [117]
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5.4 Hybrid Nanocomposites Produced by Direct
Intercalation of Macromolecules in Host Layers

Though intercalation from polymer solution of melt has being studied for rather

long time, commercial applications have presently only composites on Nylon 6 and

OMMT basis [39]. It seems promising to use polymer/silicate hybrids obtained this

way in automotive industry, packing industry, and aerospace industry, as well as

materials with high thermal, gas-separating, and mechanical properties.

Matrices are made of PS, polycaprolactam (PCL), PEO (Тm¼ 328 K)

polyvinylidene fluoride (Тm¼ 444 K), polymethylmethacrylate (PMMA)

(Тm¼ 527 K), poly-4-vinylpyridine (Тm¼ 473 K), etc. Degree of intercalation of

a polymer does not correlate with its dielectric constant, most probably, presence of

carbonyl group and low Tg of the polymer encourages its intercalation.

Aminomodifier increases intensity of intercalation (as compared with a fluoride

Fig. 5.27 (a) Schematic representation of PPy intercalation models into MoS2 : PPy/MoS2-1 и
PPy/MoS2-2 with perpendicular and flate orientation of polymer molecule, respectively (b) X-ray
diffraction patterns of MoS2 (1) and PPy/MoS2 -1 (2), MoS2-2 (3) intercalated nanocomposites

[180]
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containing one) due to smaller volume of its functional group and formation of

stronger hydrogen bonds of surface hydroxyl groups of silicate with

polycaprolactam. In this case mobility of spin-labeled modifier is increased in

presence of polymer, which is probably caused by the fact that Tg of the polymer

in the surfactant layer is lower than the order-disorder temperature in pure organo-

magadiite. This phenomenon is similar to polymer plastification.

Direct methods (especially, melt technique) are of versatile interest. Firstly, they

are relatively simple, as compared to polymerization in interlayer space, and are

therefore, more practical for structuring of inorganic/organic polylayered compos-

ites [118]. Next, for this can be used well characterized polymer. And the last, the

process is interesting due to its unusual intercalation physical chemistry. It displays

in acquiring of electron conductivity by a system (in polyconjugated systems) for

application, for example, in reversible electrodes, in improved physical-mechanical

properties of many nanocomposites. Studying of these systems also can give

important information on special features of absorption of a polymer on nanometer

materials. Thus, absorption isotherms of polyvinylpyrrolidone in CeO2 suspension

(synthesized under hydrothermal conditions, particles size about 9 nm) for various

pH is well studied (see, for example [33]. Most widely used are two types of direct

intercalation of polymers: from solution or from melt.

In discussion main properties of nanocomposites obtained by comparative

methods are analyzed, for example [181]. Nevertheless, still remain many problems

as regards the effect of various parameters on properties of the forming

nanocomposites.

5.4.1 Intercalation of Polymers from Their Solutions

Nanosilicate composite produced in this process includes three components: sili-

cate layers, solvent and polymer. The controlling parameters are: composition,

concentration and distribution of components, molecular mass of a polymer, tem-

perature; distribution of the components plays important role in achievement of

enhanced characteristics.

The most important factors are: the origin and polarity of a solvent, a silicate

modifier, a character of interaction between the components, precipitation, etc. For

example, precipitation is successfully used for formation of the systems based on

ABS [182], polyvinylidene fluoride (PVdF) [183], PE [184], however, there is no

intercalation from the copolymer solution of ethylene with acrylic acid into MMT,

though it easily proceeds from the melt [185]. The effect of a solvent depends also

on the origin of a modifier: when a modifier with one long alkyl chain is used,

interlayer distance decreases linearly with increase in dielectric constant, while if a

modifier with two long chains is applied, linear dependence of d on polarity of the

solvent is observed under condition that the solvent has low (below 10) value of

dielectric constant. Other listed parameters play less important role [44].
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The experimental procedure is as follows. The layered silicates modified by

organic cations are swelled in some solvent with the following intercalation of a

polymer solved in the same solvent. Various approaches are possible to obtain these

hybrids: mixing of a solution (for example, salt solutions of polyanilinehy-

drochloride in acid-methanol solution, sulfonic salt of poly-n-phenylelene soluble

in many solvents, etc.), suspension, confinement of polymer in gel or xerogel, etc.

Layered silicates are dispersed to small aggregates (packs) consisting of several

layers with high aspect ratio and intercalated between them and the polymer parallel

to it consisting of one-two layers of macromolecules. The driving force of intercala-

tion from the solution is an increase in entropy during desorption of a solvent made of

active swelling polymer, which overpowers a decrease in entropy during sorption of

swelled macromolecules. Though usage of great amounts of a solvent makes this

process less attractive, the solution intercalation is applied in the fields where thin

films are required, for example, in coatings [186], membranes [187], etc.

Most widely used are the following types of nanocomposites produced this way:

PS thermoplastics [188], styrene-acrylonitrile copolymer, PMMA [189], thermoplas-

tic elastomers [190–193], fluorine elastomers [194], PEO-MMT, nylon-layered sili-

cates, composites based on hectorite and polyaniline, polythiophene or polypyrrole,

TiO2 and polyaniline shaped as nanotubes [195], etc. More rarely this method is used

to form reactive plastics – poly(glycidyl methacrylate-co-methylmethacrylate) [196],

epoxycomposites [197]. These hybrids can be used as nanofilms or nanocoatings

formed in continuous (flow) regime during surface modification of various thermo-

plastic films, as reaction-capable compatibilizers, fillers for thermoplastic polymer

compositions, especially based on acryl polymers, components of nanomaterials,

made via extrusion, masterbatches, etc. [86, 195, 198–201].

Though intercalation of polyolefins is impeded by their solution, there are

solutions adapted for this purpose, in particular, solutions of low density linear

PE and PE-grafted-MA (PE-gr-MA) in xylene in combination with binary Zn3Al-

hydroxides for producing of exfoliated nanocomposites [202].

Generally, in this type of nanocomposites also hybrid structures of two types can

form: intercalated, in which a polymer or a part of its links are implanted between

silicate layers, or delaminated with dispersed individual silicate layers in organic

matrix, and the composite structure is microscopically isotropic. Layered silicates

are mostly used like in the case of polymerization, most often Na-MMT, including

those modified by long chained amines.

To implant PEO from water solution, a convenient inorganic matrix is V2O5, in

this case its interplanar distance increases to 1.32 nm, the same is observed in the

case of PVP, PPO, etc. PEO is also implanted in lamellar networks of V2O5 � nH2O

and CdPS3. Thus, PEO water solution (molar mass 105) with V2O5 � nH2O gel

(interplanar distance 1.155 nm) after water removal forms a nanocomposite of

xerogel with the general formula (PEO)хV2O5 � nH2O (referred by [33]. Interplanar

distances in the matrix increases from 1.32 to 1.68 nm at x¼ 0.5–1.0, while at

1< x< 3 it increases to 1.83 nm. It is interesting that the composites with x< 1

contain a monolayer, while at x� 1 bilayer of closely packed PEO molecules

completely filling the interlayer distance of xerogel with fiber mono- and bilayers.
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The one-phased nanocomposite is formed at x< 0.8, it easily forms flexible thin

film and can participate in oxidation-reduction intercalation. As a result of these

processes solid electrolytes and materials with electrochromic properties form:

yLiIþ PEOð ÞxV2O5 � nH2O ! Liy PEOð ÞxV2O5 � nH2Oþ y=2ð ÞI2 ð5:6Þ

Alkali metal ions and PEO form interstitial compounds that also can implant into

silicate layers, for example, in MMT (Fig. 5.28). Intercalated salt complexes

PEO/Li+ – MMT are apart at 0.8 nm distance, in this case PEO chain has a little

stressed helicoid conformation. To compare, we shall note that broadening in

PEO-MMT nanocomposite is 0.81 nm, which is wider than in nylon-6-clay

nanocomposite (0.6 nm).

The PEO-LiX (X – halogen, alkoxy-, aryloxy- groups, etc.) systems are widely

used as flexible (soft) electrolytes, new ionic conductive materials. For these

systems it is interesting to find the effect of value and number of charges on

mesomorphic behavior and ion conducting properties [203]. Though lithium salts

are used in majority of practical applications, other cations are also well studied.

The most intensely studied during the last decade are PEO/Zn salt systems. The

compounds containing different numbers of PEO links are considered and charac-

terized: (–CH2–CH2–O–)nZnBr2 (n¼ 6, 8, 15). Local neighboring of

macrocomplexes has a significant effect on properties of polymer electrolytes,

which is demonstrated taking (–CH2–CH2–O–)n [(ZnBr2)1� x(LiBr)x] (n¼ 20–80,

x¼ 0–0,5) systems for example [204].

As in other already analyzed cases, a cation can be intercalated by the ion

exchanging and by reduction, while neutral polar molecules can be intercalated

only via substitution by molecules of a solvent. For water-soluble polymers PEO,

PVP, polyethylene imine (PEI) the method of incapsulated precipitation from

solution is used. As it was already mentioned, α-RuCl3, having lamellar structure,

has high intercalation properties. In the inert atmosphere as a result of interaction

between α-RuCl3, and LiBH4 LixRuCl3 (х� 0,2) is obtained, which, in turn, forms

intercalation compounds with Lix(PEO)yRuCl3 type of polymer (Fig. 5.29).

Fig. 5.28 Structure of PEO

intercalated into a

monoionic silicate

layer [34]

244 5 Physical Chemistry of Intercalated System



These products have ionic conductivity comparable with the best polymer

electrolytes [168].

Comparative with the melt method, in situ intercalation polymerization causes

homogenous dispersions and is accompanied by substantial improvements of prop-

erties [111]. However, taking into account the fact that intercalation of some

polymers has special features (for example, requires their solubility) it has been

studied for few polymers, in contrast to more conventional melt technique.

5.4.2 Intercalation Composites Produced from
Polymer Melts

This method is a direct mixing of a polymer melt with organic silicate under action

of shear loads at temperatures higher than the temperature of the matrix melt.

Exfoliation of layered silicates or minerals caused by mixing with a polymer,

when both components, polymer and inorganic material in the interphase layer,

are exposed to thermomechanical stress under the treatment, combined with a filler

dispersion into uniformly distributed nanoparticles forming a nanostructured sys-

tem, significantly improve properties of the composites.

Fig. 5.29 Structural model for Lix(PEO)yRuCl3 and schematic 1D electron-density map (projec-

tion along the c axis)
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This preparation technique also called reactor mixing, is very convenient, it is

used for various types of polymers (non-polar PE, PP, PS, natural resin; polar

polyamides, polylactic acids, etc.), for its realization compaction, injection forma-

tion, extrusion can be used, which reduces production time and cost of materials,

the process is ecological [205–216]. The experiments on the polymer/silicate

hybrid materials show that intercalation of polymer chains causes 25 % increase

in space between silicate layers. This increase corresponding to radius of inertia of

the polymer melt assumes plane conformation of the chains in the galleries.

Non-disturbed radius of inertia in the melt is calculated from the formula R¼ u
(N/6)1/2, where u is length of a segment of a polystyrene chain based on polymer-

ization degree N, a u is valued 5 Å from the table data [217].

Theoretical studies of melt intercalation receive much attention. Thus, molecular

dynamic techniques (elastic spheres method) is applied for promotion of intercalate

and exfoliate formation in nanocomposite material. The effect of many factors is

taken into account, among them the most important are temperature, structure of

polymer and co-polymer chains, including functioning of end links, content and

degree of interaction of polymer-silicate layers [218].

Commercial importance of this widely used versatile intercalation technique as

ecologically preferable and technically easily realized has already been discussed.

Lastly, it should be noted that intercalation is often enforced by stimulating power

actions, for example, ultrasonic treatment (Fig. 5.30).

Intercalation of polystyrene from melt to organic clays is controlled by mass

transport in primary particles and is not specifically controlled by diffusion of

polymer chains in the space of a silicate gallery. Activation energy of hybrid

Fig. 5.30 Schematic

diagram of mixing in melt

activated by high intensive

ultrasound irradiation

(20 kHz)
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formation is analogue to activation energy of self-diffusion of polystyrene in

blocked melt. Dynamic processes of hybrid formation on the basis of non-polar

polymer/organic clay nanocomposites were studied using rheological techniques

[97]. In contrast to this, PP functioned in the side chain or block-co-polymers have

multiple contacts with each surface of the silicate, which provides not only equal-

izing of the polymer chains with respect to the silicate surface, but formation of

sequent bridges between its plates to promote intercalation structures

(Fig. 5.31) [219].

5.4.3 Nanocomposites Based on Non-polar Thermoplastics
Produced by Reactor Mixing

Since this area of investigations develops very intensely, we will just briefly

analyze here the most widely applied and typical, in our opinion, variants and

laws. The polymer melts (PELD, PEHD, CEP, LPELD, PP, PS, etc.) are used to

prepare polymer/clay composites, including screw, extruder, polymer fibers [184,

220–227].

In order to refine nanoclays, not only silicate chemical modification, but also

those of polymers and implanted compatibilizer are used in the melt of non-polar

polymer. In the case of PE with statistically distributed or end dimethyl-

ammonium-chloride groups or PE-block-PMAA it is shown [228, 229] that one

end ammonium group is, probably, not enough to change a structure of even

organophilic clay, contrary to the results obtained for PP. The best results are

Fig. 5.31 Molecular structure of chain-end-functionalized polyolefin (a) and side-chain-

functionalized polyolefin between the layers and related morphologies of nanocomposites (b) [219]
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achieved for PE containing more than one ammonium group in a side chain, and

due to increase in PE-block-PMMA concentration [122, 230].

Also various polymer-modifiers and increasing compatibility of ingredients

additives are implanted into the melt, the most widely used is maleic anhydride

(MA) applied as compatibilizer, however, it is more often introduced in PP melt in

the composition PP-gr-MA, these composites are called PP-MA/OMMT or

PP/PP-pr-MA-MMT. The silicate gallery (2–3-nm width) one or more stretched

PP-MA chains are implanted. They simultaneously change rheology of the com-

position, interparticle structure, and chemistry of hybrid materials. Polyolefin-MA-

MMT composites have improved mechanical properties, thermal stability, fire

resistance, barrier properties, corrosion resistance, they favor non-isothermal crys-

tallization, etc. [45, 231–244].

Properties of polyolefins induced by the intercalation technique are analyzed

recently in the review [116]. Silicate layers of about 150 nm in length and 4 nm in

thickness are fined in PP-MA-matrix, hierarchical structure of the intercalated

PP-MA correlated with particle sizes of the clay (30–50 nm), which is comparable

with the inertia rotational radius of macromolecules. The crystallized lamellas have

thickness 7–15 nm; they can form a spherulite texture [245] with 10-μm diameter

particles (Fig. 5.32). The clay particles are used as nuclei-agents for the PP-MA

matrix (like in the case of PP crystallization in presence of carbon nanotubes) [246].

Crystallization of polymers is one of efficient methods of control over extension

of an intercalated polymer chain in the silicate gallery. It is assumed that crystal-

lization is impeded due to an interlayer space limited to 2-3-nm, however, one can

expect that heat should accelerate diffusion and define orientation of a polymer in

the silicate gallery [247]. The one-staged method of nanocomposite preparation is

proposed using isotactic PP or its oligomer and organically modified (with

dodecylamine) MMT with 0.15–1.22 mol% MA as compatibilizer (inoculated in

double screw extruder initiated by dicumile peroxide): iso-PP was used a matrix

polymer, oligo (iso-PP-pr-MA) as a reaction-capable compatibilizer and

dodecylamine was used as MMT surface modifier. Under conditions of extrusion

controlled destruction of iso-PP takes place and inoculation of MA links to iso-PP
chains in the melt. In this case nanostructured morphology of PP/oligo(PP-gr-MA)/

OMMT forms via creation of hydrogen bonds and the following reactions of

Fig. 5.32 Schematic of PE crystals intercalated between MMT layers [245]
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amidation/imidation with participation of anhydride cycles of exfoliated iso-PP and

modifying OMMT alkylamine (Fig. 5.33).

It has been found that if intercalation is improved, the complete exfoliation of a

composite may be not achieved [248–251]. Usage of inoculated MA as a

compatibilizer and a modifying agent brought to good results as regards intercala-

tion and exfoliation, however, high concentration of MA causes phase separation,

which means a disadvantage in achievements of good mechanical properties of the

composites [252]. Therefore numerous attempts are made to decrease MA concen-

tration due to usage of other molecules favoring intercalation (secondary interca-

lated molecules) [253–255]. Relatively often PVA additives or its polymers are

implanted [252, 256–260].

Fineness of a silicate depends on a matrix and an intercalation agent. MMT

modified with octadecyl ammonium in the ethylene-vinyl acetate (EVA) matrices

collapses owing to significant increase in the interlayer distance [260]. Good results

are also achieved via intercalation of different components into basalt space of

silicates (Fig. 5.34). Thus, mixing in a melt was used to obtain composites including

PP, PP-pr-MA and a long chain amide, AM (docosanoic acid С21, unsaturated

erucic acid С22) and OMMT in the ratios 95.5: 2: 0.5: 2 [261]. In fact, this amid

increases interplanar distance, however, without PP-gr-MA it is difficult to reach

homogenous dispersion of a silicate during exfoliation. Double system of PP-gr-

Fig. 5.33 Schematic

representation of in situ

reactions in the formation of

nanostructural architectures

in the PP/PP-gr-MA-

OMMT system [198]
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MA and AM improves properties of the produced composites, in particular, their

thermal stability. Meantime, MMT modified by ammonium cations including links

of carboxylic acids is not suitable for formation of these composites [262].

Comparative analysis of properties of the nanocomposites PE/PE-gr-MA-

OMMT obtained by the solution (dimethyl benzene, 130 �С) and the melt tech-

niques has shown [191] that the intercalation effect is expressed in improvement of

nanocomposite structure and its physical mechanical properties caused by an

increase in PE-gr-MA concentration, increase in the chain length of the modifying

ammonium cation. A degree of crystal order of a composite and thickness of formed

crystallites decrease as concentration of PE-gr-MA increases [263], crystallites

formed in the solution technique are far smaller than those obtained via direct

intercalation from melt (Table 5.4). Therefore, it is concluded that OMMT and PE-

gr-MA are heterogeneous nuclei of PE crystallization from melt, maximum ulti-

mate tensile strength (23.3 MPa) is achieved at the PE-gr-MA concentration 6 wt%,

strength increases as a fraction of PE-gr-MA increases to 9 wt% and reaches

122.2 J/m.

Third polar component is introduced to achieve better refining of MMT in the

nanocomposites [250, 264–267].

Fig. 5.34 Schematic illustration of preparation of polypropylene-clay nanocomposite by the

co-intercalation of 13-cis-docosenamide (AM) and maleic anhydride grafted polypropylene

(PP–MA) [261]
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AIBN was introduced in organic-modified MMT, after which PS was interca-

lated from melt. Some increase in interplanar distance can be related with exother-

mal process of decomposition of the initiator and forming of free volume due to gas

emission, which accelerates exfoliation [268]. Extrusion of a polymer with aggre-

gated silicate (Fig. 5.35a) is accompanied by intermediate formation of agglomer-

ate of polymer chains with potentially suitable intercalation places (Fig. 5.35b).

Low temperature short-time annealing during t1 interval or annealing in inert

atmosphere change the structure insignificantly (Fig. 5.35c), whereas a long high

temperature annealing during t2 or annealing in presence of O2 is associated with

chains breakage and formation of bridge-structures with the following diffusion of

short chains into layers (allow labeled). As the time increases, short PS chains

generated by chains breaks insert into interlayer distance and cause fracture of the

plates, the latter draw apart (Fig. 5.35d, pointed to by an arrow). The total molecular

mass of this PS is up to 30,000 (initial mass is Mw¼ 330,000). The calculation are

made and these processes are theoretically grounded (see for example, [269]).

Fig. 5.35 A scheme depicting the evolution of nanocomposite morphology upon extrusion and

subsequent annealing: a, b, c, d [268]

Table 5.4 Comparative analysis of basal space during formation of MMT-organosilicate exfoli-

ated nanocomposite by various techniques [263]

OMMT, wt %

In situ

polymerization

Intercalation from

melt

Method of dosed integration of

components (masterbatch)

2θ� d001, nm 2θ� d001, nm 2θ� d001, nm

0.73 2.43 3.63 2.65 3.30 2.72 3.25

1.60 2.40 3.68 2.65 3.30 2.74 3.24

2.40 2.69 3.28 2.64 3.32 2.65 3.30

3.36 2.65 3.30 2.60 3.35 2.69 3.28
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These results confirm the well known fact that diffusion of long-chain PS to the

silicate gallery is impeded more than that of short-chained. Double-screw extrusion

of high-molecular PS and organically modified silicate with profile optimization of

the screw compensates [270, 271] diffusion difficulties, which would otherwise

need static annealing at high temperature [272, 273].

5.4.4 Composites Formed in Melt of Polar Matrices

A possibility of intercalation of polar polymers between the silicate layers is

governed by total enthalpy of intercalation including adverse effect of interaction

between the polymer and aliphatic chains of the modifying agent and favorable

effect of polar interaction between a polymer and the silicate layers [274]. In other

words, a decrease in entropy caused by integration of macromolecules into the

interlayer space is compensated by increase in conformation freedom of alkyl

radicals of the modifier at drawing apart the silicate layers or a polymer melt with

a mineral. Drawing layers apart, especially exfoliation depends on their position,

preferable interaction between the polymer and the surface of a silicate and further

decrease in energy of the system.

An ethylene co-polymer with vinyl acetate (EVA) with various numbers of polar

groups controlled by its composition is intercalated in the melt in OMMT. The

intercalation/exfoliation behavior and properties are influenced by VA links con-

tent, concentration of MA inoculated to HDPE. Fineness of MMT and its exfolia-

tion are improved as HDPE-MA content increases, inoculated MA amount

decreases and vinyl acetate concentration increases, which, probably, is due to

the synergetic effect of the polar groups. In this case PEVA-MA additive increases

the elastic modulus (Fig. 5.36). One of remarkable and extensively studied
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Fig. 5.36 Dependence of tensile modulus (a) and tensile stress at break (b) on the vinylacetate

content in EVA/MMT/PEMA-10 (10 wt% maleic anhydride) composites [265]

252 5 Physical Chemistry of Intercalated System



properties of the nanocomposites of this type is manifestation of flame-inhibiting

ability5 (see, for example, [243, 275, 276]).

Deacetylation of EVA polymer in the nanocomposite occurs at lower tempera-

ture, than in the initial polymer, which may be caused by catalytic effect of strongly

acid centers on thermal decomposition of the modified silicate, for example, by

Hoffman elimination or SN 2 nucleophilic substitution at temperature below

155 @C, causing acid activation of OMMT [277, 278], which, in turn, has an effect

on inflammability of the nanocomposite (Fig. 5.37).

The main part of decrease in permeability id owing to extension of real diffusive

paths of gases, which flow in presence of a filler, layered silicates. Their sheet-like

morphology causes maximization of this path length. The factor of convolution (τ)
is defined as a ratio of a real distance (d0), which should be passed by a penetrant

to the shortest distance (d ), corresponding to a distance without a layered silicate

(L, W, and Ф are length, width, and volume fraction of these plates, respectively,

W ~ 1 nm, L¼ 50–1,000 nm and Ф¼ 0.05):

τ ¼ d
0

d
¼ 1þ L

2W

� �
Φ ð5:7Þ

As a rule, W ~ 1 nm, L¼ 50–1,000 nm and Ф¼ 0.05.

The effect of convolution on permeability is expressed [279] as

Ps

Pp

¼ 1�Φð Þτ, ð5:8Þ

in which Ps and Pp are permeability of the penetrant in the nanocomposite and in

pure matrix, respectively. This idea is displayed in Fig. 5.38.

Actually, low flammability is caused by many factors, one of which is formation

of barrier carbonated layer on the surface of a fractured composite during

combustion [280].

Fig. 5.37 Degradation of the OMMT ammonium salt with the formation of an olefin, an amine

and a protonated silicate [277]

5 Often additives are introduced to decrease inflammability. In particular, 0.5 wt% cyclo

[dineopentyl(diallyl)] pyrophosphate dineopentyl (diallyl) zirconate or Tamol 20011 (trade mark

KZTPP1, Rohm and Haas Co, Philadelphia, PA, USA), hydrophobic highly efficient pigment, acid

copolymer based on acrylic acid (un-neutralized acrylic-based acid copolymer) is used to prevent

agglomeration of silicates.
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Under industrial conditions modified concentrated clays are also used

(masterbatches), with their help it is easier to control dispersing of organosilicates

in melt of components. Moreover, in combination with nanoclays as enforcing

agents for a polymer composite, containing nanofillers such as carbon nanotubes,

multifunctional materials with improved mechanic, thermal, and electric properties

can be obtained.

The best characteristic of thermal stability and inflammability have Cloisites20A

[281] (a decrease in a burning rate of plastic is 27 and 13 % with high and low

concentration of AN, respectively) and 30B (24 and 11 %, respectively) (Fig. 5.39).

We shall highlight some more moments.

Intercalation of syndiotactic and isotactic PMMA from melt into

organomodified bentonite [42] increase d-basalt space by 25 % and leads to

improvement of physical mechanical properties: [161, 282, 283] polymer chains

Fig. 5.38 Schematic representation of the gas path in a nanocomposite (path of the penetrant¼ d0)
and in a pure polymer (path of the penetrant¼ d )

Fig. 5.39 Variation of the

burning rate of the ABS

with lower (1) and higher

(2) acrylonitrile content and
the corresponding

ABS/Clay nanocomposites

with the different Cloisite

Clays, all nanocomposites

at 4 wt% loading [281]

254 5 Physical Chemistry of Intercalated System



with modified cation are associated (Fig. 5.40), thermal stability of the composite as

compared to the initial polymer is increased, Tg of polymers increases [157, 284].

The solution (from toluene) and the melt methods of production and properties

of intercalated composites based on poly(ethylene-co-vinyl acetate) mixtures (15 %

VA)/natural rubber (0–10 mass parts per 100 parts of the mixture)/OMMT are

compared.

The composites obtained via solution mixing show higher ultimate tensile stress

(Fig. 5.41) and thermal stability due to better fineness of OMMT in the polymer

matrix, than the respective value of the composites obtained from melt. At the same

time the way of preparation of a nanocomposite has no effect on its flammability.

Though relative elongation during tension of the composite produced by reactor

mixing is higher than that of the one produced by solution method, it decreases as

OMMT content increases [285].

OMe

OMeOMe

O

O O

O

MeO

Stereocomplex P(MMA)-clay nanocomposite

n

nm

t

Fig. 5.40 Schematic illustration for the formation of isotactic/syndiotactic stereocomplex

PMMA-clay nanocomposites. Modifying agent is methyl bis(2-hydroxyethyl)tallow alkyl ammo-

nium [153]
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Fig. 5.41 Tensile strength and elongation at break for neat poly(ethylene-co-vinylacetate)/natural

rubber and its nanocomposites obtained by solution blending (dark column) and melt intercalation

(white column) [284]
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Interphase interaction in the silicate-polymer systems appears in different ways

for polar, copolymer of ethylene with vinyl alcohol (poly(E-co-VA), EVOH)

forming strong hydrogen bonds with the surface of silicate and less polar bonds

with lower interaction energy in the copolymer of styrene with acrylonitrile (poly

(St-co-AN, SAN). Though poly(E-co-VA) more efficiently penetrates into a silicate

gallery due to its hydrophilic nature, exfoliation is easier in the poly(St-co-AN)

based system (with weaker polar interaction). However, mechanical properties of

the poly(St-co-VA) based systems have higher values, probably, due to stronger

interaction between nanoparticles and interphase layer of the polymer matrix

(Fig. 5.42).

Intercalated poly(St-co-AN)/OMMT reveals lower ultimate tensile strength than

the initial poly(St-co-AN); poly(E-co-VA)/OMMT shows a significant increase in

ultimate strength and modulus of elasticity, probably, due to increase in interphase

adhesion.

It should be specially noted that the functioned nanocomposites, for example,

hydrogels [286] based on N-isopropylacrylamide, acrylic acid, neutralized by

sodium hydroxide and MMT, modified by (3-acrylamidopropyl)

trimethylammonium chloride have exfoliation properties both in dry and swelled

states, in the latter case the products are potential agents of purposeful delivery of

drugs.

5.4.5 Melt Intercalation of PVC

The method of intercalation from melt is widely used for production of PVC-based

nanocomposites (see, for example, [287–294]).

In practice, apart from a polymer and a modified silicate also necessary amounts

of the ingredients are introduced into the melt, including stabilizers (calcium

stearate, tin-organic compounds, for example, di-n-octyl bis(isoctylthioglycolate)
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Fig. 5.42 The tensile properties of the intercalated poly(St-co-AN/OMMT and poly(E-co-VA)/
OMMT nanocomposites prepared by dynamic melt intercalation [285]
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tin), plasticizers (dioctyl phthalate), etc. Two method of production of hybrid

nanocomposites are used: intercalation from PVC solution and in situ intercalation

polymerization of vinyl chloride. In case of polymerization in interlayer distance

neither type of a silicate, nor nature of the used ammonium cation has an effect of

morphology of the formed nanocomposite, in contrast to that prepared by melt

method. When the values polarity of the silicate and the polymer are almost equal,

silicate layers are well dispersed in the matrix. The nanocomposites based on PVC

and layered silicate (5 wt% of bentonite) are prepared using extrusion followed by

roll milling [295]. KZTPP1 (cyclo[dineopentyl(diallyl)] pyrophosphate

dineopentyl (diallyl) zirconate) or Tamol 2001 (un-neutralized acrylic-based acid

copolymer) (0.5 wt%) introduced into the composites as inflammatory agents

prevent agglomeration of silicates. The PVC-bentonite-KZTPP1 is anisotropic

composite, which assumes compelled flow of nanoparticles with orientation in

001 direction, in other words, macromolecules are intercalated in silicate particles.

In the PVC-bentonite-Tamol 2001 composite just insignificant isotropy was

observed, which pointed to exfoliation of the silicate. The glass transition temper-

ature of PVC and nanocomposites based on it increased in the range of PVC

(1) <KZTPP (2) <Tamol 2001(3) (Fig. 5.43). The changes in mechanical modulus

and activation energy obeyed the same relations.

These results confirm the fact that even small additives of nanosilicate have a

significant effect on microstructure of the extruded composite and on relaxation of

polymer chains.

5.4.6 Nanocomposites PEO-Silicate Obtained by Melt
Technique

One of the most well studied polymers of direct intercalation is integration of PEO

in layers of plane silicates, such as mica, by interaction between a melted polymer

with Na+- or NH4
+-substitutional host lattice [78, 296–299].
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Fig. 5.43 Dependence of

glass transition

temperatures of PVC

composites on their

compositions (see the text)

[295]
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Intercalation of PEO melt into the layered silicates is one-staged process in the

case when interlayer distance in them is smaller than 0.8 nm (according to spiral

structure of a molecule, diameter of PEO molecule is 0.8 nm in normal to the axis

direction) and low concentration of PEO is used. In the PEO/MMT-B34 system

interlayer space increases by 0.68 nm, and, most probably, the intercalated mole-

cule has slightly distorted elongated spiral shape.

This doped hybrid nanocomposite has ionic electric conductivity: specific con-

ductivity of PEO/Li+-MMT (40 wt% PEO) 1.6 · 10�6 S/m at 30 �С, activation
energy 2.8 kcal/mol. Stability of polymer electrolyte depends on ceramic additives,

grain sizes, polymer/lithium ratio, conductivity between the silicate and the poly-

mer is synergetic. The general formula of PEO intercalate in the layered silicate

magadiite obtained from solution in aprotonic solvent and in the polymer melt at

155 �С corresponds to the composition H2Si14O29(–OCH2CH2–)3 [300]. This

agrees with a structure in which one unit cell of magadiite correlates with three

oxyethylene links. In other words, interplanar distance is not completely saturated

with oxyethylene links.

In the general case intercalation in MMT-B34 is influenced by saturation with

the polymer (PEO/MMТ-В34 21:79, 10:90), the temperature and annealing time,

molecular mass of PEO. Though there are data on polymer extraction from layered

nanocomposites, there are no data on degree of extraction and it is unknown

whether only a polymer is extracted (there is no confidence about presence of the

polymer in the nanocomposite, i.e. it is not clear whether the process is accompa-

nied with destruction). In this connection we shall highlight information [301] on a

rapid and quantitative method of PEO extraction from Kx(C2H4O)4 M1-x/2PS2
(M¼Mn, Cd) composite. The polymer is quantitatively extracted using aqua salt

of tetra-ethyl-ammonium under conventional conditions. This process is analyzed

in detail, its kinetic effects are found, etc. [302]. Intensity of the peak responsible

for PEO intercalation increases with its concentration (Fig. 5.44).

As it was already mentioned during PS intercalation, kinetics of a hybrid

formation straightly depends on molecular mass of PEO: lower molecular polymer

faster penetrates interlayer space, which is advanced by lower viscosity of the melt

and higher diffusion coefficient. This confirms that melt-intercalation is mass

transport and depends on mobility and diffusion rate of polymer chains. Theoretical

models and developments predict that an increase in length of a polymer chain

causes a decrease in compatibility between a layered silicate and a polymer and in a

tendency of the system to intercalation. Studies of a structure of intercalated

systems based on polymers with various molecular masses prove that intercalation

has only kinetic nature and does not affect structure of a finite material.

Intercalation from melt in the PEO-clay system (MMT, hectorite, laponite) is

induced not only by ultrasonic, but also by microwave radiation [303]. The inter-

calation process is influenced by radiation time (optimal 10 min), power (525 W),

mass and ratio of regents, their moisture, and salt additions. It is also noted that

polymer acts agglomerating agent, and severe control of the process is required,

because high temperatures in localized polymer-silicate zone can cause destruction

of PEO.
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We shall consider one more example of intercalated nanocomposites based on

PEO or PPO as conducting materials. The obtained by sol-gel technique monoclinic

structures (of m-WO3 type) can be chemically composed with polypropylene

glycol, end groups of which are modified by triethoxysilane [304] bringing to

film formation with sensor properties. Often these systems are used in combination

with ceramic fillers: LiAlO2, Al2O3, TiO2 (10 % TiO2 with average grain size

13 nm or Al2O3 with the size 5.8 nm are dispersed in acetonitrile with LiClO4 and

PEO is implanted up to molar ratio LiClO4: PEO links 1:8; conductivity of these

polymer-inorganic composites is 10�4 S � cm�1 at 50 and 10�5 S � cm�1 at 30 �С).

5.4.7 Intercalated Nanocomposites Formed in Polyamide
Melts

Polyamides and their aramid varieties are nanocomposites of intercalation type

which are of great interest due to their special properties, such as various coatings,

they are applied as structuring, inflammable and electronic materials [305–307],

which caused not only research but also industrial interest [308, 309]. Properties of

a traditional system containing poly-ε-caprolactam (PA-6)—MMT are quite

completely studied [159, 310–315] and some of them represented in

Table 5.5 [316].

Fig. 5.44 XRD patterns of composites with PEO/MMT¼ 5:95, 10:90 and 15:85 [302]
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For such composites the mechanism of formation has been studied in detail as

well as the dependencies of their properties and structure on the nature of polymer

and silicate components [317–332].

Many properties of polyamides deteriorate because of water absorption (the

initial polymer absorbs 9.4 % of water for 168 h): interaction between organic

and inorganic phase decreases ability of polar groups to bind water, therefore, water

absorption of these composites decreases as silicate concentration increases. More-

over, impenetrable clay layers make a trajectory convoluted for water penetration,

as was in the case of gas penetration (see Fig. 5.38).

I.e. increased barrier characteristics, chemical resistance, low permeability of

solvents, fire protection – all is a consequence of difficulties and complicated

diffusion ways of gases through a layered nanocomposite.

5.4.8 Intercalated Polymer Mixtures

Mixtures of polymers with complementary properties are widely used [151]. Some

of them have high compatibility, especially those formed in presence of

compatibilizers. Composites based on polymer mixtures of PPO/PA-6 type formed

in presence of intercalating agents are of interest [333]. Dispersed silicate plates

play important role in control over morphology of the formed PPO/PA composi-

tions, which is confirmed by selective localization of clay in PA phase. An example

of LDPE/PA-66 composition reveals role of the silicate as nuclei agent, which

causes a decrease in crystallite sizes [334], as a result compatibility between

components is improved and morphology of the composite changes. It should be

noted for comparison the tin composite of polybutylene terephthalate (PBT)/PE/

Silicate silicate localizes in the PBT matrix and this has an effect on new morphol-

ogy of the composite [218].

Table 5.5 Some properties of PA/MMT compositions

MMT

concentration,

%

Maximum

stress,

MPa

Maximum

strain, %

Initial

modulus,

MPa

Impact

toughness,

MPa

Tg,
�C

Equilibrium

water

absorption, %

0.0 35.6 0.131 578.8 3.76 78.0 9.4a

2.0 47.5 0.095 943.4 3.23 83.7 8.6

4.0 50.4 0.085 950.9 2.96 89.1 8.1

6.0 50.5 0.066 1.240.7 2.31 90.3 7.6

8.0 48.8 0.064 1.125.7 2.04 92.1 7.1

10.0 48.3 0.062 1.117.3 2.03 94.9 6.7

12.0 48.1 0.061 1.113.1 1.94 97.4 6.1

14.0 47.7 0.059 1.082.7 1.71 99.2 5.7

16.0 47.5 0.056 995.4 1.63 105.0 2.1

20.0 47.4 0.051 977.6 1.34 100.0 0.0
aFor 168 h
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PBT is a typical engineering plastic with good mechanical properties and used,

especially, for fiber formation or cast mould articles formation. Architecture of

intercalated PBT/PE nanocomposites is similar to liquid crystal phase structure

[218]. Studies of intercalation kinetics of PBT/PE (rheological technique) into

organosilicate proves [218] that intercalation does not carry on during preparation

of the sample, instead of it multilayered product forms with two PBT molecules and

one PE/MMT layer, which alternately impose on each other and are compressed in

a layered sheet. The entire characteristic of relative volume fraction of intercalated

tactoid can be obtained from parameters of viscosity and accumulation modulus at

lower frequencies, which could be used for definition of apparent diffusion coeffi-

cient for mass transport in primary particles at different temperatures. The data on

calculated activation energy show that formation of PBT/clay composite depends

on molecular mass, which can be conditioned by an increase in interaction of polar

groups in PBT chains and on the surface of a silicate.

The coefficients of effective (s�1) and observed (cm2 · s�1) diffusion at temper-

atures 230, 240 and 250 �С are: [218] 0.0007 and 0.7 · 10�13; 0.0013 and 1.3 · 10�12;

0.0017 and 1.7 · 10�12.

5.4.9 Intercalated Network Composites

Multicomponent nanocomposites in layered gallery are actually composed of

ingredients. In the melt triple copolymer of ethylene-propylene-diene is vulcanized

in layered silicates, and CEPD/silicate nanohybrid forms using organophilic clays

(MMT, modified by hexadecyl trimethyl amine, octadecyl trimethyl amine or

distearyl dimethyl amine) and accelerators of vulcanization [335] (Fig. 5.45).

There is several times increase in strength properties of these hybrid

materials [336].

After extrusion CEPD/MMT composite is subjected to roll milling in presence

of vulcanizing components, and are then vulcanized [181].

Intercalated nanocomposites based on nitrile rubbers is relatively new area in

chemistry of polymer materials. It includes a range of various approaches, such as

coagulation of rubber latex with water dispersion of silicate, mixing of rubber

solution with dispersed clay [205, 337–339] intercalation from melt [340–343].

Properties of the nanocomposites based on nitrile rubber (content of acrylonitrile

is 45 %) and two types of modifiers Cloisite 15A (cation exchange-capacity is

1.25 mg-eq/g) and Cloisite 30B (cation-exchange capacity 0.9 mg-eq/g) dispersed

by various procedures (melt mixture at 130 �С or in chloroform solution or in THF).

The nanocomposite is solidified by the system dicumile peroxide in presence of

phenylene bismaleimide as co-agent of solidification (Table 5.6).

The solution intercalation process is more effective than the melt process. In all

cases elastic properties, such as ultimate tensile strength, modulus of elasticity

improve, which points to good reinforcing properties of silicates. The best quality is

reached for “solution” material (especially for OS30B), which is explained by high
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dispersion ability of the silicate as one of the most important characteristic for

improvement of mechanical properties. These results confirm improvement of

physical mechanical properties, including deformation, in the systems with high

capacity of exfoliation/intercalation, which are reached during preliminary disper-

sion of the silicate in polymer solution.

At the same time, silicone rubbers (mixture of hydrated and containing end

ethylene groups of siloxanes) in OMMT galleries modified with di(2-oxyethyl)-12-

alkan-3-methyl-aminchloride are vulcanized at room temperature [344] with for-

mation of intercalated or exfoliated structures (Fig. 5.46). This functioned silicon

rubber has interesting physical chemical properties [345–350].

Nanocomposites based on unsaturated polyethers (glyptal resin), including the

resin with styrene (up to 35 %) and modified in different ways silicates, solidified

with cobalt octoate and peroxide are obtained by various methods: statistical,

CEPD

vulcanization agent

Room temperature, roll mixing,

200 °C, Extrusion

160 °C, molding

S S

Organophylic clay
Fig. 5.45 A scheme of the

vulcanization of CEPD and

intercalation into clay

gallery [336]
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mixing, and mixing with ultrasonic irradiation. Rheological properties of the

composites correlate with temperature and time of mixing, intercalation space,

delamination, and fineness of nanoparticles of exfoliated organic silicates [240,

306, 351–355].

Polyurethane (PU) composite is a polar polymer compatible with OMMT

(modified with N-diamine octadecyl trimethyl ammonium chloride) is obtained in

presence of 1, 2, 3, and 4.5 wt% OMMT and its treatment with PEG (MM 2000) at

80 �C and toluene diisocyanite, added by 3, 30-dichloro-4,40- 4 40-diphenylmethane

diamine (150 �C, 3 h). During mixing –NCO groups react not only with –OH, but

also with –NH2 groups of silicate modifying agent (Fig. 5.47). This effect is

exothermal, it decreases Coulomb electrostatic attraction between the silicate and

Fig. 5.46 Vulcanized silicone rubber in the gallery of the OMMT [344]

Fig. 5.47 A possible mechanism of the formation of layered PU/silicate composite [355]
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polymer chains, changing total enthalpy. This intercalate can be expressed as

follows:

New nanocomposites have been synthesized, in particular, segmented SPU

PU/clay based on PCL, methylene-diphenyl diisocyanite, butanediol and PCL-

silicate-prepolymer [356]. This composite showed high elastic and thermostable

properties as compared with pure PU matrix up to silicate/PCL concentration 4.2 wt

%, however, when it was exceeded, properties of the composite deteriorated

abruptly (Table 5.7), which confirmed transformation of PU/silicate from elastomer

to thermoplastic material with increase in PCL/silicate portion.

Morphology of SPU/OMMT-4 nanocomposite displays presence of superfine

mixture of intercalated and exfoliated silicate layers in the matrix. It is supposed to

be the reason for the nanoenhancement effect in combination with a number and

size of pores and increase in propagation paths of cracks (Fig. 5.48).

Fig. 5.48 Scheme of failure development during tensile drawing (a) thermosetting polyurethane

TSPU; (b) TSPU/OMMT-4; (c) TSPU/OMMT-5 [355]

Table 5.7 Elastic properties and temperature of thermal decomposition of SPU and SPU/OMMT

composites [356]

Sample, silicate

concentration, %

Ultimate tension

strength, MPa

Relative elongation at

fracture, %

Tdec

(intense)

Carbon

residue, %

SPU 6.85 500 299 3.5

SPU/OMMT-1 10.33 530 312 5.0

SPU/OMMT-2 15.68 570

SPU/OMMT-3 20.19 590

SPU/OMMT-4 24.79 630 320 6.7

SPU/OMMT-5 10.95 540 307 8.9

5.4 Hybrid Nanocomposites Produced by Direct Intercalation of Macromolecules. . . 265



The proposed mechanism of enhancement of mechanical properties on the

example of SPU/OMMT-4 nanocomposites is associated with high dispersion

ability of OMMT and an increase in crack widening in the nanocomposite. As

OMMT portion increases, the character of crack development in material changes.

Far less comprehensively hybrid epoxy-silicate nanomaterials are studied [240,

357–359]. Interpenetrating networks based on enforced epoxy matrix with different

content (5, 10, and 15 %) of caprolactam-blocked methylene diisocyanite (CDMI)

are modified with 1, 3, 5 wt% of organophilic MMT (Fig. 5.49).

A decrease in Tg of epoxy systems filled with organic clay is registered as

compared with initial epoxy resin, as well as a tendency to its thermal stability.

Similarly, introduction of organic clay and CMDI into epoxy improves strength,

elasticity and impact strength according to percentage of these additives [360–363].

Nanocomposites based on epoxy resins and layered silicates (ELS) are synthe-

sized using pre-intercalated novolak resin layered silicate (NLS) nanocomposites.

For this different approaches were used: melt, melt-US, solution (water, alcohol,

toluene, o- xylene acetone, etc.) and solution-US methods of intercalation, various

types of novolac epoxies, including benzene novolac, bis-phenol-A novolac, acryl

phenol novolac, o-cresol-novolac, etc., and MMT modified with benzene octadecyl

ammonium bis(2-hydroxyethyl)ethyl)methyl tallow ammonium (Cloisite 10A with

exchanging capacity 1.25 mg-eq/g and Cloisite 30B – 0. 90 mg-eq/g).

NLS and ELS displayed stable structures at highly intense US irradiation, they

intercalated and exfoliated. The material based on NLS and ELS showed far higher

thermal and mechanical properties, for which chemical affinity between phenol

epoxies and OMMT was very important.

To obtain exfoliated polymers of novolak epoxies hydroxyl modified MMT is

more efficient than benzene-modified high efficiency in US dispersion and interca-

lation is observed in both melt and solution variants. Pre-intercalated NLS struc-

tures are very stable and do not fracture during solidification of epoxy resins,

however, they have a trend to exfoliation during self-propagated intercalation and

ELS solidification. Dramatic increase in mechanical properties, such as their

Fig. 5.49 A scheme of caprolactam-blocked methylenediphenyl diisocyanate-epoxy matrix [362]
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mechanic rigidity, thermal properties, including Tg decomposition temperature,

which is assigned to different morphologies of intercalation and exfoliation, and

with special features of solidification reaction between epoxy and phenol resins

conducted in presence of layered silicates. Most probably, to obtain optimal

composites from thermally reactive resins, especially in the case of self-

propagating intercalation in the solidified systems, a balance is needed between

the intercalation and solidification rates. However, many problems of intercalation

chemistry of thermosetting plastic are not solved yet.

5.5 Supramolecular Assembling in Nanolayered Materials

Substantial development have hybrid self-assembling nanocomposites formed as

multilayers with the general formula (Р/М)n, whereМ и Р are nanometer oppositely

charged of inorganic component and polymer (referred by [71]). Versatile approaches

are made to assembling of layered systems, for example, polyelectrolytes and clays,

flaked zirconium phosphates, colloid metal particles. Positively charged poly

(diallyldimethylammonium chloride) (PDMAC) and glass, quarts, silver, gold, and

even teflon nanoplates were used to consider in detail mechanism of formation of

these materials. Subsequent immersion of these plates in P solution orM suspension

cause increase in a number n of the layers, and each action is accompanied by

increase in thickness by 1.6 nm in the case of P and by 2.5 nm in the case of M.

Similarly self-organized layers form from TiO2 cation nanoparticles (~3 nm)

obtained by acid hydrolysis of TiCl4. They are organized in layered structures on

the surface of superthin (~1 nm) films of cation polymers of poly(sodium

4-styrenesulfonite) (PSS) or already mentioned PDMAC. Optically transparent

organized molecularly ordered films of up to 120 layers thick (60 bi-layers, each

thickness is evaluated 3.6 nm) are gathered on the surface of substrate (metal,

silicon, polymer) ((Fig. 5.50). This strategy makes it possible to obtain various

Fig. 5.50 Schematic representation of the fabrication of ultrathin TiO2–polymer films [34]
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combinations of semiconductor materials metal-insulator with nanometer sites p-n,
p-n-p, n-p-n and others. Formation of multilayers includes the following stages.

First, P-layer is absorbed at the surface of substrate via electrostatic and Van der

Waals interactions. In this case structural hierarchy of M gives infinite possibilities

of its usage as was used for a template for more versatility of molecules and

clusters. They may be inserted between swelled layers and in M plates and on

their surface, in planes of individual or coagulated @M. Secondly, @M-layer is

strongly and irreversibly, which is confirmed by physical-chemical studies,

adsorbed on the oppositely charged polymer electrolyte, displaying very dense

plane orientation. Irregular M-layers cannot provide complete coating of interca-

lated P-layers, thus forming overlapped packs. Interphase roughness exceeds thick-

ness of the P/M layer, they do not depend on nature of a substrate, control over this

can be performed by applying external voltage during the self-assembling.

Polymers with inert surface (polyolefins, fluoropolymers, polyethers) “activate”

PVC by spontaneous absorption and sewing with glutaric aldehyde [364]. Nanome-

ter SiO2 and TiO2 layers are obtained by reaction of –OH groups (alcohol, silanol,

or titanol) with SiCl4 or TiCl4 followed by hydrolysis (these cycles are repeated if

necessary) by the scheme described below. In principle, this approach is similar to

widely known and often used in practice “functional group lamination method” on

inorganic surfaces.

We shall show some more typical samples. Particles TiO2 form on the surface of

photochemical electrode (from TiCl3 solution at рН 2.5), size ~20 nm. Simulta-

neously, electrodeposition of PPy is registered, which is formed due to electro-

chemical polymerization of pyrrole (referred to by [71]). This is preceded by

absorption in pores of an electrode coated by photosensitive ruthenium complex.

These structurally controlled “templates” are analogue of self-assembling supra-

molecular aggregates. The supramolecular systems of molecular recognition, struc-

tured this way, including chromophores, semiconductors, cluster aggregates, and

fulfilling specific optical and electronic functions, is a contemporary approach to

modeling of ferments. If Al2O3-membranes are used as templates, matrix com-

pounds, Au/PPy colloids with 1D morphology are synthesized. Fiber ZnO struc-

tures were obtained on the basis of zinc acetate and WO3, electrode materials on

V2O5 basis, MnO2, Co3O4 oxide composites, and others. Fibrillate and tubular

materials had a diameter corresponding with diameter of pores in Al2O3, however,

their length was far more. In the case of ТiO2 metastable single crystals of anatase

were observed. Tubular nanocomposites obtained via template sol gel synthesis in

fibers or nanotubes, and in micro and nanoporous membranes are perfect

photocatalysts [195].

At last, it should be noted that layered nanostructures are obtained using liquid-

crystal polymers with ionic groups, and MMT or hydrotalcite are used as inorganic

components. According to different estimations, average thickness of this pairM/P
is 4.9 nm. It is assumed that such electrostatic assembly provides a close contact

between components and strict molecular ordering, it can lead to formation of new

types of liquid crystal structures with unusual properties.
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A special place in the intercalation problem has layered interstitial compounds

implanted in graphite (LGC) and graphite-like structures. Even though it seems that

these problems are similar at first glance, graphite can be considered as a macro-

molecule of aromatic type with a number of aromatic rings about 1,000, period of

identity (an interspace between neighbor planes) is 0.335 nm. Absence of chemical

bonds between parallel carbon layers in graphite (energy of interlayer interaction is

just 16.8 J/mol) makes possible insertion of monomolecular layers of various

substances, including monomers, metal ions with formation of layered (laminated)

graphite compounds. General methods of LGC production are confined to interac-

tion between graphite and monomer vapors or solutions, metals in strongly ionizing

solutions, volatile chlorides or cation metal complexes, accompanied by their

implantation in interlayer distance of graphite lattice. Depending on a number of

carbon layers, separating two neighbor layers of implanted matter, these com-

pounds are classified as the products of the 1st, 2nd, etc. stages of implantation.

Nanocomposites PS/graphite are prepared as follows [365]. Graphite surface is

modified by silane containing agent and subjected to ultrasonic treatment (for 0.5–

1 h at 50 �С). Then PS/graphite nanocomposite is prepared by rolling, intercalation

from THF solution, grinding of PS and graphite grains in a mill. The composite has

high thermal conductivity at graphite concentration 34 vol.% (1.95 W/mK)

(Fig. 5.51). In this case different methods of preparation of PS/graphite composites

cause exfoliation, which increases in the range: intercalation via rolling< solution

intercalation< combined grinding of PS and graphite grains. In the last case the

structural chains of graphite are agglomerated, and the composite has high thermal

conductivity and mechanical properties.

The origin of a bond between LGC and implanted metal depends on the latter.

Thus, for Fe, Co, Ni, Mn, Cu the bond is provided by Van der Waals interactions,

sometimes π-electron density is transported from graphite to the implanted metal

layer. In this case carbon network of graphite is a kind of polymer ligand. For alkali

metals this bond is formed due to transporting of electron from metal atoms to

conducting zone of the neighboring graphite, i.e. due to electrostatic interaction of

Fig. 5.51 Effect of the

content of colloidal (1) and
nano- (2) graphite on the

thermal conductive

properties of PS/graphite

composites [365]

5.5 Supramolecular Assembling in Nanolayered Materials 269



positive ions with free electrons of the conductive zone of graphite. The processes

of reduction of interstitial metal ions can be accompanied by partial yield of them

from layered packs and reduction on the exterior surface of graphite with formation

of nanoparticles, for example, Ti included in its defective lattice. Under conditions

of high pressure in combination with shear deformation many different atoms can

be implanted in graphite. Due to interplanar distances being extremely constricted,

as compared to silicates, there are very scarce data on intercalation of monomers

and polymer links and exfoliated composites in graphite. Conducting properties of

the PE-graphite nanoplates composite produced by in situ polymerization can be

highlighted [366]. Nanographite plates are uniformly coated with the forming PE

layer, the product is characterized by low (2.7 vol.%) percolation threshold and

high dielectric permeability.

A special interest is drawn to graphemes, single layered carbon atoms [367]

which attract increasing interest due to special conductive and transport properties

and mass-less Fermi-Dirac interaction between graphene layers. Wide choice of

intercalates with different physical properties allows achievement of high electric,

thermal, and magnetic characteristics [368, 369]. Intercalation in few layer

graphenes (FLG) is efficient method of their properties modification, for example,

I2, Br2 intercalate in FLG [370, 371].

Intercalation distance increases dramatically in presence of intercalating agent,

which abruptly changes properties of FLG. Thus, FeCl3-FLG complex (Fig. 5.52)

with homogeneous distribution of the intercalated agent is stable in environment

[372]. Intercalation is easier than in blocked graphite (in chlorine atmosphere),

FeCl3 as a doping is completely intercalated in FLG. Fourier spectroscopy has

shown that there is no electron interaction between adjusted graphene layers. These

results confirm that FLG is a promising material not only modifying electron

structure of graphene, but also changing electric, thermal, and magnetic properties

during usage of different intercalating agents [368], for example, Ca-FLG is

expected to display superconducting properties [373]. Most probably, this line of

studies is expected to develop intensely.

Fig. 5.52 Schematic crystal structures of FLG with two (a), three (b) and four (c) layers of

grapheme. The model is constructed based on FeCl3 �GIC. The graphene layers flanked on

one/both side(s) by FeCl3 layer(s) [372]
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5.6 Structure of Inclusion Nanocomposites Metal
Chalcogenide-Polymer

Synthesis and characteristics of hybrid nanocomposites with periodic nanostructure

of a superconductor arises a special interest due to their unusual optical, electrical,

and other properties. Owing to this, they have great application prospects in

microelectronics. Composites of this type are obtained, as a rule, by “aqueous”

chemical methods, including sol gel method, in which CdS crystals are trapped in

SiO2 films with formation of Cd-S- SiO2 systems, Co6S8(PPh3)x intercalate in

MoS2, also CdS-Ag are described hybrids of self-assembling particles, semicon-

ductors on Cd3P2 basis, etc.

A special feature of layered materials, dichalcogenides of metals, such as MoS2
or TaS2 with low density of a layer charge is ability to decompose into nanometer

structural blocks under specific conditions and to form colloid solutions. If anion is

easily polarized, and cation has strong polarizing properties, then МХ2 compound

has a layered structure. This structure have molybdenum dichalcogenides, in which

a layer of molybdenum is between two layers of chalcogen (X), as a result, triple-

layered packages form. Bonds in them are far stronger than between two triple-

layered packages, between them are Van der Waals cohesion forces. Monolayers of

molybdenum disulfate display distorted octahedral configuration with (2� 1)

superlattice and coordination with unsaturated Mo-centers in prismatic sites of

MoS2. It is interesting that NbS2 и TaS2, and MoS2 and WS2, obtained in hydrogen

flow during heating of MS3, have multifaceted fullerene-like structure of

nanotubes. For example, NbS2 are individual nanotubes with hollow core of

4–15 nm in diameter [374]. Probably, the same structure have TiS2, ZrS2 и HfS2
obtained in the same way. Exfoliation procedure in this case is well developed.

Interlayer distance of MoS2 is small, d001¼ 0.615 nm, the treatment in

n-butyllithium in hexane leads to formation of Li1.15MoS2.216 complex, which is

dispersed in aqua solution of PEO with exfoliation [375]. The purified dry product

contains from 21 to 31 wt% PEG, d001¼ 1.45 nm, which corresponds to double layer

of polymer in the gallery. Thermal stability of the polymer increases as temperature

increases to 255 �C, PEO intercalation increases conductivity of MoS2 by 4–5 orders

of magnitude [376]. However, this system is unstable: already at 90 �C MoS2
catalyses decomposition of PEO, depending on its molecular mass and content of a

composite causing a loss in conductivity of the system. A replacement of PEO by

PAN causes formation of more stable [Li0.6MoS2(PAN)1.2 · 0.5H2O] system [377]

having mixed electronic conductivity [378, 379].

One of the best superconductors among layered chalcogenides is NbSe2, its

superconduction transition temperature is Тс¼ 7.2К. The general scheme of PVP,

PEO, and PPO from aqua solutions in monolayers of suspended NbSe2 can be

expressed [380] as:

NbSe2 þ xLiBH4 ! LixNbSe2 þ xBH3 þ x=2H2 ð5:9Þ
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LixNbSe2 þ xH2O ! NbSe2 monolayerð Þ þ x=2H2 þ LiOH ð5:10Þ
NbSe2 monolayerð Þ þ polymer ! NbSe2=polymer ð5:11Þ

Principal scheme for these nanocomposites is shown in Fig. 5.53.

Polymers are implanted in WS2 phase by the same mechanism. The promising

application of these nanocomposites may be plastic superconducting electromag-

netic materials. In Sect. 5.4 direct intercalation of polyaniline in interlayer space of

MoS2 (d¼ 1,037 nm) through colloid suspensions was already mentioned. It is

important that PPy/MoS2 is a product of in situ oxidation polymerization, which

under kinetically limited conditions is p-type conductor; its electronic conductivity
is by three orders of magnitude higher than that of the initial MoS2. Similarly PEO

is intercalated in delaminated TiS2, TaS2 и MoS2 suspensions.

Interesting results are obtained during studies of intercalated polymer electro-

lytes alkali metal-PEO in layered MnPS3 and CdPS3 synthesized by two-staged a

solvent ion-exchanging mechanism [72]:

CdPS3 þ 2xAþ
aq ! Cd1�xPS3A2x H2Oð Þy þ xCd2þaq A ¼ Li, K, Na, Csð Þ ð5:12Þ

Cd1�xPS3A2x H2Oð Þy þ PEO ! Cd1�xPS3A2x PEOð Þ þ yH2O ð5:13Þ

Widening of the host lattice due to intercalation is Δ¼ 0.8 nm, some of PEO links

have trans-gauche and gauche-slanted configurations, spiral conformation in inter-

calated PEO disappears. The experiment proves planar zig-zag structure of inter-

calated PEO, its likewise conformation in complex with HgCl2. Under equal

conditions oligo oxyethylene ethers intercalate in CdS, CdSe and ZnS by direct

template mechanism, whereas it is not true for the case of Ag2S, CuS and PbS [381]

and from aqua solution of linear PEI with layered MoSe2, TiS2, MPS3 (M¼Mn,

Cd) the respective nanocomposites are synthesized, from the same polymer or from

poly(styrene-4-sulfonate) in TiO2/PbS layers hybrid materials with semiconductor

properties are obtained.

A keen interest is in the inverse problem, implantation of metal chalcogenides in

polymers, especially, 1D, self-organized semiconductor nanoparticles. The

abovementioned hydrothermal polymerization and spontaneous sulfidizing [382]

bring to formation of 1D nanocomposites with finely dispersed self-collecting CdS

Fig. 5.53 Structure of a

PAn–MoS2 nanocomposite
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nanoparticles in polymer nanorods. These products are applied for plated semicon-

ductor materials with superconducting properties and forms of superconductors

such as wires, films with special properties, etc.

Nanocomposites of the considered type is a new class of hybrid organic-

inorganic photoactive materials. The example of CdS/polyvinylcarbazole (PVC)

is used to show photorefracting ability of nanocomposites in the visible spectrum.

The composites including PbS or HgS nanocrystals (~50 nm) are photosensible at

the wavelength 1.31 μm [383] nanocomposites PbS/polymer have high display

properties. Different types of nanostructured systems based on PbS are studied

including self-collecting layered lead sulfide ensembles in MMT and PbS

nanocrystals dispersed in various polymer matrices. In ethanol (homogenous sys-

tem) PbS nanoparticles are uniformly distributed in PVA matrix. In heterogeneous

(aqua) mixture nanocomposites are structured as a nanocable with PbS core 30 nm

in diameter and PVA shell with length from 80 nm to 10 μm [384].

Semiconductor properties have other layered materials, such as PbI2, BiI3, HgI2,

Bi2S3, Sb2S3. Thus, PbI2 is an interesting material for X-ray digital visualization.

Organic solution technique was used to synthesize CdS-wurtzite nanorods and

nanowires.

Interesting approach is instabilizing of CdSe/CdS nanocrystals with the core/

shell structure in dendrimers of third generation [385]. After removal of inorganic

nanocrystal in the center of a dendrimer forms a nanometer cavity with very thin

shell. These nanometer capsules are a new class of molecular containers, calibrated

mesoporous structures.

Metal chalcogenides with a more complex structure PbNb2S5 or SmNb2S4 can

also be exfoliated and intercalated. In polar solvents one-dimensional host phases
with various chalcogenides like MMo3Se3 (M¼Li, Na) form colloid systems with

mono disperse negatively charged condensed cluster chains (Mo3Se3), they can also

be of interest for intercalation.

A list of these examples and generalization require, of course, a special

consideration.

As is seen from the performed analysis, the intercalation physical-chemical

methods, chemistry of intercrystalline structures guest-host provide almost infinite

possibilities for structuring of nanocomposites of hybrid type. Presently many

processes accompanying formation of these materials are found, which are associ-

ated with formation of these materials, basically their structure and most important

properties are studied. It becomes clear that intercalation of monomers and poly-

mers in interlayer space of layered materials is the most important way for creation

of hybrid phased nanocomposites, intensely and fruitfully developed line. At the

same time, many problems, especially concerning implanting mechanism and

guest-host interaction interphase processes, control for maximum intercalation,

guest-host ratio followed by exfoliation – drawing layers apart, are not completely

understood. In the intercalated nanocomposite inorganic layer preserves structural

characteristics of matrix polysilicate (or other layered material), and organic poly-

mer layer has a stressed structural organization, causing strong interaction with

interlamellar surface of the host. Architecture of these formations can be very
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versatile, not only layered, but depending on the nature of organic component,

which governs formation of hybrid phases of different structures. For example, for

zinc oxide and sulfide nanocrystals three molecular blocks form with rod-like,

dendritic, and coil-like architecture [386].

This property is widely used in the host-guest chemistry and for selective

recognition. Probably, in future this line incited by increasing demands in many

fields of materials science to hybrid nanocomposites will intensely develop. Prob-

ably, new types of these materials with required hierarchic structure of intercalated

systems will appear. The composites of this type can be used for formation in them

of metal nanoparticles, and electrically active polymers (polyaniline, polypyrrole,

etc.) with a silicate – for binding of metal ions (gold, platinum, palladium). As

much as polymers, hydrazine reduces those forming immobilized particles, cata-

lysts of different reactions. At last, it should be noted that hybrid composites form at

the stage of polymer reprocessing. From numerous examples we shall highlight just

production of hybrid composites polyamide – 6 “potassium-titanium wickers”

(K2Ti6O13) in double-screw extruder with the following injection and forming

[387]. For commercial applications of most polymers of intercalation type an

important role plays their ecology, usage of available materials and reagents, low

flammability. The last characteristic is determined by ability of a fracturing com-

posite to form a barrier carbonized layer on the surface during burning [280].

Thus, intercalation polymerization has a great potential for structuring of hybrid

polymer-inorganic nanocomposites by different ways [352] which are still far from

implementation, and this governs intense development of studies in this direction.

For example, the considered methods can be used to obtain composite materials of

not only polymer, but also of metal types. Thus, one of the methods [352] is based

on application of double-layered aluminum and lithium hydroxide, containing in

the interlayer distance Ni, Co and Cu complexes with organic ligand,

[LiAl2(OH)6]2[M(Edta)] � nH2O, ethylenediaminetetraacetic acid. During

annealing in vacuum at 400–450 �С materials form including resistant to oxidizing

nanometer mono- and bimetal particles (3–4 to 40–50 nm in diameter): carbonized

matrix reliably protects them from oxidizing not only from air oxygen, but also

during holding in nitric acid.

Whilst intercalation of polymers followed by exfoliation is one many types of

topochemical reactions, it is not the most widely used (Fig. 5.54). Topochemical

intercalation procedures can include other lines of development with structural

characteristics including ion exchange, reduction or oxidization (while implanting

cations or anions, respectively), substitution reactions in layers, especially, Н2О.
Taking into account ability of layered perovskites to exfoliate into individual

nanosheets, exfoliation can be considered as the edged case of intercalation.

Among other reactions we shall single out reduction intercalation, inoculation

(modification type), formation of layered structures between neighboring layers,

including columnar interlayer structures (pillars), etc. Thus, formation of structural

columns between the neighboring layers, layered-columnar materials (pillaring)

having far more developed surface as compared to the initial silicates, are widely

currently used for preparing catalyst carriers of different types.
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Topochemical syntheses are performed in a solid phase under relatively soft

conditions (temperature below 500 �C), and the products are characterized by high

stability. Many aspects of topochemical transformations in layers are very impor-

tant (they are described in [388]), for example, ion or molecular stability, demands

to redox-potential of intercalated compounds, thermal stability of reagents and

products, etc. As was repeatedly mentioned, special demands are made to structur-

ing of interlayer frame and its basal space. Topochemical methodology supposes

steric control over the structure of intercalated component, which in the end brings

to regulation of properties of the produced products. Ability to use this approach

Intercalation

Ion exchange

Substitution

Pillaring

Layer
extraction

Layer
construction

Grafting

Exfoliation

Reductive
deintercalation

Fig. 5.54 Topochemical reactions in an interlayered space [388]
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should take into account structural perfection of components and knowledge about

mechanisms of the processes, and tools for their realization, physics and chemistry

of intercalated systems.

A possibility of purposeful usage of these approaches together with routine

design and synthesis of new materials with specific properties can give a wide

approach to important materials [389], such as superconductors, ferroelectrics,

thermoelectric materials, optical materials, catalysts, ionic conductors, microwaves

absorbing materials, components of batteries and solar cells, various types of

nanocomposites, including structuring ones. Synthetic approaches used in

topochemical procedures, although limited as compared to molecular chemistry,

are still efficient. In matrices of layered silicates, in particular in pillared DHL,

protected nanoparticles of transition metals (Со, Ni, Cu and others) can be obtained
by reduction reactions [390]. Encapsulation does not cause a significant decrease in

magnetic properties of cobalt or nickel nanoparticles in these dielectric matrices

stabilizing them from oxidation by air oxygen, after storage in nitric acid conser-

vation of the particles was found.

Here a diversity of problems related to usage of porphyrin, natural polymers, etc.

as intercalating agents are not considered. The promising for producing of these

intercalating agents are also water-resistant microcrystal cellulose and other poly-

mers, which in contrast to synthetic ones are highly porous fiber systems and can be

used as a matrix for intercalation of metal nanoparticles, in particular, silver [391]

There are no data on intercalation of new class of monomers containing metal,

potential candidates for metal composites and catalysts based on them. Finally,

methods of intercalation physical chemistry in the recent years are widely used in

structuring of pharmaceutical [392], biological [393], including cellular, objects,

for example, [394] which rest out of limits of the present study.
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341. A. Das, R. Jurk, K.W. Stöckelhuber, G. Heinrich, Expr. Polym. Lett. 1, 717 (2007)

342. R.R. Tiwari, K.C. Khilar, U. Natarajan, Appl. Clay Sci. 38, 203 (2008)

343. S. Siengchin, J. Karger-Kocsis, R. Thomann, Exp. Polym. Lett. 2, 746 (2008)

344. J. Wang, K. Yang, N. Xu, J. Appl. Polym. Sci. 123, 1293 (2012)

345. L. Celine, M. Fabien, A. Michael, D. Philippe, J. Nanosci. Nanotechnol. 9, 2731 (2009)

346. G. He, Y. Chen, M.M. Zhang, D.X. Wang, K. Cong, H.B. Fan, F. Zhou, J. Polym. Mater. Sci.

Eng. 27, 150 (2011)

347. W.S. Mark, T.S. Keith, L.O. Duan, J. Inorg. Organomet. Polym. 18, 364 (2008)

348. A.O. Maged, M. Vikas, M. Massimo, Macromolecules 36, 9851 (2003)

349. K.G. Gatos, R. Thomann, J. Karger-Kocsis, Polym. Int. 53, 1191 (2004)

350. A.B. Morgan, Mater. Matters. 2, 20 (2007)

351. A.-R. Lee, H.-M. Park, H. Lim, T. Kang, X. Li, W.-J. Cho, C.-S. Ha, Polymer 43, 2495 (2002)
352. H. Ishida, S. Campbell, J. Blackwell, Chem. Mater. 2, 1260 (2000)

353. Y.H. Hyun, S.T. Lim, H.J. Choi, M.S. Jhon, Macromolecules 34, 8084 (2001)

354. B.J. Ash, L.S. Schadler, R.W. Siegel, Mater. Lett. 55, 83 (2002)

355. J.-C. Wang, Y.-H. Chen, R.-J. Chen, J. Polym. Sci. B Polym. Phys. 45, 519 (2007)

356. B. Han, A.M. Cheng, G.D. Ji, S.S. Wu, J. Shen, J. Appl. Polym. Sci. 91, 2536 (2004)

357. J.Y. Lee, M.J. Shim, S.W. Kim, Polym. Eng. Sci. 39, 1993 (1999)

358. C. Zilg, R. Thomann, J. Finter, R. Mulhaupt, Macromol. Mater. Eng. 280/281, 41 (2000)

359. H. Zhang, Z. Zhang, K. Friedrich, C. Eger, Acta Mater. 54, 1833 (2006)

360. C. Karikal Chozhan, M. Alagar, P. Gnanasundaram, Polym. Polym. Comp. 16, 283 (2008)

361. C. Karikal Chozhan, M. Alagar, R. Josephine Sharmila, P. Gnanasundaram, J. Polym. Res.

14, 319 (2007)

362. S. Premkumar, C. Karikal Chozhan, M. Alagar, Polym. Eng. Sci. 49, 747 (2009)

363. S.M. Lee, T.R. Hwang, Y.S. Song, J.W. Lee, Polym. Eng. Sci. 44, 1170 (2004)

364. M. Quarmyne, W. Chen, Langmuir 19, 2533 (2003)

365. H. Tu, L. Ye, Polym. Adv. Technol. 20, 21 (2009)

366. I.A. Chmutin, P.N. Brevnov, G.R. Sabirova, O.D. Nazirova, N.G. Ryvkina,

L.N. Novokshonova, Nanotekhnika 3, 33 (2011)

367. K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos,

I.V. Grigorieva, A.A. Firsov, Science 306, 666 (2004)

368. М.S. Dresselhaus, G. Dresselhaus, Adv. Phys. 51, 1 (2002)

369. A. Reina, X.T. Jia, J. Ho, D. Nezich, H.B. Son, V. Bulovic, M.S. Dresselhaus, J. Kong, Nano

Lett. 9, 30 (2009)

370. Y.B. Zhang, Y.W. Tan, H.L. Stormer, P. Kim, Nature 438, 201 (2005)

371. K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, M.I. Katsnelson,

I.V. Grigorieva, S.V. Dubonos, A.A. Firsov, Nature 438, 197 (2005)

372. D. Zhan, L. Sun, Z.H. Ni, L. Liu, X.F. Fan, Y. Wang, T. Yu, Y.M. Lam, W. Huang,

Z.X. Shen, Adv. Funct. Mater. 20, 3504 (2010)

373. I.I. Mazin, A.V. Balatsky, Philos. Mag. Lett. 90, 731 (2010)

374. M. Nath, C.N.R. Rao, J. Am. Chem. Soc. 123, 4841 (2001)

375. M. Lerner, C. Oriakhi, Layered metal chalcogenides, in Handbook of Layered Materials,
ed. by S. Auerbach, K.A. Carrado, P. Dutta (Marcel Dekker, New York, 2004)

376. E. Benavente, M.A. Santa Ana, G. Gonzalez, Phys. Status Solidi B-Basic Res. 241, 2444
(2004)

References 285



377. N. Mirabal, P. Aguirre, M.A. Santa Ana, E. Benavente, G. Gonzalez, Electrochim. Acta 48,
2123 (2003)
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Chapter 6

Thermolysis of Metallopolymers
and Their Precursors as a Way
for Synthesis of Nanocomposites

In this book we analyse all the types of metallopolymer used as precursors for

obtaining nanocomposites via thermolysis. This method is an easy, reproducible

and well-controlled route to prepare the nanocomposite materials. The research into

the thermal decomposition of organic (metallo)polymers has long prehistory. Back

during the Second World War, works on the design of polymers stable up to 870 K

were started by the order of the USA air forces (cited from Ref. [1]). The attention

was focused on the coordination polymers because the stability of organic com-

pounds was known to increase upon their coordination to metal ions. Thus

N-hydroxyethylethylenediamine rapidly decomposes under the action of hot nitric

acid, while its complex with CoII withstands long-term (several hours) refluxing in

concentrated nitric acid. Similarly, β-diketimine, which decomposes at moderate

temperatures, starts to slowly decompose only at 620 K when complexed with

copper. Although at that time the search for thermally stable coordination polymers

has not met with success (in some cases, very short polymer chains were formed; in

other cases, the organic groups connecting the metals were destroyed, etc.), they

laid the foundation for the studies that recently resulted in the production of

metallopolymer nanocomposites. Currently, various methods for the formation of

the ‘core -shell’ type composites have been developed. These include, for example,

sonochemical synthesis techniques [2], electrochemical methods [3], laser-induced

reactions in the melt [4] and catalytic growth [5, 6], vapour-phase transport [7], IR

pyrolysis [8, 9], polymer sol-gel synthesis [10], intercalation, ‘wet’ chemical

methods [11, 12] etc. [13–15]. Controlled thermolysis was recognized as the

simplest and most efficient, economical and versatile method. This process is

usually carried out at temperatures from 500 to 1,300 K. It is environmentally

clean and serves as a method for polymer waste disposal. An important application

of the thermolysis is the preparation of carbon nanomaterials (for example, single-

and multiwalled nanotubes, nanorods, nanospheres, etc.). Depending on the nature

of the polymer and conditions of thermolysis, various carbon structures can be

formed, including graphite- and diamond-like structures.
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The thermal stability of a polymer usually determines its upper operating

temperature limit in the environment. It is related to kinetic parameters: the initial

temperature and the rate of destruction [16].The knowledge of these parameters is

necessary for the application and storage of polymers [17]. Thermolysis of poly-

mers is a complex process involving a number of chemical reactions: destruction,

cross-linking, transformations of functional groups and intramolecular

rearrangements. For stabilizing a polymer and decreasing its reactivity, chemical

or physical insertion of metal-containing particles is sometimes used. This affords

new materials and composite systems. The simultaneous synthesis of finely dis-

persed particles (at their fairly high relative concentration) and the stabilizing

polymer shell, together with process simplicity and controllability are the advan-

tages of this approach. Although these studies have been carried out since the

mid-twentieth century [18], let us note here the most interesting recent works

[19–21] and references their]. The routes of thermolysis of polymers are versatile

[22–24].

On the stage of thermolysis the different additives can be incorporated into

polymers including metal-containing one which both influence the mechanism of

thermolysis and lead to the quite number of interesting products, for example,

polymer derivatives of ceramics. Thus, by thermolysis of polyvinyl alcohol

(PVA) the polymer with conjugated bonds similar to polyacetylene is obtained.

When the additives such as lead and bismuth formates, silver oxalate, potassium

iodide or sodium hydroxide are introduced to the PVA a dopped conjugated

polymer is formed [25]. The metal nanoparticles formed promote electron transfer

between the polymer chains and thus polymer conductivity is enhanced. The

additives of TiO2, ZnO or γ-Al2O3 considerably influence the thermolysis at 340–

390 K of acrylic and fluorine-containing polymers and copolymers [26].

For stabilizing a polymer and decreasing its reactivity, chemical or physical

insertion of metal-containing particles is sometimes used. This affords new mate-

rials and composite systems. The simultaneous synthesis of finely dispersed parti-

cles (at their fairly high relative concentration) and the stabilizing polymer shell,

together with process simplicity and controllability are the advantages of this

approach.

Numerous methods for the preparation of metal-containing polymeric compos-

ites are known. The key method is thermolysis of metal compounds that are readily

decomposed both in the pure state and in the polymer matrix (carbonyls, nitrosyls,

thiolates, saturated carboxylic acid salts, organometallic and complex compounds)

where destruction of the organic part affords the polymeric shell. Other methods are

also widely used, in particular, introduction of metal-containing powders with

various degrees of dispersion into the ready polymeric matrices and mixing them

with oligomers; heteroadagulation or spraying of nanoparticles on polymer pow-

ders, films and fibres; evaporation of the solvent from a solution containing the

polymer and the metal-containing precursor or hardening of their melts in liquid

media; extraction substitution and soon. However, all of these methods have

drawbacks. The main drawbacks include the statistical pattern of distribution and

spatial inhomogeneity of the metal-containing particles in the matrix and the lack of
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control over the reaction at the dispersed phase – polymeric medium level.

However, in all cases, the polymeric shell which separates the metal particles

from one another and from the environment functions as a stabilizing agent,

which may be represented by a natural (proteins, polysaccharides) or synthetic

material obtained by polymerization or polycondensation. Of particular interest are

the macromolecular metal complexes in which the metal is chemically bound to a

polymer containing active functional groups (carboxylate, nitrile, amino, amido,

imino and hydroxy groups and so on) but studies of the thermal transformations of

such systems are only at the early stage of development.

Of particular interest are the macromolecular metal complexes in which the

metal is chemically bound to a polymer containing active functional groups (car-

boxylate, nitrile, amino, amido, imino and hydroxy groups and so on) but studies of

the thermal transformations of such systems are only at the early stage of

development.

Relatively recently, a new approach has been developed [27] based on the use of

metal-containing monomers as precursors. In this case, polymerization and synthe-

sis of metal-containing nano-sized particles occur simultaneously during the ther-

mal transformation. This field of research developed most intensely in recent years

was called ‘polymer-mediated synthesis’ in our study [28] or it is called ‘combined

solid-state polymerization – thermolysis.’ For the systems considered here, ‘dry’

methods for the composite formation are mainly used.

Note that quantitative studies of the thermolysis giving matrix-stabilized

nanoparticles are few. These works are mainly qualitative and aim at describing

the averaged characteristics and size distributions of the particles.

6.1 Kinetic Approaches to the Investigation of Thermolysis
of (Metallo)polymer Systems

The kinetic approaches to the studies of thermolysis of (metallo)polymer systems

provide quantitative knowledge about the course of transformations in each step for

relatively slow processes at temperatures below 1,370 K. In recent years,

thermogravimetric methods such as differential thermogravimetry (DTG) and

differential thermal analysis (DTA), differential scanning calorimetry (DSC),

thermodilatometry and thermomechanical analysis, dielectrical analysis, micro-

and nanosized thermal analysis (including atomic force microscopy and scanning

thermal microscopy) have been widely used, in particular, to study the thermolysis

of (metallo)polymers. Recent achievements in the field of thermal analyses are

summarized in the monograph [21].

Any thermal process is accompanied to a certain extent by the change in the

inner heat content of the system, i.e., heat absorption or evolution. During the

low-temperature thermolysis of most condensed polymer systems, the transforma-

tion rates are relatively low and the temperatures are low at rather intense heat

transfer. Irrespective of the heat effect, these processes occur with time in the
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spatially isothermal mode [29] i.e., the temperature of the surface of a condensed

sample (Ta) coincides with the ambient temperature (Ts). In this case, the isother-

mal methods of classical chemical kinetics are applicable and the process condi-

tions are formulated in view of scaling requirements, in particular, the ratio of the

characteristic times of heating (τh) and transformation (tr).

The kinetics of thermal transformation of metallopolymer systems is generally

described by the macrokinetic equation:

W T; ηð Þ ¼ k Tð Þ � φ ηð Þ, ð6:1Þ

where W(T, η) is the reaction rate (s�1), T is the temperature (K), k(T) is the

temperature-dependent rate constant determined by the reaction mechanism

(s�1)1, φ(η) is a kinetic function. The last-mentioned value depends on the reaction

mechanism and reflects the relationship between the concentrations of unreacted

and reacted compound.

φ ηð Þ ¼ 1� ηð Þn ð6:2Þ

where n is the order of the reaction, η is the degree of conversion ranging

from 0 to 1.

Then the characteristic time of the reaction

τr � W T; ηð Þ�1:

Since the transformations occur in the condensed phase, it is expedient to use as τh
the characteristic time of sample warming-up traditional for macrokinetics: [30]

τh � d2=a,

where d is the sample diameter, a is the sample temperature conductivity. In this

case, for obtaining reliable kinetic results, the following condition should be met:

τh<< τр.
As a rule, thermolysis of polymers is a multistage process. Its mechanism is

studied using various types of kinetic models. In a pseudo-single-component

model, the material is considered to be ordered and single-component, and the

mass loss is described by studying the kinetics of the solid- or gas-phase reaction

over the whole temperature range [31]. However, this model does not describe the

possible changes in the kinetics and mechanism upon the change in the temperature

of thermolysis.

The pseudo-multicomponent summary model analyzes the material as

consisting of a number of pseudo-components each of them being a separate real

component or mixture of several components and the polymer thermolysis is

1 The rate constant for the reaction can be expressed by the Arrhenius dependence

kðTÞ ¼ Aexpð�Ea=RTÞ, where Aðs�1Þ is the pre-exponential factor (s�1), Ea, eff is the effective

activation energy (kJ mol�1), R is the universal gas constant.
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modelled by superposition of decompositions of these components. However, this

approach considerably complicates the kinetic studies of thermal destruction. For

example, in the case of thermolysis of polyaryl sulfides, the weight loss takes place

in two stages [32]. The pseudo-two-component first-order stage-separated model

considers the material as being decomposed in two temperature regions, which are

described by different kinetic models. The temperature corresponding to the min-

imum in the derivatogram is the separation point between the two stages of weight

loss. This method is considerably complicated when the two peaks are not

completely separated but overlap.

The non-isothermal method is widely used to describe the kinetics and the

mechanism of reactions in the condensed phase. Since the rate of thermolysis

depends on the temperature, the change in the sample weight can be presented as

the dependence:

dη
dt

¼ k Tð Þφ ηð Þ ¼ Aexp � Ea

RT

� �
φ ηð Þ ð6:3Þ

When the sample temperature is controlled by a constant heating rate β (β¼ dT/dt),
this equation has the form:

dη

dt
¼ A

β
exp � Ea

RT

� �
1� ηð Þn ð6:4Þ

In the integral form, expression (6.4) looks as follows:

g ηð Þ ¼
ðη

0

dη

1� ηð Þn ¼
A

β

ðT

0

exp � E

RT

� �
dT ¼ AE

βR
P uð Þ ð6:5Þ

and

ln
g ηð Þ
T2

� �
¼ ln

AR

βEa
� Ea

RT
: ð6:6Þ

For n¼ 1

ln �ln
1� η

T2

� �
¼ ln

AR

βEa
� Ea

RT
ð6:7Þ

For n 6¼ 1 in the most cases expression (6.7) is solved numerically.

Equations (6.5) and (6.6) are the fundamental expressions for calculating the

kinetic parameters from thermogravimetric (TG) data. These are analyzed using the

Kissinger, Flynn - Wall -Ozawa (FWO), Coat – Redfern, van Krevelen (vK), and

Avramy-Erofeev methods in the differential and integral forms (see, for example

[33–35]).
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The dynamic parameter of thermal decomposition under linear heating is

determined from the modified Kissinger equation at Tmax, i.e., the temperature

corresponding to the maximum conversion in the TG curves. The straight-line plot

ln(β/T2
max)� 1,000/Tmax is used to calculate the activation energy and the

pre-exponential factor. Equations (6.5) and (6.6) describe the thermolysis at

473 K of polymer networks and star-like polymers based on ethylene glycol

dimethacrylate containing degradable acryl groups to give low-molecular-mass

products [19]. Also the kinetics of nonisothermal decomposition of polypropylene

filled with both mineral additives such as calcium carbonate, dioxide of silicone,

zinc oxide, carbon black and fibers [36, 37] and organic ones as rice husk [38, 39] is

well described by these equations. The degradation kinetics of the LDPE stabilized

by cobalt stearate was investigated with the Flynn-Wall-Ozawa method [40,

41]. Several kinetic methods were used to investigate the thermal decomposition

of chromium polyacrylate complexes [42, 43]. Under comparable conditions, the

initial temperatures for the polymer and the metal complex were 628 and 591 K,

respectively, and the final temperatures were 806 and 813 K; the temperature peaks

in the derivatogram were observed at 713 and 690 K, the weight losses (%) were

53.40 and 65.56, and the activation energies of decomposition (at 0.05<Z< 0.90)

were 187.8 and 122.5 kJ/mol. The orders of reaction differed from unity for all of

the decomposition models. These parameters depend to some extent on the storage

time of the aged (for 1–5 weeks) macrocomplex.

At relatively low temperatures (for instance, the decomposition of metal car-

bonyls such as Cr(CO)6, Fe(CO)5, Co2(CO)8 in toluene at 363 K [44]) the study of

kinetics can be carried out with spectral methods, in particular, by FTIR analysis on

the decreasing of the band intensity at 1,977 cm�1 (at 1,996 and 2,019 cm�1 for iron

and cobalt carbonyls, respectively).

Nonisothermal kinetic modeling of thermolysis of natural fibers commonly used

in industry and their composites [45] showed the good agreement between the

calculated kinetic parameters and experimental data in the rather wide range of

temperatures.

Formal kinetics method [46, 47] in combination with the Netzsch-

Thermokinetics programme allows one to describe the behavior of the system

analysed; the data obtained are most informative in the study of complex multistage

processes as thermolysis (Table 6.1).

Table 6.1 The kinetic models and parameters for different stages of thermolysis

The kinetic model Ea/R ∙103 K log A N

Prout Tompkins 14.17� 0.18 9.12� 0.14 1.37� 0.02

nth-order reaction 16.71� 0.16 9.85� 0.12 1.43� 0.02

Prout Tompkins 15.45� 0.12 8.18� 0.09 1.28� 0.04

Ea/R is the temperature coefficient of the reaction rate, A is the pre-exponential factor, n is the

effective reaction order
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Thermal treatment considerably changes the structure and properties of a

polymeric material. This is due, first of all, to the physical and chemical processes

that accompany the polymer destruction. The physical destruction processes (crys-

tallization, recrystallization, etc.) are usually reversible and do not lead to cleavage or

cross-linking of polymer chains. The chemical processes are irreversible and are

accompanied by chemical bond cleavage, cross-linking of macromolecules, changes

in the chemical structure or decrease/increase in the molecular mass [48, 49].

For the design of metallopolymer compositions, the thermal stability of polymer

matrices is important. It can be estimated from the strength of the bond between

atoms. According to the Boltzmann law, the bond strength is determined by the

expression S¼Eb/RT
2, where Eb is the bond energy (in kJ/mol). The dependence of

S on γ¼ (EX�Y�EC�C)/EC�C, i.e., the change in the bond energy between the

atoms X and Y (EX�Y) relative to the average carbon–carbon bond energy (EC�C)

in organic polymer, shows that organic homo- and heterochain polymers are least

thermally stable. Inorganic matrices (clays, hexagonal boron nitride, silicate

glasses, zeolites, etc.) having no carbon backbone and graphite are distinguished

by enhanced thermal stability and mechanical strength. The bond energies between

most typical atoms of the organic and inorganic matrices are summarized in

Table 6.2. Polymeric compounds have especially strong Si–O, B–N and B–O

bonds (note that the probability of chemical bond cleavage depends also on

temperature).

A different kinetic picture is observed at relatively high temperature. In the case of

high-temperature thermolysis, the time τr related to the temperature Ta decreases and
τh does not depend onTa and remains constant. Then in the case of exothermic reaction

at τh� τr, thermal explosion is possible, and at τh� τr, ignition occurs well before the
studied compound has been warmed-up and has time to react in the area adjoining the

Table 6.2 Bond energy between the atoms in the polymer matrices [50, 51]

Bond Bond energy, kJ/mol Bond Bond energy, kJ/mol

Carbon-containing matrices

С–С 336 C–B 372

С–О 327 Al–N 363

С–N 277 Si–О 364

C–Si 241 B–O 500

C–Al 258 B–N 387

Inorganic polymer matrices

С–С 715a Ti–O 933

Al–O 1,027.6 B–O 1,047

Al–N 1,121 B–N 1,289

Si–О 586
aFor crystalline graphite
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hot surface [29]. In the case of fast endothermic reactions,2 no-self ignition takes place

upon increase in Ta, and the temperature profile for the studied compound is not

spatially isothermal. It depends on both the reaction coordinate and time, and the

temperature assignment of the detected transformation becomes uncertain.

In particular, metal-polytetrafluoroethylene (M/PTFE) mixtures represent con-

densed high-energetic materials in which vigorous exothermic reactions take place

according to the idealized scheme:

� CF2 � CF2ð Þn �þ4nM !# 2nC þ 4n MF

The PTFE is chemically and thermally stable due to the high energy of the C–F

bond (481 kJ/mol). The composites can be used as oxidation agents because in

many cases the strength of metal-fluorine bond is even more than that for C–F bond.

The rate of thermolysis depends on the size of the reacting particle and concentra-

tion of reduction agent in the mixture [52–55]. Such composites are widely used as

igniters of solid propellants and pyrotechnics [55, 56]. Self-propagation heat waves,

associated with the oxidation of metals at heating rates at 106 K/c can yield new

materials resulting from these ultra-fast reactions. High temperatures of thermolysis

(theoretically exceeding 3,000 K for Mg/PTFE [57]) and specific conditions for fast

product growth favour the formation of nanostructures and polyynes (–C�C–)n.
Calorimetric studies (Fig. 6.1) showed that thermolysis proceeds in a self-

sustaining high-temperature regime [58]. The heats of the reaction range from

very low (less than 1,000 kJ/kg) for Zn/PTFE composites enriched with a metal

to very high (more than 8,000 kJ/kg) for the reactants containing Al3Mg4 at a

concentration close to the postulated stoichiometry. Nevertheless, these numbers

account for only ca. 70 % of the theoretical exothermal effect calculated assuming

the chemical equilibrium of the thermolysis.

Hence, the classical isothermal methods are inapplicable to the kinetics of fast

high-temperature processes. These processes are to be studied using the approaches

of nonisothermal chemical kinetics the foundations of which were laid in the

fundamental works: N. N. Semenov, D. A. Frank-Kamenetsky, Ya. B. Zeldovich,

A. G. Merzhanov and were considered in detail in the book [29].

6.2 General Characterization of the Principal Methods
of Thermolysis of (Metallo)polymers and Their
Precursors

Thermal transformation of (metallo)polymers and their precursors are studied using

external (or internal) heating under isothermal (or non-isothermal) conditions in a

closed (or open) system. Depending on the task, the degree of conversion of the

2An example is forced high-temperature destruction of the polymer binders of the thermal

protection covers of space vehicles, which accompanies the combustion of solid rocket propellant

components.
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reactant is determined by a variety of methods. They are classified into gravimetric

(thermogravimetric) and volumetric methods and determine the selection of the

experimental gear.

Development of the instrumentation for measuring the kinetics of thermolysis

has started since the first quarter of the twentieth century; the approaches to the

design of instruments and protocols were analyzed in detail about 50 years ago in a

monograph [59], which is still not out of date (see also the recently appeared review

[21]). In recent years, integrated (synchronous) devices that combine several

Fig. 6.1 Heats of reaction

for M/PTFE mixtures as a

function of metal (M)

content (a) and change of

temperature during ultra-

fast burning reaction of the

PTFE mixtures (b)
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methods for monitoring the reactant conversion with automation and utilize the

potential of modern computers within one instrument have started to appear. The

specific features of the principal methods used to measure the kinetics of formation

of nanoparticles are briefly analyzed below.

6.2.1 Thermogravimetric Methods

Thermogravimetric methods measure the relative change in the substance weight

during the transformation as a function of temperature. Most often, the sample

experiences programmed temperature change with a linear dependence on time. In

some cases, thermogravimetry is combined with tensimetry and gas evolution is

simultaneously measured. As a rule, these measurements are carried out under

isothermal conditions in a dynamic vacuum and with recording in both continuous

and discrete modes. For example, a study of the kinetics of consumption of volatile

fractions formed in the pyrolysis of non-fractionated 230 kDa polystyrene was

carried out using spring balance [59]. The resulting kinetic curves were S-shaped

with a maximum transformation rate at η¼ 0.35�0.55. A modern thermobalance is

suitable for continuous (automated) recording of the temporal variation of the

sample weight (Δm), and with known law of time variation of temperature, these

dependences can be displayed via a computer. The TGmethods are mainly based on

traditional non-isothermal variants of linear heating.

In recent years, thermogravimetric methods such as differential thermogravimetry

(DTG) and differential thermal analysis (DTA) have been widely used, in particular,

to study the thermolysis of (metallo)polymers. In the former case, the first-order

derivative of thermogravimetric curve is found either with respect to time (dm/dt) or
with respect to temperature (dm/dT). In the latter case, the temperature difference

between the substance and the reference is measured as a function of temperature, the

substance and the reference being programmed heated. The development of DTA

toward increase in the accuracy of quantitative determination of process heats led to

the advent of the new investigation technique called differential scanning calorimetry

(DSC) [60].

The combined use of thermogravimetric analysis (TGA) and DTA is illustrated

by the data on thermooxidative destruction of polytetrafluoroethylene (PTFE)

[61]. By DTA measurements (Fig. 6.2), it was shown for the first time that the

transformation of PTFE in air proceeds in three stages with a complex heat

evolution pattern in the temperature range of 735–870 K; the last two stages with

characteristic temperatures of 810–820 and 850–860 K are accompanied by the loss

of 94–95 % of the sample weight. The exothermic character of each stage attests to

partial oxidation of the products formed upon PTFE destruction with air oxygen.

The average apparent activation energy of the main period (735–850 K) calculated

from the data of a non-isothermal experiment using TG curves is 295 kJ/mol, being

independent of the heating rate or the particle size of the polymer. Meanwhile, at

735–870 K, the results of thermooxidative destruction of PTFE in the isothermal
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mode up to a degree of conversion of 0.9 are described satisfactorily by the

2/3-order reaction kinetics (the ‘compressing’ sphere equation [62]). In the tem-

perature range of 735–870 K, the reaction rate increases 20-fold at η¼ 0.35 and

sixfold at η¼ 0.7. The activation energies are 24 kJ/mol in the temperature range of

735–770 K and 102 kJ/mol in the temperature range of 770–870 K. These values are

considerably (more than 2.5 times) lower than the values obtained in the dynamic

mode, which raises doubts on the correctness of determination of the kinetic data

from PTFE destruction experiments performed in the non-isothermal mode.

The vast majority of the procedures used to determine the kinetic parameters

from the DTA- TGA experiments carried out in the linear heating mode are based

on the solution of the mathematical problem with allowance for only one kinetic

equation. The mathematical simplicity of this scheme accounts for its popularity.

However, during the experiment, the system is self-heated, which may generally

surpass the quasi-stationary temperature difference by a large factor or even by

orders of magnitude [63]. In the case of programmed heating rate, the kinetic

characteristics of the process include the temperature of the decomposition onset,

the decomposition stages, and temperature ranges of stability of the intermediate

compounds [60]. Ignoring the specific features of exo- and endothermic reactions

and the effect of heat-exchange parameters (heat transfer coefficient, heating rate,

reaction heat, sample weight, etc.) affects the legitimacy of using a particular

method for kinetic data acquisition.

For reducing the distortions introduced by the noncontrolled pressure and by the

permanently increasing temperature, a new TG experiment was developed and

served as the basis for the quasi-isothermal quasi-isobaric thermogravimetry tech-

nique [60, 63]. This implies fine adjustment of heating in such a way that the rate of

variation of either weight or pressure is maintained constant.

Fig. 6.2 Derivatogram of polytetrafluoroethylene [61]. (1) Temperature change, (2) DTA data,

(3) TGA data
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It is noteworthy that until recently all determinations of the kinetic parameters

have been performed by ‘discrete’ type procedures using a small fraction of the

‘continuous’ information embedded in the set of DTA–TGA curves. For strict

approximation to the real process, the kinetic equation should be considered

together with the heat balance equation.

The best known thermoanalytical methods and their applications are indicated in

Table 6.3.

6.2.2 Linear Pyrolysis Method

Linear pyrolysis (LP) is a steady-state one-dimensional propagation of the thermal

reaction front of a condensed substance with heat supply from an external source

[29]. Depending on the relationship between the effective (Eeff) and true (Etr)

activation energies, LP can occur in either of two regimes: kinetic (the macrokinetics

of pyrolysis coincides with the true kinetics of decomposition, Eeff�Etr) or internal

diffusion regime (by heat, Eeff�Etr/2). The development of this method was caused

by the need for investigating the kinetics of fast high-temperature processes in

condensed media where transition from one temperature region to another is accom-

panied by a change in the rate- limiting step of the reaction. In addition, the

knowledge of the regularities of forced high-temperature decomposition of polymers

Table 6.3 Characteristics of thermoanalytical methods [64]a

Method Measured characteristics Application

Common methods

Thermogravimetry Weight Phase destruction, dehydration,

oxidation

DTA, DSC Temperature difference between

the reference and the tested

compound

Phase transitions (temperature

and heat) and chemical reaction

(heat capacity)

Thermomechanical

analysis (TMA)

Deformation Mechanical changes,

deformations

Thermoptometry Optical properties Phase changes, surface reac-

tions, colour changes

Dielectric thermal

analysis

Dielectric constant Phase changes, changes in

polymers

Specific methods

Synchronous thermal

analysis

Combines two or more methods of sample investigation

Thermal analysis with

a specified process

rate

The rate of the change of sample properties is maintained constant

aNote: In some cases, these methods are used in a reducing atmosphere, for example, in a 92:8

(by volume) N2:H2 mixture
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is important for the development of modern space rocket facilities. They are

necessary for solving problems related to combustion and decomposition of poly-

mers, energetic compounds, ablation (evaporation) of the thermal protection cover of

spacecrafts, etc. [29].

The principle of action of the devices used for LP experiments is presented in

Fig. 6.3. A sample of the tested compound is pressed upon the surface of the heating

plate at constant temperature. During the experiment, the temperature of the heater

surface (T0) and the velocity of sample migration (U ) equal to the linear decom-

position rate are recorded. When the rate of the linear pyrolysis related to the

experiment parameters is below some limiting value (which is true for most of

the real conditions), the temperature of the hot sample surface can be considered to

be T0 without considerable error. For a condensed substance with low

thermophysical characteristics, LP is fairly fast.

Under conditions of low heat exchange with the environment, its rate is deter-

mined (for a zero-order reaction) by the Merzhanov relation [29]:

U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ak0RT

2
Sexp �E=RTsð Þ

E Ts � T0ð Þ � Q=2c½ �

s
ð6:8Þ

where a and c are the temperature conductivity and the heat capacity of the

compound, respectively, k0 is the pre-exponential factor in the Arrhenius equation,

Ts is the temperature of the environment and of the opposite surface of the sample,

Q is the reaction heat.

Fig. 6.3 Schematic

diagram for linear pyrolysis.

(1) Heater plate, (2)
conducting planes, (3)
current lead, (4)
thermocouple, (5) sample,

(6) sliding piston, (7) ring
loads, (8) guide bar, (9)
photodiode block for

process rate recording, (10)
control and heater plate

temperature recording

block, (11) computer block

with a monitor, (12)
massive vinyl plastic plate,

(13) cover
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We emphasize that the data on low-temperature thermal decomposition kinetics

of polymers are hardly applicable to the high-temperature pyrolysis. For example,

decomposition of poly(methyl methacrylate) (PMMA) at temperatures 	620 K

follows first-order kinetics (for degree of conversion η> 0.2) with the activation

energy Ea� 167 kJ/mol [59]. Then for LP rates from 10�3 to 10�2 m s�1, Eq. (6.8)

gives the temperature of the polymer surface ranging from 1,070 to 1,170 K.

However, the calculated values from the results of thermocouple measurements

far exceed the real values. These examples are quite numerous. Table 6.4 gives the

results of measurements of the rate constants for high-temperature and

low-temperature destruction of PMMA with added triethylene glycol methacrylate

(TEGM). Their comparison demonstrates that extrapolation of the data obtained for

PMMA transformation in the low-temperature region using usual kinetic methods

to the high-temperature region (for example, to the polymer combustion region)

should be done with caution.

6.2.3 Volumetric Methods

Volumetric methods are used to detect small amounts of a substance, i.e., to study

the process at early stages of transformation. The time dependence of the volume of

the evolved gas [V(t)] can be measured either discretely or continuously. The key

drawback of pressure gauge units is the possibility of direct contact of gas evolution

products, which are often chemically corrosive, with the corroding metallic parts

and mercury. An obvious advantage of these setups is the use of glass membrane

type pressure gauges devoid of metallic parts. They have short response times and

Table 6.4 Kinetic parameters of high- and low-temperature destruction of PMMA from linear

pyrolysis and isothermal method [59]

Polymer T, K E, kJ/mol lgk0 [k0, c
�1]

Linear pyrolysis

PMMA 723
 793 179.7� 12.5 13.3� 1.0

>803 �292.6
 364.4 �22
 23

PMMA+2 % TEGM 763
 863 179.7� 12.5 12.5� 1.0

>873 �292.6
 364.4 �21
 22

PMMA+10 % TEGM 763
 863 179.7� 12.5 12.5� 1.0

>873 �292.6
 364.4 �21
 22

Isothermal method

Linear PMMA 493
 523 129.6 9.5

499
 529 125.4 8.6

563
 613 177.6 12.5

653
 703 179.7 13.0

PMMA+2 % TEGM 583
633 181.8 12.1

PMMA+10 % TEGM 583
 633 182.1 12.3
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thus they are suitable for studying the rates of fast processes in a close reactor space

by means of a Bourdon membrane-type pressure gauge (Fig. 6.4). A deformable

highly sensitive membrane 1 separating the reaction space from the compensating

space of the reactor serves as the pressure transducer. The gas pressure is deter-

mined either from the calibration curve which relates the membrane deformation

value to the vapor pressure or by the compensation method (as a zero reader in the

compensating circuit). Gas evolution during the transformation takes place in a

self-generated atmosphere (SGA). Recently this method has been called RAPET

(Reaction under Autogenic Pressure at Elevated Temperature) (see, for example,

Ref. [65]). The reaction volume occurs under static isothermal conditions and is

fully thermostated. The pressure created in the reaction chamber deforms mem-

brane 1 and this induces bending of rod 3 welded to it. If a compensating gas is fed

to the compensating chamber via valve 8 under pressure equal to the pressure of the

gases evolved from the sample, rod 3 returns to the starting position, which is

detected by pointer 4.

This reactor manufactured of quartz glass having a sealed-off reaction chamber

is suitable for studying the kinetics of thermolysis of metallopolymers at fairly high

temperatures (1,270–1,470 K) under fully isothermal conditions and for analyzing

and interrupting gas evolution at any transformation stage. The number of moles of

Fig. 6.4 Schematic

diagram of the reaction

vessel with a Bourdon

pressure gauge for kinetic

measurements. (1) Quartz
crescent-shaped membrane,

(2) tested compound, (3)
rod, (4) zero indicator (zero

reader), (5) vacuum valve,

(6) recording mercury

pressure gauge, (7) valves,
(8) compensating gas inlet,

(9) pumping out, (10) high-
temperature thermostat,

(11) vacuum sealing-off

position, (12) position of the
reaction vessel relative to

the thermostat in the

non-isothermal scheme
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the evolved heated gas (nexp) reduced to the number of moles (nΣ) evolved at room

temperature (Tr) is found from the equation

nexp=nΣ ¼ Vexp=VΣ

� �
Tr=Texp

� �
:

Usually the reactor is designed in such a way that the ratio of the heated volume

(Vexp) to the total reactor volume (V∑) is 1–5 %.

6.2.4 Thermolysis Induced by High-Energy Radiation

The thermal methods considered in the previous Section are based on the external

heating of the tested sample. High-frequency (HF) electric fields can be used as an

alternative source of heating [66–68]. On the one hand, polar groups and fragments

of polymer molecule (dielectric material) placed in a variable electric field orient

themselves following the change in the field polarity. On the other hand, thermal

motion and non-polar groups and molecules prevent this orientation. The energy

spent for overcoming the material disorientation is dissipated in the material and

heats it. The intensity of heating increases with an increase in the oscillation

frequency and electric field strength.

The key advantage of the HF heating is that heating occurs throughout the whole

sample bulk without a contact. High-frequency treatment at 100–300MHz (warming-

up temperature may reach 510 K) of thermosetting oligomers containing finely

powdered conductive fillers (iron, aluminium or copper powders, metal salts, complex

organometallic compounds or soot) with particle size of less than 500 μm in an amount

of up to 85% of the weight produces homogeneous composite materials. They can be

used for injection moulding, production of adhesives and electrically conducting

articles for motor-vehicle construction, aircraft industry, microelectronics.

When amorphous titanium, zirconium and hafnium hydroxides are heated in a

muffle microwave kiln or exposed to a 2,450 MHz electromagnetic field with a

700 W power, the warming-up temperature reaches 495–770 K [69]. The obtained

metal oxide powders have well crystallized structure, highly developed surface

(>500 m2/g) and nanometre-range particle size.

A promising approach is the thermal treatment of metallopolymer materials

under the action of lasers or accelerated electrons [70]. Laser ablation is also

applicable. Carbon nanotubes were produced from polyacrylonitrile (PAN),

PTFE, acrylonitrile and methyl methacrylate copolymers, etc. by a number of

methods (arc discharge, laser or magnetron radiation, plasma treatment and so

on) [71, 72]. In some cases, the polymer incorporates a metal- containing compo-

nent, which affects considerably the nature of carbon structure: this gives carbon

nanotubes with a metal nanoparticle shell. In particular, nanocrystalline Co parti-

cles with diameter of 4–7 nm and bimetallic Co�Pt particles in the carbon matrix

are formed on exposure of (bi)metallic and carbon plates to an argon ion beam

302 6 Thermolysis of Metallopolymers and Their Precursors as a Way for Synthesis. . .



[73]. Gold and ruthenium nanoparticles were obtained from metallized polymer

precursors by electron beam treatment [74, 75].

Let’s consider thermolysis of the PAN fiber in more detail. Commercial PAN

fiber is a triple copolymer of acrylonitrile, methylacrylate and itaconic acid, the

contents of the monomer units are equal to 93.0, 5.7 and 1.3 %, respectively.

Thermolysis is carried out in an oxidizing atmosphere. Oxygen promotes the

hydrogen elimination from the structure of the carbon chain polymer followed by

the formation of intra- and intermolecular cross-linking and polyconjugated bonds.

Cyclization of nitrile groups occurs at 150 �C yielded the conjugated C═N-bonds,
but the system of conjugated C═N-bonds is formed at 200–220 �C. The gaseous

products evaporate vigorously in the initial stage of carbonization

(pre-carbonization). The loss of heteroatoms results of the formation of

polyconjugates carbon structures accompanied by the hybridization of residual

sp3-carbon into sp2-form. Further heating leads to the formation of ordered phase

nuclei and ordered structures as well as a total polyconjugated system. These

processes are approximated by Avramy-Erofeev equation of n-th order. The appar-

ent activation energy is relatively low. Subsequent stages are accompanied with the

formation of nanocrystalline structures of different dimensions and defects. At

carbonization temperatures (1,300–1,400 �C) the layered nanocrystallites of

graphene fragments are obtained [76, 77] (Fig. 6.5).

Considering its mechanism, IR thermolysis also belongs to this group of

methods. However, in this case, the rates of chemical reactions are much higher,

which is related to selective action of IR radiation on the vibrational energy of

particular bonds of the macromolecule. For example, above mentioned thermolysis

of PVA at 200 �C is accompanied by dehydration of macromolecules followed

with the formation of polyconjugated bonds system. In this case anisotropic

Fig. 6.5 A scheme of structural transformations of the PAN during carbonization. (a) an oxidized
fiber; (b, c) – formation of ordered clusters in the volume of material
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polarizability and decreasing of the vibration band in Raman spectrum associated

with the vibration of atoms along a polymer chain and an increase of the band of

deformation transverse vibrations are observed [78].

The IR thermolysis of PAN is best studied. At only 473 K, the polymer nitrile

groups start to undergo cyclization caused by the mobility of the hydrogen atom at

the tertiary carbon atom and its migration to the nitrile group to form an imine bond

(>NH). The cyclization is facilitated by hydrogen bonding of the imine with the

nitrile group [8]. At 708 K a vigorous IR-pyrolysis of PAN occur. This is accom-

panied by restructuring of the material yielded the formation of pyrolized

conducting film, particularly, in the case of its doping [79]. It is of interest that in

the case of IR pyrolysis of the PAN/Co metallopolymer system, the structure of the

resulting carbon phase is perfected at the expense of the carbon present in the

polymer. Hence, the cobalt nanoparticles catalyze the formation of crystalline

graphite [80]. The hypothetical sequence of transformations is shown in

Scheme 6.1.

Most likely, such structures are stacked into layers. Probably, carbonization of

other polymers, for example, polybenzimidazole, polyphenylcarbyne, and so on,

proceeds in a similar way. The preliminary annealing is carried out in air at 473 K

and then under argon at 673–1,373 K. The precursor is a solution in DMF

containing simultaneously three components: PAN, PtCl4 and Ru (Re, Rh)Cl3.

Under these conditions, the salts form complexes with PAN and the products of

its transformation. Already at 513 K the complexes are destroyed; however, the

reduced metal atoms are surrounded by a polymeric structure, which restricts their

mobility and prevents aggregation during the subsequent pyrolysis. This factor is

responsible for the formation of rather small and uniform nanoparticles in the

composite. The size of spherical nanoparticles is 2–18 nm, the presence of the

Pt13Ru27 intermetallic and alloy formation throughout the whole homogeneity

range of Pt solid solutions were also detected.

Scheme 6.1 A scheme of pyrolysis of PAN
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Other metal – carbon nanocomposites were obtained in a similar way using

uranium nitrate, ammonium heptamolybdate, etc. IR-thermolysis of mixtures of

PAN, FeCl3.6H2O and NiCl2.6H2O yields FeNi3/C nanocomposite with controlled

electrophysical and magnetic properties [81, 82]. The particles were 10–80 nm in

size and homogeneously distributed in a carbon matrix. Mechanism of the

nanocomposite formation is multistage. Dehydration of the starting components

takes place at 150 �C, the chemical bond of iron and nickel with nitrile groups of

PAN appears up to 250 �C, the NiFe2O and FeNi3/C occur at 400 �C and 600 �C,
respectively, and finally, γ-(Fe,Ni) forms at 800 �C.

6.2.5 Spray Pyrolysis

As regards the character and the equipment used, spray pyrolysis differs from the

procedures considered above. This is an aerosol process that is used efficiently on a

large scale to obtain metal and metal oxide nanoparticles and powdered ceramics

and nanostructured materials [83, 84]. This technique has proved itself good in

materials science and chemical and food industry.

Spray pyrolysis includes five key stages. The first stage is generation of the spray

from a liquid precursor using an appropriate drop generator. Then it is followed by

spray transport by an air or inert gas stream during which the solvent evaporates.

The next stage is precipitation of the solute after the critical supersaturation limit

has been reached in the drops. The key stage is thermolysis of the precipitated

substance giving nanoporous particles followed by calcination to obtain dense

structures. The extraction of particles from the gas stream completes the process.

In some cases, sol-gel synthesis and spray pyrolysis techniques are combined. Other

techniques such as ultrasound-, plasma-, and laser pyrolysis as well as flame spray-

pyrolysis are also widely used [85–87]. The latter method has be proven to be more

effective for obtaining zinc oxide in comparison with other known approaches such

as CDV, sol-gel synthesis, etc. [88]. It is interesting note that ZnO3 [89–95] is the

third pigment on production volume (next of carbon black and titanium dioxide), its

production exceeds 600,000 t/year. Introducing it into elastomers the materials with

the developed specific surface can be obtained to apply for pharmaceutical, cos-

metic, catalytic purposes, etc. [96]. Flame spray-pyrolysis synthesis of nanostruc-

tured ZnO (diameter of particles of 10–20 nm) can be represent by a principal

scheme (Fig. 6.6) [97, 98].

The gas – particle conversion methods and the liquid–solid phase transforma-

tions followed by thermolysis and pulverization have important advantages. These

3 In turn, nanocrystalline zinc oxide is one of widely investigated nanomaterial [89–95]. This is a

large-band-gap semiconductor (with a band gap of 3.37 eV at 300 K and a large exciton binding

energy of 60 meV) and a multifunctional material with the unique set of mechanical, electrical and

luminescent properties. Quasi-onedimentional structures of ZnO are the significant building

blocks of different nanodevices such as light-emmiting, sensor (including biosensor), piezoelec-

tric, solarvaltaic arrays etc.
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are the purity and the uniform chemical composition of the obtained material,

narrow particle size and shape distributions, the possibility of synthesizing

multicomponent systems, and the simplicity and scalability of the whole process.

They are suitable for preparing particles of three different morphologies: [99] solid

nanoporous, microporous and hollow ones (Fig. 6.7). The first (e.g., Al2O3) and

third (e.g., MgO and ZnO) type particles are formed from the corresponding

nitrates. Upon variation of the temperature of spray pyrolysis, ZrO2 particles of

all types were obtained.

Currently, some stages of spray pyrolysis4 [100] are being under detailed

investigation, for example, drop formation [101], evaporation and drying stages

[102]. However, it is still unclear how the change of reaction conditions (compo-

nent concentrations, flow rates, evaporation – precipitation or thermolysis) affects

the mechanism and the possibility of control of nanoparticle formation. It was noted

[103, 104] that the addition of a polymer, e.g., poly(ethylene glycol), to the initial

solution of the precursor can be used to prepare nanoparticles of europium-doped

yttrium oxide of controlled morphology.

Fig. 6.6 A scheme of flame spray pyrolysis (а) and a view of the high-temperature stream reactor (b)

4 To consider the spray-pyrolysis in the more detail including the formation of bioceramics and

processes with organic components the recent rather comprehensive review can be

recommended [100].
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Nanoparticles and nancomposites on the base of metal oxides obtaining by

spray-pyrolysis are quite well characterized (see, for instance [105–112]).

New gas phase methods are extensively developed to obtain new ceramic mate-

rials. Flame spray pyrolys combining with aqua and non-aqua sol-gel synthesis,

hydro- and solvothermal methods, pyrolysis of polymer materials and high-pressure

Fig. 6.7 Schematic view of the change of the morphology of Y(NO3)3.nH2O drops during spray

pyrolysis (a); electron microscopic images of the products formed after drying and the first stage of

thermolysis (390 K) (b), after thermolysis at 673 K (c), after thermolysis at 973 K and subsequent

annealing at 1,673 (d) or 1,473 K (e) [99]

6.2 General Characterization of the Principal Methods of Thermolysis of (Metallo). . . 307



techniques has great synthetic potential. Probably, the same way is suitable for

synthesis of copper nanoparticles stabilized with graphene [113].

6.2.6 Calorimetric Bomb as a Method to Study the Enthalpy
of Combustion (the Enthalpy of Formation)
of Nanoparticles

This is one of the important methods for studying of thermochemical data by the

burning of material in calorimetric bomb. This method is widespread and has been

brought to perfection. The bomb calorimeters are widely used in a thermoanalysis

to measure the enthalpy of reaction for many compounds. Hear we have not

analyzed the well-known method of Bartolo and its modifications as well as

calorimetric bombs of Rossini and Prosen (the information can be found in the

corresponding handbooks). Let’s consider briefly a modified calorimetric bomb

constructed in the thermochemical laboratory in Moscow State University

(Fig. 6.8). The bomb is a hermetically sealed stainless steal vessel to withstand

pressures of at least 40 atm. There are electrodes to carry an ignition current. The

calorimetric bomb holds in a container (calorimeter) filled by 2–4 L of water, as a

rule. Before a material with an unknown heat of combustion can be tested in a bomb

calorimeter, the calorimeter must be calibrated with allowance of the energy

contributed by the fuse. Benzoic acid is often used as a standard material with a

known heat of combustion under controlled and reproducible operating conditions.

The standard enthalpy of combustion is the enthalpy change when 1 mol of a

reactant completely burns in excess oxygen under the constant temperature and

pressure yielded liquid water and gaseous dioxide carbon.

Thus, different methods for the preparation of nanocomposites and study of the

kinetics of their formation have now been developed.

6.3 Thermolysis of Metalloprecursors

In this Section we consider the thermal decomposition of more particularly used

precursors with a comparative analysis of their decomposition in polymer matrices.

It should be noted that non-hydrolytic routes are the most popular to carry out the

processes of thermolysis. This is a thermolysis of metal salts, metal oxysalts and

their derivatives in high-boiling organic solvents. In addition, in many cases, it is

difficult to compare the thermodynamic and kinetic data because the different

conditions of experiments (inert and self-generated atmosphere or air, the different

reaction rates, etc.).
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6.3.1 Metal Nitrates

Thermal decomposition of metal nitrates, as well as metal perchlorates, is used to

prepare pure metal oxides, in particular, as parts of composites, for example,

explosives [114]. Metal nanoparticles, for example, of aluminum in combination

with ammonium nitrite and cyclotrimethylene trinitramine increase the rate and

temperature of burning. Such energetic nanomaterials are of interest for a hetero-

geneous burning (see, for instance [115]). The mechanism of thermal decomposi-

tion of metal nitrates has been established; for actinides and lanthanides (except for

cerium and samarium salts), it can be represented as follows:

M NO3ð Þ3  6H2O ads:ð Þ ! M NO3ð Þ3 ads:ð Þ !
! MONO3 ads:ð Þ ! M2O3 þ nitrogen oxides:

Fig. 6.8 A scheme of the

calorimetric bomb
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High energy thermolysis of nitrate complexes of bis-ethylenediamine [M(EDA)2]

(NO3)2 (M¼Cu, Co, Ni and Zn) is investigated in detail [116]. Their decomposition

proceeds in two stages. First, one EDA molecule and monoethylene diamine are

evolved; formation of high-dispersed metal oxides completes the reaction:

M EDAð Þ2
	 


NO3ð Þ2�!
443�532 K

M EDAð Þ2
	 


NO3ð Þ þ EDA�!523�553 K
MO

þ gaseous products

The kinetics of the process is described by second- and third-order equations:

1� (1� η)1/2¼ kt and 1� (1� η)1/3¼ kt, respectively. The thermal stability and

the activation energy of decomposition (88.8–108 kJ/mol) increases as follows: [Cu

(EDA)2](NO3)2< [Co(EDA)2](NO3)2< [Ni(EDA)2](NO3)2< [Zn(EDA)2](NO3)2.

It is important that the initial complexes can be used as burning rate modifiers of

solid propellants. By introducing 2 wt% of the complex into a composite of

polybutadiene with terminal hydroxyl groups – ammonium perchlorate the rate of

burning increases by 1.1–1.80 times. Still more activity is characteristic for the

complexes of transition metal salts with 5-nitro 2,4-dihydro-3H-1,2,4-triazole-3-on

[117]. In this case high-dispersed metal oxides are formed with the more developed

surface that enhances the flame temperature.

The interesting mechanism is revealed under thermal transformations in the

system of Cu(NO3)2·3H2O – 1,2–ethandiol [118, 119]. At the comparative low

temperatures and in an acid medium the spontaneous oxidation of 1,2–ethandiol

occurs in a coordination sphere of metal caused by an equilibrium shift to the

formation of the polynuclear coordinated product. The thermal conversion at

1273 K yields CuO.

Decomposition of anhydrous cerium nitrate to CeO2 (in the temperature range of

500–633 K) corresponds to second-order kinetic equation kt¼ [1/(1� η)]� 1,, the

reaction enthalpy is 111.1 kJ/mol and the apparent activation energy is 104 kJ/mol

(for comparison, these values for thermolysis of anhydrous Nd(NO3)3, Dy(NO3)3
and Yb(NO3)3 are 33, 23 and 46 kJ/mol, respectively) [120]. Decomposition of the

corresponding nitrates gave yttrium group rare earth metal sesquioxides (M2O3,

M¼Y, Dy, Ho, Er) with a controlled geometric structure as nanobelts [121–123]

(Fig. 6.9).

The nanoparticle shape is considerably affected by the reaction conditions,

specifically, the solvent composition, concentration of the precursor, temperature

and time. Thus the mechanism of the hierarchical self-organization of cerium

(IV) oxide nanoparticles [124] upon thermolysis of (NH4)2Ce(NO3)6 in oleic acid

– oleylamine mixture includes two key stages. First, during hydrolysis of the initial

salt at 413� 493 K, CeO2 cluster particles framed by surfactant and NO3
� anion

ligands are formed. The next stage (above 493 K) comprises spontaneous assembly

of primary particles to flower-like structures (cubic, tetrapetalous, star-like and

other structures) caused by the decrease in the concentration of the surface ligands

as a result of fast decomposition of the precursor at high temperature.

Spray pyrolysis of cerium nitrate complexes gives rise to hollow spheres of

CeO2, [125] whereas Zn2SiO4 and ZnO form microporous spheres [126]. Synthesis
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of non-doped and doped with Cu (0.1–5 %) ZnO was carried out using Zn

(NO3)2  6H2O, Cu(NO3)2  3H2O and glycine [127]. The products possessed a

hexagonal phase and symmetry of wurtzite.

Quasi-1D belt-like nanostructures are convenient objects for studying the fun-

damental physical and chemical properties of closed systems. They are obtained by

various methods including thermolysis [128, 129]. For example, the thermolysis of

M(NO3)3xH2O (M¼Dy, Ho, Er) in a dodecylamine–octadec-1-ene high-boiling

solvent mixture is described [121]. Since the solubility of salts in this mixture is

low, heat transfer between the liquid and solid phases takes place; dodecylamine

plays the key role in controlling the structure formation in such ‘solid-liquid’

chemical systems with separated nucleation and particle growth stages. The ternary

Fig. 6.9 Photomicrographs of lanthanide oxide nanobelts: Dy2O3 (a, b), Ho2O3 (c, d) and Er2O3

(e, f) from scanning (a, c, e) and transmission (b, d, f) electron microscopy (TEM) [121]
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oxides such as MAlO3 and M3Al5O13 can be obtained in the same way. However,

the authors did not consider the possibility of octadec-1-ene polymerization under

these conditions (at temperatures of up to 600 K) or the formation of a protecting

shell. It should be mentioned also thermolysis of silver nitrate [130].

6.3.2 Thermolysis of Metal Carboxylates

Metal salts of carboxylic acids have been widely used since ancient times. For

example, calcium propionate is used as a preservative in food industry and in the

soap and lubricant production. Its thermal behaviour has been studied in detail

[131], as well as the behaviour of metal carboxylates with the number of carbon

atoms (n) in the aliphatic chain ranging from 12 to 18. (These salts are present, for

example, in human gallstones [132]). The products of their thermolysis (metal

nanoparticles, metal oxides or carbides) are of interest owing to a wide application

as catalysts of basic organic synthesis reactions, inorganic pigments and so on (see

[133–135]).

Metal carboxylates usually exist as monohydrates, their dehydration at the

temperature T1 (>383 K) being accompanied by a phase transformation and

considerable loss of crystallinity [136, 137]. At temperature T2, which decreases

by an exponential law following increase in the number of carbon atoms (Table 6.5),

the salts start to decompose over a broad temperature range extending beyond

573 K starts (Fig. 6.10).

A typical scheme of the reaction in case of an anhydrous salt can be represented

as follows:

Fe NO3ð Þ3 þ 3CH3 CH2ð Þ7CH ¼ CH CH2ð Þ7COOH
! Fe C17H33COOð Þ3 þ 3HNO3 "

Synthesis of the monodispersed product proceeds through two separated stages:

nucleation and growth of the crystal. It is supposed that under thermolysis of

Table 6.5 Temperatures of

dehydration (T1/K) and onset

of the decomposition (T2/K)
of calcium carboxylates Ca

(n-CnH2n+1CO2)2H2O

Carboxylate T1 T2

C3 386.3 585

C4 392.8 547

C5 389.9 517

C6 394.8 500

C8 391.9 485

C10 391.6 458

C12 394.2 443

C13 391.7 439
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hydrated iron carboxylate the nucleation initiates a thermal generation of free

radicals from the metal carboxylate [138]:

M-COOR!320 �C
Mþ RCOO

M-COOR!320 �C
MxOy þ RCO

The free radicals can recombine or form volatile products such as CO, CO2, H2O,

ethers etc. Generally, the free radicals attack another M–COOR molecules and

initiate the chain reactions. Carboxylic acids play a dual role in the synthesis of

nanocrystalline iron oxide. Firstly, the carboxyl group is a ligand to bind iron ions

into the precursor complex. Secondly, free oleic acid is a stabilizing agent covered

the particles and yielding the fine dispersions in organic solvents. Nickel

nanoparticles (with diameter of 7 nm and product purity of 74.3 %) were obtained

by the thermal decomposition of nickel acetate in the presence of hexadecylamine

surfactant or by the controlled evaporation of solution of nickel-oleylamine com-

plex [139, 140]. In some cases, it has been possible to identify the intermediates

such as nanocrystals of Ni3C [141].

Carboxylic acids derivatives of the types of potassiumferrouscarboxylate with

general formula K3[Fe(L)6] · xH2O (L is formate, acetate, propionate, butyrate)

underwent thermolysis in air up to 1,173 K. After dehydration an anhydrous complex

exothermally decomposed with the formation of different intermediates, in particular,

of potassium carbonate. Further decomposition (above 973 K) led to KFeO2. This

product can be also obtained at 873 K if oxalyldihydrazide C2H6N4O2(aq) as a

complexing agent is added to the batch. Then a reaction mixture was ignited in a

muffle [142]. Reduction of Fe(III) to Fe(II) being endothermal absorbs some heat that

facilitates the formation of ferrites at more high temperatures. Such behavior is

Fig. 6.10 Profiles of the thermograms of decomposition of Ca(II) carboxylates (a) and initial

decomposition temperature (T2) vs. the number of C atoms in the aliphatic chain (b) [136]. Heating
rate 10 deg min�1; n¼ 3 (1), 4 (2), 5 (3), 6 (4), 7 (5), 8 (6), 10 (7), 12 (8), 13 (9)

6.3 Thermolysis of Metalloprecursors 313



similar to thermolysis of alkaline metal ferrioxalates. Both methods allow one to

obtain the stoichiometric pure ferrites at lower temperatures and shorter reaction

time. Besides, the additional grinding of the initial materials is not required that is

necessary in synthesis of ceramics and may cause defects of the lattice and, in turn,

effect permanent magnetic properties. Thermolysis of citrate of alkaline-earth metals

and tris(oxalate/maleate/malonate ferrates (III) was investigated quite well. Different

reasons cause the significant attention to thermolysis of strontium and barium citrate

ferrates [143, 144]. It was shown by Mossbauer spectroscopy that isothermal and

non-isothermal decomposition of M3[Fe(C6H5O7)2]2.4H2O (M¼Sr, Ba) includes

three main stages [145]: dehydration of the complex, its thermal decomposition

yielded α-Fe2O3 and metastable acetonedicarboxylate intermediate, and finally,

oxidative decomposition of the intermediate and formation of the Ba3[Fe

(C6H5O7)2]2 ferrite. Analysis of isomeric schift and quadrupole splitting of

Mossbauer spectra allowed proving the composition, structure and quantities of the

products at 673 and 923 K (BaFe2O4 and Ba3Fe2O7-x).

The most detailed mechanism of thermolysis of metal carboxylates of saturated

carboxylic acids has been elucidated in a number works [146–149]. Thermal trans-

formations of Fe(II), Fe(III), Ni(II), Cu(II), and Pb(II) formates of the formula

М(HCOO)n and the oxalates Fe2(C2O4)35H2O and FeC2O40.5H2O are

temperature-separated successive processes consisting of dehydration and subse-

quent decomposition of the anhydrous carboxylate. The kinetic parameters of

decomposition, the pattern of dependence of the decomposition rate on the degree

of salt conversion and the corresponding approximating equations are presented in

Table 6.6. The kinetics of isothermal decomposition in an SGA is affected by the

temperature of the experiment (Texp), the rate of the preceding dehydration and the

m0/V ratio (m0 is the sample weight, V is the volume of the reaction vessel).

Thermolysis of iron and copper carboxylates follows two consecutive

macrostages to give intermediately metal carboxylates with a low oxidation state

of the metal; this is caused apparently by rather low redox potentials of the Fe(III)/

Fe(II) (Eo¼ +0.771 V) and Cu(II)/Cu(I) (Eo¼ +0.158 V) pairs [51].

The composition of the volatile products obtained in a high-vacuum pyrolysis of

copper formate in the cavity of a mass spectrometer [148] under conditions that rule

out secondary reactions indicates that the transformation is a complex multichannel

process. In the early stages (up to the degree of conversion χΣ ~ 0.5, χΣ is the

fraction of the total intensity of the principal mass peaks at the end of the decom-

position, Σ implies summation over all components), CO2, CO, H2O and HCO2H

are formed simultaneously, and χCO2> χH2O� χCO> χHCO2H; subsequently

the evolution of H2O and CO virtually stops, the rate of their accumulation being

low and given by Wmin(χΣ).
Thermolysis of Co(II) formate conditionally can be divided into two stages as

well: dehydration and a subsequent decomposition. The first stage has been inves-

tigated rather in detail [150]. Thermal decomposition of the anhydrous product is

accompanied by evolution of gaseous products H2, CO and CO2; water vapors

formed yet during dehydration, as well as CH3OH, CH3COOH, products of

thermolysis of formic acid [151–153].
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The topography of the thermal decomposition of anhydrous metal formates has a

number of specific features: the crystals of both the initial compounds and the solid

decomposition products have a block structure with retention of their habitus. The

blocks are rather porous and are ‘fastened’ to a crystal by the polymer with the

hypothetical composition � [�CH(R)�O�]s� [�CH(COOH)�O�]r�, where

r� s. Probably, the polymer formation under the SGA conditions is related to the

catalytic thickening (polymerization) of the gaseous decomposition products

�CO2, H2, CO, H2O, HCO2H� under the action of forming catalytically active

transition metal clusters (Scheme 6.2).

A similar pattern of formation of the polymeric product was observed previously

in the thermolysis of Fe(HCO2)2 [154]. According to electron microscopy

(EM) examination, decomposition of metal carboxylates derived from saturated

carboxylic acids affords zerovalent metal and/or metal oxide particles of less than

100 nm size with a narrow size distribution (Table 6.7) and nearly spherical shape.

Transition metal formate samples were found to self-stabilize the disperse

products. During the transformation, a less electron-dense polymeric shell playing

a passivating role is formed on the surface of the electron-dense product particles

(Fig. 6.11). The rate of formation of the polymeric product competes with the

nanoparticle growth rate. The shell thickness is 3–5 nm and the size of the electron-

dense particles is 1.5–2.5 nm. Note that no such shell is produced on the decom-

position products of Pb(II) formate or Fe(III) oxalate.

A self-regulated formation of spherical particles of the ‘electron-dense nucleus

(metal or metal oxide) – less electron-dense shell (organic polymer)’ type occurs

also during the thermal decomposition of bismuth monocarboxylates with different

lengths of the alkyl chain (oxo-formate, �caprylate, �laurate and -stearate)

[156]. In a vacuum, inert medium or a high-boiling (423–523 K) organic solvent

Scheme 6.2 Formation of

polymer products during the

thermal decomposition of

metal formates
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Table 6.7 Average particle size and thickness of the polymeric shell for decomposition products

of metal carboxylates [149, 155]

Compound Тex, K dfs, nm
a dEM, nm

b ΔLshell, nm
c Productd

Fe(COO)22H2O 543 27.0 20.0 3–5 Fe3O4

Fe(COO)3 543 ~25.0 – – Fe3O4

Ni(COO)22H2O 483 ~30.0 50.0 ~4.0 Ni

Cu(COO)2 413 ~30.0 ~30.0 – Cu

Cu(COO)2MEA (seee) 398 – 69–75 – Cu

Cu(N2H3COO)22H2O (seef) 393 – 200–300 – Cu

Fe2(C2O4)35H2O 583 35.0 30.0 – Fe3O4

Pb(COO)2 493 ~150.0 ~3,000.0 – Pb

Pb(COO)2MEA 525 – ~3,000.0 (~46.0)g – Pb
aParticle diameter calculated from the specific surface area data for the solid products at the end of

decomposition
bAverage particle diameter calculated from EM data
cPolymer shell thickness
dPowder X-ray diffraction and electron diffraction data
eMEA is monoethanolamine
fHydrazinocarboxylate
gAfter ultrasonic treatment

Fig. 6.11 Polymeric shell

on the particles formed

upon decomposition of Fe

(HCO2)22H2O (543 K) (a)
and Ni(HCO2)22H2O

(483 K) (b)
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(e.g., benzyl alcohol), powdered nanocrystalline bismuth is formed, while in air

bismuth oxide as various polymorphs or as a mixture with the metal is produced.

Initially, nanosized (1–2 nm) bismuth particles in ordered layered structures with

interlayer spacing of ~5 nm are formed and subsequently they are converted to

polymer-stabilized crystalline structures, which are enlarged to 50 nm (Fig. 6.12).

The polymer probably arises due to thickening of the destruction products of the

carboxyl fragment.

Homogenous thin films of ZnO with a controlled morphology of wurtzite

deposited in a silicone support were obtained from solutions of zinc acetate or

nitrate using the ultrasound treatment [157]. The thermal decomposition of zinc

acetate on a silicone substrate is carried out at relatively low temperature (473–

523 K) with the formation of nanoparticles, nanowires, and nanowalls as mono- or

polycrystals [158].Of interest is obtaining of ZnO by thermal decomposition at

473 K of coordination polymers of [Zn(4-bpdb)(NO2)2]n types (where bpdb is

1,4-bis(4-pyridil)-2,3-diazo-1,3-butadiene) [159] resulted of high-crystalline

nanomaterials.

To obtain homogeneous hexagonal nanocrystalline ZnO, decomposition of

Zn-oleate complex were investigated by the thermogravimetric analysis

[160]. The decomposition starts at 523 K and ends at 763 K. Size of nanocrystallites

depends time (from 1 to 10 h) and temperature of thermolysis; nanoparticles can be

redispersed in non-polar organic solvents.

Fig. 6.12 Electron

microscopic image of the

spherical particulars of

bismuth metal formed upon

reduction of bismuth

stearate in the presence of

high-boiling alcohol (http://

www.sbras.nsc.ru/win/

sbras/rep/rep2003/tom1/

nim.html)
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Flame pyrolysis of copper formate solution in the excess of hydrogen produced

copper nanoparticles covered with carbon on the following scheme [161]:

Cu HCO2ð Þ2:xH2O aqð Þ ! Cu HCO2ð Þ2 Ið Þ þ xH2O gð Þ
Cu HCO2ð Þ2 Ið Þ ! CuO crð Þ þ H2O gð Þ þ 2CO gð Þ
CuO crð Þ þ H2 gð Þ $ Cu crð Þ þ H2O gð Þ
CO gð Þ þ H2 gð Þ $ C gð Þ þ H2O gð Þ
Cu crð Þ þС gð Þ ! Cu=C 50 nmð Þ

Thermolysis of oleate complexes solvating in 1-octadecene is widely applied

(see, for example [162–165]). Significant efforts have been attempted to study

different carboxylate salts of silver [166–170] including perfluorine carboxylates

[171], oxalate [172], etc. [173]. As a rule, relatively low temperatures (393–523 K),

a long-term reaction time (8–24 h), an inert atmosphere are needed to obtain metal

nanoparticles. Thus, the high yield of nanoparticles is characteristic for decompo-

sition of silver carboxylates in the presence of hydrogen. Carboxylate groups are

deprotonated followed with reduction of silver ions and formation of spherical

nanoparticles of 4–6 nm in diameter [174].

The conditions to control size and structure of silver nanoparticles arised from

the different types of precursors [175] including coordination polymers were

determined [176].
Thermolysis of metal salts of dicarboxylic acids, in particular, oxalates has been

investigated for a long time (see [177–181]).

Pre-history (temperature and duration of deposition, aging, morphology) affects

essentially the structure of a pyrolyzed product as in case of iron oxalate. Thermal

decomposition in air produces hematite (α-Fe2O3), deficiency of oxygen at 773–973

leads to the formation of Fe3O4 nanoparticles of 35–55 nm of size [182–186]:

2FeC2O4  2H2Oþ 5=12O2 ! 1=2Fe2O3 þ 1=3Fe3O4 þ 2COþ 2CO2 þ 4H2O

An oxidative interaction of ethylene glycol with Cu(NO3)23H2O with a nitric acid

(pH & 1.5) additive yields polynuclear oxalate copper complexes [118, 119]. Their

thermolysis at 563 K affords monovalent copper oxide (cuprite, Cu2O), while that

at 1,273 K gives CuO. Polymeric structures of a similar type can also arise in case of

1,2- and 1,3-propandiol and other metal nitrates. Meanwhile, ethylene glycol reacts

with manganese oxalate MnC2O4xH2O (x¼ 2 or 3) with displacement of a water

molecule giving rise to a new solvation complex, MnC2O4(HOCH2CH2OH)

[187]. Thermolysis of this crystal solvate in air produces a quazi-one-dimensional

Mn3O4, or Мn2O3 nanowhiskers, or MnO particles (in the inert atmosphere). The

metastable MnO is obtained by thermolysis of manganese acetate in an oleic acid

mixture with trioctylamine [188]. Decomposition of this salt in oleylamine at 473 K

furnishes a 2D structure, 10.2� 6.8 nm nanoplates. The formation of MnO

nanospheres from the Mn2(CO)10 complex with oleylamine upon the addition of

trioctylphosphine was also reported [189]. The Mn3O4 nanoparticles with the core-

shell structure [190] were obtained by thermolysis of Mn(acac)2 (acac is
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acetylacetonate) in oleylamine [191] or by oxidation of MnO with trimethylamine-

N-oxide [192–194]. Note that the MnO and Mn3O4 nanoparticles reveal ferromag-

netic properties at low temperatures and the coercive force is 8.9 kOe at 5 K; this is

essentially more than that for the bulk Mn3O4. Nanoparticles of MnO of 5–10 nm in

size possess weak ferromagnetism at low temperatures but the antiferromagnetic

phase transition of bulk MnO occurs at about 120 K. Superparamagnetic particles of

iron oxide were obtained by thermal decomposition of iron acetylacetonate

(at 538 K) in the presence of phenyl ether, oleylamine, and 1,2 hexadecandiol

[195] or by the same way from anhydrous iron oleate (at 573 K) [196, 197].

Thermolysis of the complex Eu[C6H3(CO2)3-1,3,5]6H2O obtained from an

aqueous solution of europium nitrate and benzene-1,3,5-tricarboxylic acid affords

10–20 nm-thick one-dimensional Eu2O3 nanorods with a 50–100 nm width and a

length ranging from hundreds nanometres to several micrometres [198–200]. At

temperature below 873 K, the TGA curves show two main weight loss stages, one at

383 K (elimination of water molecules) and one at 742 K (elimination of the

organic ligand); as this takes place, the one-dimensional crystalline thread of the

nanomaterial being formed (Eu2O3) is retained. The oxide Eu2O3 was also obtained

as nanoparticles of different shape: rods [201], nanowires [202], hollow spheres

[203] and nanotubes [204]. The interest in these structures is caused by their

unusual physical and chemical properties [205]. For example, europium-doped

yttrium oxide (Eu3+ in the Y2O3 host lattice) is a red inorganic luminophore

efficient for the use in plasma displays as hollow spheres and inefficient when has

the ‘core-shell’ morphology.

Thermal decomposition of europium acetate at 923 K for 3 days in a steel reactor

in the self-generated atmosphere affords single-phase crystalline hexagonal

nanoplates of europium oxycarbonate Eu2O2CO3 [206]. Lanthanide oxycarbonates

Gd2O2CO3, Sm2O2CO3, Y2O2CO3, La2O2CO3 obtained by this way have attracted

considerable attention because of their versatile applications [207, 208]. Under

similar conditions, zinc acetate is converted to nanopencil-shaped luminescent

ZnO [209].

Scattered data on the thermal decomposition of metal acetates in polymer

matrices were published. For example, metallopolymer composites are formed in

the high-temperature (1,273 K) thermolysis of cobalt acetate in the presence of

polystyrene (PS), poly(acrylic acid) (PAA) or poly(methyl vinyl ketone) (PMVK)

[210]. Carbonization of the organic part affords a material containing metallic

cobalt clusters.

Worthy of note is the synthesis of monodisperse oxide nanoparticles from

submicrone oxide powders based on controlled dissolution – recrystallization

processes. Thus on slow dissolution of a haematite powder in an oleic acid –

octadec-1-ene mixture followed by decomposition of the resulting salt, Fe3O4 and

γ-Fe2O3 nanoparticles are formed in 3:2 ratio with an average diameter of 12.1 nm

[211]. Colloid nanocrystals of transition metal oxides of well-defined sizes, shape,

morphology, and crystallinity, and having ability to self-assembling are widely

used in various fields, especially in catalysis, biomedicine, as sensors and so on

[212, 213].
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6.3.3 Thermolysis of Metal Complexes

One of the most facile and convenient methods for the preparation of monodisperse

metal nanoparticles is thermal decomposition of their complexes, for example,

acetylacetonates, carbonyls, and so on, in high-boiling solvents. In the presence

of surfactants, oleic acid or oleylamine (in some cases, metal oleates dissolved in

octadecene are used), thermolysis of these compounds results in the formation of

evenly shaped monodisperse particles. Long-chain amines, thioles, carboxylic

acids, phosphine oxides are efficient stabilizing agents both of nobel metal

nanoparticles in different solvents (see, for example [214–218]) and nickel, cobalt,

iron [219, 220], and silver [174] nanoparticles and so on. They prevent aggregation

of nanoparticles formed during thermal decomposition. Usually, the process is

carried out at 573 K under N2 atmosphere. Long-chain acids or amines can serve

as alternatives to surfactants. For example, stabilization of cobalt nanoparticles of

diameter 25–35 nm was observed during the thermal transformation of cobalt

(II) bis(salycylidenate) in the presence of oleylamine [221]. Oleylamine complex

of nickel acetate was decomposed at 488 K yielding monodispersive sphere

nanoparticles of nickel or its oxide [222]. Similar syntheses are numerous. Worthy

of note is the formation of nanocrystalline nickel (18.1 nm) at the controlled

thermolysis of ethylene diamine (en) complex [Ni(en)2(H2O)2](NO3)

[223]. Under static conditions an autogenic decomposition occurs at 473 K, the

kinetics of its oxidation follows the Johnson–Mehl–Avrami mechanism, the acti-

vation energy is 135.1 kJ/mol. The product is stable and not oxidized up to 623 K.

The kinetics of deamination is retraced for a solid phase thermolysis of tris

(ethylenediamine)nickel(II) sulfate [224].

Thermal decomposition of the coordination three-dimensional polymer [Pb

(phen)(l-N3)(l-NO3)]n containing an azide-anion ligand gave PbO nanoparticles

[225]. The controlled thermolysis of Fe3(CH3COO)6(OH)2(CH3COO) in a closed

reactor in an inert atmosphere at 973 K affords ferromagnetic magnetite

nanoparticles [226]. Thermal decomposition of iron(III) oxalate tetrahydrate in a

dynamic inert atmosphere is accompanied by the formation of small amounts of

superparamagnetic iron(III) oxide. The key intermediate formed at 483 K is

FeC2O4 [227]. The yield products are FeO (wustite), α-Fe, magnetite. Thermolysis

of the starting complex in an oxidative atmosphere comprises dehydration, reduc-

tion to Fe(II) and the subsequent decarboxylation to hematite.

Components of the reaction medium can have a considerable influence on the

specific growth mechanism and the nanoparticle shape. Thermolysis of iron(III)

oleate in the presence of tetraoctylammonium bromide yields octahedral iron oxide

nanocrystals, the transformation of the quaternary ammonium salt into

trioctylammonium bromide being the rate-determining step [228, 229].

The different mechanisms of thermolysis of such precursore are postulated on

the assumption of the composition and structure of the yield products though many

of them are inconsistent. First of all, it concerns bipyridine complexes Zn(II) and

Cd(II) [230, 231] as well as Ni(II) [232] and Fe(II) [233] (and references there in)].
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Thermolysis of the bipyridine nickel complex proceeds at 723 K for 24 h in an

argon stream resulting of face-centered cubic phase of Ni nanoparticles of 3.5–

5.0 nm in size. Decomposition mechanism of tris(bipyridine)iron(II) dichloride in a

argon stream (probably, as a nickel analog too) comprises of two stage of the ligand

removing with the formation of coordinative unsaturated iron centers. This is

facilated a H-depletion in the pyridine cycle and subsequent attaching the chlorine

ion and reduction of the iron ion to Fe(0) nanoparticles of 50–72 nm in size

(Scheme 6.3).

Most likely, thermolysis of bis-chelate azomethine 2-hydroxy- and 2-N-

tosylaminobenzaldehide complexes of Cu(II), Co(II), and Ni(II) in a condensed

phase at 643 and 873 K are also multi-stage [234]. A general route of thermolysis of

Schiff base type chelates can be represented by Scheme 6.4.

Scheme 6.3 Mechanism of thermal decomposition of tris(bipyridine)iron(II) dichloride to Fe

(0) in an inert atmosphere

Scheme 6.4 Thermolysis

of chelate complexes
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For all these complexes it has been ascertained the formation of self-organizing

nanocomposites comprising of crystal sulphide cobalt clusters (Co9S8) (thermolysis

at 593 K) and Co6S5 (thermolysis at 873 K); Ni3S2 and NiC, or nanocrystalline Cu

with the structure of core-shell. The Cu particles of 2–3 nm or even bigger combined

into aggregates make the core; the shell is the destruction products of ligand.

Metal nanocrystalls, metal oxides, and metal sulphides were obtained by thermal

decomposition of corresponding metal-surfactants [235].

It is interesting that silver nanoparticles with an average size of 60 nmand spherical

morphology can be synthesized by thermolysis of 2-pyridine carboxylate complex

Ag(PPh3)2(2-pyCOO) in the presence of oleic acid.Meanwhile, without the surfactant

only large particles of the bulk silver of a granulated shape are formed [236].

A comparative simple route for synthesis of nanosized Co3O4 being one of the

important p-type semiconductor with high gas-sensor, catalytic and electrochemi-

cal properties [237–239] is suggested. This is a solid-phase thermolysis of the

organometallic precursor – bis[(salycilaldehydate)2cobalt(II) at 773 K for 5 h in

air [240, 241]. Thermolysis of N,N-(bis(salycilidene)ethylene-1,2-diamine)nickel

in the absence of any template or surfactant was proven to be useful for synthesis of

uniform NiO particles at temperature 700 K [242].

A simple large-scale method to synthesize high-purity Zn nanowires using a

biomass as carbon source in a carbothermal process has been reported [243]. The

process in which ZnO and Eucalyptus sp. tar pitch were used as source materials was

carried out in inert atmosphere, without vacuum or catalyst, at temperatures (1,073–

1,173 K) lower than those required in the carbothermal reduction of ZnO with

graphite. Note that reoxidation of the Zn nanowires obtained in air at 573–673 K

affords the nanostructured hexagonal ZnO with a high purity and crystallinity [244].

Thermolysis of bis-aqua-tris-salycilaldehyde zirconium(IV) nitrate in

oleynimine is useful for obtaining single-phase ZrO2 ceramics with a cubic shape

[245]. The addition of triphenyl phosphine to the reaction mixture allowed one to

control the size of particles. Under certain conditions zirconyl nanoparticles of the

quasi-spherical shape and about 30 nm of size are formed.

Analysis of thermal transformations of metal complexes has been performed in

recent work [28]. Below in Sect. 6.4 we consider the thermolysis of such metal

complexes in polymer matrices as well as polymerization conjugated with a

thermolysis process of acrylamide complexes is discussed (Sect. 6.5).

6.4 The Conjugate Thermolysis – Nanoparticle
and Polymer Matrix Formation Process

Currently, various methods for stabilizing nanosized particle are available [246];

some of them have already been mentioned. The self-regulated stabilization of

highly dispersed metal particles either as metal-containing precursors or as mono-

mers, which are then subjected to polymerization and thermolysis, seems especially

promising.
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6.4.1 Thermal Transformations of Salts of Unsaturated
Carboxylic Acids

Thermolysis of metal-containing monomers (salts of unsaturated mono- and

dicarboxylic acids) is poorly studied but vigorously developing line of research and

the best embodiment of the idea of nanoparticle stabilization in situ. The monomers

include alkali, alkaline earth and transition metal acrylates (MAcrn), maleinates

(MMaln), itaconates (MItacn) and fumarates (MFumn) [247–249], their polysalts

[250, 251]. This series can be extended for salts of acetylenecarboxylic acids

[252]. Such compounds capable to polymerization have been named

metallomonomers.

Most of the results of investigations of thermal transformations of metal-

containing monomers are qualitative [253–260].

For example, the initial decomposition temperatures of acrylates increase in the

sequence of metals: Fe<Cr<Ni<Co<Mn; however, these temperatures are lower

than the decomposition temperature of polyacrylic acid. Probably, this is caused by

the catalytic influence of metal ions or nanoparticles on the destruction of the

polyacrylate fragments. Preliminary γ-irradiation (200–600 kGy) of Ni (II), Co

(II) and Cu(II) polyacrylates and increase in the irradiation dose lead to a decrease

in the initial decomposition temperatures [261]. The stage mechanism of thermolysis

has been proposed for complex acrylates of the composition of M(phen)

(Acr)2(H2O)y, where phen is phenanthroline, M¼Mn(II) (y¼ 0), Ni(II) (y¼ 2), Cu

(II) (y¼ 1), Zn(II) (y¼ 2) (TG, DTG, air, 293–1,273 K, rate heating 10 deg./min)

[262]. For these acrylates, except for Zn- complex, all of the macrostages were

exothermic. The solid products are Mn2O3, NiO, CuO and ZnO, respectively.

Studies of the thermolysis of metal salts of unsaturated carboxylic acids both in the

thermal analysis (TA) and SGA modes revealed the general pattern of their trans-

formations. They tend to decompose via a sequence of three macro stages occurring

at different temperature: [155] dehydration (desolvation) of the initial monomers

(403–473 K); solid-state homo- or copolymerization of the dehydrated monomer

(monomers) (473–573 K); decarboxylation of the polymer thus formed to give a

metal-containing phase and oxygen-free polymer matrix (at temperatures of>523 K,

or for copper carboxylates >453 K) accompanied by vigorous gas evolution.

The most informative quantitative data on the kinetics and the

physicochemistry of thermal transformations of such precursors were derived

from a SGA process in a non-isothermal closed reactor [263–270]. The studied

compounds included Cu2(CH2═CHCOO)4 (СuAcr2), Co(CH2═CHCOO)2H2O

(СoAcr2), Ni(CH2═CHCOO)2H2O (NiAcr2), Fe3O(ОН)

(CH2═CHCOO)63H2O (FeAcr3), cocrystallites [Fe3O(ОН)(CH2═CHCOO)6]
[Co(CH2═CHCOO)2]2,4 (FeСоAcr2) and [Fe3O(ОН)(CH2═CHCOO)6][Co
(CH2═CHCOO)2]1,53H2O (Fe2СоAcr2)

, Co(ОСОCH═CHCOO)2H2O

(СоMal2), [Fe3O(ОН)(ОСОCH═CHCOO)6]3H2O (FeMal3).

The time dependence of gas evolution η(t) for these compounds is described

satisfactorily by the approximating relation
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η tð Þ ¼ η1f 1 � exp �k1τð Þ½ � þ ð1 � η1f Þ 1 � exp �k2τð Þ½ �, ð6:9Þ

where k1, k2 are the effective rate constants for the transformation (W¼ dη/dt) at the
corresponding stage, η1f¼ η(t) fork2τ! 0 and k1τ!1, τ ¼ t–t0, t0 are the heating
time of the sample. Note that the ratio m0/V has almost no influence on the

transformation rate, which is indicative of thermolysis in the condensed phase.

Table 6.8 summarizes the kinetic characteristics of the thermal transformations

of the studied compounds. Attention is attracted by the fact that thermolysis of

FeAcr3 comprises two temperature-separated gas evolution regions with different

kinetic parameters: low-temperature (<573 K) and high-temperature (>573 K)

regions. A possible explanation of this phenomenon is the occurrence of two

parallel gas evolution processes. In terms of decreasing gas evolution ability of

Table 6.8 Kinetic parameters of thermolysis of transition metal salts of unsaturated carboxylic

acids

Compound

Texp,

K

Para-

meter

η1f,ΔαΣf¼A exp

[�ΔH/(RT)

k

k ¼ k0 exp
[�Ea/(RT)]

ReferencesA
ΔH,
kJ/mol k0, s

�1
Ea,

kJ/mol

СuAcr2 463–

513

η1f
ΔαΣf

1.8104 48.1 k1 9.51011 154.7 [263]

3.6 12.5 k2 9.21011 163.0

СoAcr2 623–

663

η1f
ΔαΣf

1.0 0 k1 3.01014 238.3 [264]

1.55 0 k2 0 0

FeAcr3 473–

573

η1f
ΔαΣf

1.0 0 k1 4.21021 246.6 [266]

1.6102 25,5 k2 0 0

573–

643

η1f
ΔαΣf

1.0 0 k1 1.3106 127.5

1.7102 26,3 k2 0 0

NiAcr2 573–

653

η1f
ΔαΣf
ΔαΣf

2.6 1.1 k1 1.71017 242.4 [265]

1.41011 125.4

(<613 K)

1.2 10.5

(>613 K)

k2 7.5108 156.8

FeCoAcr 613–

663

η1f¼ 0.65(613K)
 0.45(663K) k1 2.31012 206.9 [267, 268]

ΔαΣf 5.25102 7.5 k2 6.0108 137.9

Fe2CoAcr 613–

663

η1f¼ 0.50(613K)
 0.3(663K) k1 2.61012 204.8 [267, 268]

ΔαΣf 1.9102 6.0 k2 6.6105 125.4

СoMal2 613–

643

η1f
ΔαΣf

1.0 0 k1 1.6106 125.4 [269]

1.3102 23.4 k2 0 0

FeMal3 573–

643

η1f 0.59102 23.4 k1 3.3107 133.8 [270]

ΔαΣf¼ 4.78(673K)
 7.4

(643K)

k2 1.0107 110.8

Note. η¼Δα∑τ/Δα∑f is the degree of conversion where ΔαΣ,t¼ αΣ,t� αΣ,0;ΔαΣf¼ αΣ,f� αΣ,0; αΣ,
f, αΣ,t, αΣ,0are the final, current and initial total numbers of the gaseous decomposition products

evolved per mole of the starting compound at room temperature, respectively (α∑,0 is related to

dehydration and polymerization processes); η1f¼ η(t), k2t! 0, k1t! 0.
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the acrylates MAcrn, metals can be arranged in the series: Cu� Fe>Co>Ni. The

thermal transformation of MAcrn and MMaln in the gas phase produces [254, 271]

CO2, CO, H2, H2O vapour, acrylic (from MAcrn thermolysis) or maleic (from

MMaln) acid vapour, C2H4 (for CuAcr2), CH4 (for CoAcr2 and NiAcr2). The

solid products of transformation are particles of the corresponding metal and/or

metal oxide embedded in the decarboxylated polymer (in the case of co-crystallized

FeCoAcr2 and Fe2CoAcr2, cobalt ferrite, CoFe2O4, is formed).

Analysis of the chemical transformation pathways shows that under the assump-

tion of energetic non-equivalence of the M7O bonds in unsaturated metal carbox-

ylates, the primary decomposition step is the formation of radicals: acrylic

(CH2═CHCOO
) and maleic (OOCCH═CHCOO) radicals for acrylates and

maleates, respectively. The radicals initiate polymerization, which is followed by

decarboxylation of the metallopolymer. As an example, Scheme 6.5 presents the

mechanism of thermal decomposition of acrylate.

Taking account of Scheme 6.5, the material balance equations and quantitative

data on the yields of gaseous and volatile products of thermolysis, it was found that

the composition of the solid phase changes during the transformation. It can be

represented by the following balance relation: for acrylates

MOr(CH2CHCOO)p� k(CH2CH)k(CHCHCOO)q� l(CHCH)l and for maleates

MOr(¼CHCOO)2p� k(¼C�)k(¼CCOO)2q� l(¼С�)l where before decarboxyl-

ation, r¼ k¼ l¼ 0 (r 6¼ 0 for FeAcr3), p and q are the numbers of internal and

terminal (hydrogen-depleted) carboxylate groups, respectively.

An important problem, although rarely discussed, is the morphology and topog-

raphy of the solid products of carboxylate thermolysis the knowledge of which

would extend the understanding of the physicochemistry of this process. The initial

MAcrn and MMaln samples are optically transparent crystal-like porous particles

without crystallinity at distances comparable with the transmitted light wave-

length. They have relatively great specific surface area (S0sp¼ 9�30 m2/g), which

does not change significantly upon thermolysis. However, in some cases (for

CuAcr2, CoAcr2 and somewhat for NiAcr2), large aggregates are dispersed. As a

result, the average particle size decreases and Ssp increases 2–3-fold and then

decreases again due to the sintering of particles [263, 264].

Even at early stages (during the sample warming-up), the particles lose trans-

parency and their surface becomes sugar-like, probably as a result of desolvation

processes, which may attest to a significant contribution of a bulk homogeneous

reaction. Thus, thermolysis of these compounds is a heterogeneous-homogeneous

process [265, 266, 268].

The average size of decarboxylated metallopolymer particles (Ssp measurement

data) is estimated as ~20–30 nm for CuAcr2 and ~30–50 nm for CoAcr2. Electron

microscopy and electron diffraction studies [265, 269] of the sample microstructure

have shown (Fig. 6.13a) a rather narrow particle size distribution, a 4–9 nm mean

diameter of particles (Fig. 6.13b) and a 8–10 nm mean distance between particles in

the matrix. The even particle distribution in the matrix and the narrow particle size

distribution may be indicative of a high degree of pseudo-homogeneity of decar-

boxylation and the formation of a new phase. Note that the mean size of the
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thermolysis products is much greater for the salts of saturated carboxylic acids than

for the unsaturated acid salts (see Fig. 6.13b).

Of interest are lanthanide acrylates due to their specific optical properties [272–

275]. The coordination vacancy of transition metals of acrylates can be occupied

not only by water molecules but also by other ligands such as amines. In this

Scheme 6.5 The main routes of thermal transformations of metal acrylates
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connection of interest is the work [276] in which the thermal stability of mixed

acrylate and ethylenediamine metal complexes is investigated

[M(en)(CН2═СHСОO)2] · nH2O ((1) M¼Ni, n¼ 2; (2) M¼Cu, n¼ 0; (3)
M¼Zn, n¼ 2; en¼ ethylenediamine.

After dehydration and elimination of ethylenediamine a metal oxide yield

product is formed except metallic copper arising from the copper complex.

The complexes of acrylates with tetradentate tripodal ligands are known

[277–279]. Such complexes reveal a superoxidedismutase-like activity, particu-

larly, those with aromatic amines (2,20- or 4,40-dipyridil, 1,10-phenanthroline)
which model different biological objects. However, in these works the stage of

polymerization, the peculiarity of thermolysis of such complexes and, conse-

quently, the properties of the resulting nanoparticles is ignored.

Synthetical approaches and structure of pre-thermolized carboxylates of unsat-

urated dicarboxylic acids are different from those of monocarboxylic acids. Firstly,

already on the stage of their synthesis (as shown for metal maleates, fumarates,

itaconates, acetylenedicarboxylates [252, 280]) coordination polymers are formed.

Fig. 6.13 Electron microscopic image of the thermolysis product of Co(O2CCH═CHCO2)2H2O

at 623 K (a) and size distribution of metal-containing particles (b) [269] (1) Fe3O(OH)

(CH2¼CHCOO)6·3H2O, (2) Fe (HCOO)2·2H2O, (3) Co (OCOCH═CHCOO)2H2O
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Thus, according to the X-ray analysis unsaturated metal dicarboxylates have both

monomeric (Co(II) and Fe(II) hydromaleates, M(C4H3O4)24H2O) and chain- (Co

(II) fumarate, CoC4H2O45H2O) or three-dimensional (Co(II) maleate,

CoC4H2O43H2O) polymeric structure (Fig. 6.14) multiple bonds of which are not

coordinated with metal.

However the mechanism of their thermal transformations is similar to that of

unsaturated monocarboxylic acid salts [269, 271]. One can assume that with the rise

of the level of heat vibrations in the lattice of monomer the rupture of the weakest

M–O bonds is the most probable. As the result the biradicals ОOСCH═CHCOO

are formed from maleates, for instance. The formed radicals react with the metal-

containing maleate fragments to give corresponding acids and H-depleted radical

R• of maleic groups by the following scheme:

:OOCCH ¼ CHCOO: þ RH ! HOOCCH ¼ CHCOOH þ RI ð6:10Þ

Where RH ¼ (CНCOO)2М
n+

2/n, R
I¼ (CCOO)2М

n+
1/n.

The formed RI initiates the polymerization to produce the linear or networked

polymers.

RI þ s ООСCH ¼ CНСOOð ÞМnþ
2=n ! RI � �M1=nOOСCH� CHCOOM1=n�

	 

s
� RI

ð6:11Þ

With temperature the metal-containing fragments of formed polymers decompose

to produce a metal (or its oxide) and CO2.

RI � � M1=nOOС
� �

CH� CH COOM1=n

� ��	 

s
� RI !

CH � C� �CH� CH�½ �s � C � CНþ 2 sþ 2ð ÞCO2 þ sþ 2ð ÞM:

ð6:12Þ

The polymers resulted in the decarboxylation reaction can be additionally thermo-

polymerized to form the net structure with conjugated multiple bonds.

Fig. 6.14 Molecular structure of coordination polymers of Co(II) fumarate pentahydrate (a) and
maleate (b)
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In general, the composition of solid phase products of thermolysis can be

represented as a sum of the C�H�O-fragment fractions:

МОz ¼ CHCOOð Þ2p�x ¼ CCOOð Þ2q�y ¼ CH�ð Þx � C�ð ÞH, ð6:13Þ

where x¼ y¼ z¼ 0 (z 6¼ 0 in the case of Fe(III)-maleate), p and q are the amounts of

intra-chain and H-depleted terminal groups ( p+ q¼ 1), respectively.

Thermolysis of Cu(II) and Zn(II) [281] maleates and fumarates was studied by

non-isothermal methods (TGA, DTG, DTA) in the temperature range 273–873 K

(heating rate 5 deg./min). Dehydration of the complexes demonstrated that the

thermal stability of copper and zinc fumarates was higher than the stability of the

corresponding maleates, the dehydrated copper fumarates and maleates were equiv-

alent in stability and zinc fumarate was more stable than zinc maleate.

Comparative analysis of thermolysis of geometry isomers (cis- and trans-) was
carried out for Zn(II) and Cu(II) [282] and Mn(II), Co(II), and Ni(II) [281] maleates

and fumarates, respectively, to study the influence of the ligand structure on the

thermal stability and mechanism of thermolysis of the corresponding complexes. In

the case of the nickel salts dehydration starts at 403 K and ends at 498 K. The

second stage comprises the quickly oxidative decomposition (mass loss 69 % at

663 K) up to NiO. This indicates that the yield product arises directly from

nickelfumarate. The following scheme has been proposed for this reaction

(Scheme 6.6).

Probably, this mechanism should be defined more precisely making allowance

for a polymer structure of the salts being formed during the decomposition.

Secondly, the weakest carboxylic group bond should be also considered because

the decomposition of a dehydrated complex starts from its rupture.

In a study of thermolysis of ferrimaleates M3[Fe(Mal)3]2 · xH2O (M¼Mn, Co,

Ni, Cu) in a static air atmosphere at temperatures of up to 873 K, general charac-

teristics of the decomposition process were established [258]. This is a multistage

transformation starting with dehydration of ferrimaleates to ferrites; after dehydra-

tion, the Fe(III) precursor is converted to an intermediate Fe(II) derivative, M3[Fe

(Mal)2]2; after that, the monomer destruction yields iron(III) oxide and the metal

Scheme 6.6 A scheme of thermolysis of metal maleates and fumarates in air
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oxide (MO). The formation of the ferrite MFe2O4 can be described by the following

reactions:

M3 Fe Malð Þ3
	 


2
xH2O�!433�548K

M3 Fe Malð Þ2
	 


2
�!573�673K

Fe2O3

þMO�!623�773K
MFe2O4

Synthesis of multimetallic ceramics via polymer-assisted transformations of unsat-

urated carboxylates will be analyzed in Sect. 6.6.

The major gaseous products of thermal decomposition of Co(II)

acetylenedicarboxylate (CoADC) in the temperature range 413–1,223 K are СО2,

С2Н2,С6Н6 which can be attributed to a decarboxylation process occurred already

under polymerization of the monomer salt (Fig. 6.15) [252].

In the range of temperatures 413–453 K the rate of gas evolution at thermolysis

of CoADC is satisfactorily approximated by the first-order equation W¼ dη/dt¼ k
(1�η) where η¼ (αt�α 0)/(α 1�α 0) is the degree of conversion; αt, α0, α1 are the

current, initial and final total numbers of the gaseous decomposition products

evolved per mole of the starting CoADC, k¼ 1.61015ехр[�35,800/(RT)], s�1. It

was found that the total decarboxylation of metal-containing fragments of the

CoADC completes over 673 K and the total gas evolution ends at >1,073 K. In

this case, a significant mass loss of the sample (up to 70 % at 1,223 K) was

observed.

Fig. 6.15 TGA, DSC and mass-specta of Co(II) acetylenedicarboxylate (heating rate 5 deg./min,

argon)
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Thus, thermolysis of the salts of unsaturated carboxylic acids and the properties

of the products attest to simultaneous “one-pot” occurrence of two processes:

nanoparticle synthesis and their stabilization by the formed decarboxylated matrix

of a controlled thickness.

6.4.2 Co-condensation of Metal and Monomer Vapours

It appears promising to combine thermolysis with low- temperature methods of

nanoparticle insertion into polymerization-active monomers, for example, for pre-

paring metal nanoparticles in poly(p-xylylene) films. This method implies

co-condensation of vapours of the metal (and/or semiconductor) and the monomer,

p-xylylene, which is prepared by pyrolysis of cyclic di-p-xylylene ([2, 2]

paracyclophane), on a liquid nitrogen-cooled substrate [283–285]. The

co-condensed product is subjected to low-temperature solid-state polymerization;

this prevents the aggregation of metal particles at the stage of nanocomposite

formation; the metal content in nanocomposite films reaches 50 vol.%. The block

diagram for implementation of this method for nanocomposite preparation is shown

in Fig. 6.16. The cyclophane molecules pass through the pyrolysis zone (~870 K)

being converted to an active intermediate, which is deposited on a cooled substrate

together with metal and/or semiconductor atoms. Then poly(p-xylylene) or its

derivative is formed upon thermal polymerization, while nanoparticles or

1–20 nm clusters (depending on the chemical structure of the precursor and

polymerization conditions) are formed in the polymer matrix. The particles having

rather narrow size distribution are mainly located in amorphous areas of the

polymer [286–290].

This method was used to stabilize the Ag, Zn, Cd, Pb[291], Cr [292], Mn [293]

and other nanoparticles in poly(p-xylylene) films. The nanoparticle stabilization

can be attained by both the formation of a metal cluster in the polymer matrix and

the formation of d-metal π-complexes with the quinonoid form of the p-xylylene

monomer. The complex formation between the polymer and d-metals brings about

modification of the polymer properties, and the material becomes homogeneous

rather than consisting of two phases. A similar reaction with p-xylylene can be

proposed for other metals of the chromium, manganese and iron groups [293]. How-

ever, the targeted investigation of the thermal stability of these supramolecular

assemblies is only at an early stage.

Fig. 6.16 Setup for the production of nanocomposite films [287]
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6.4.3 The Methods of Formation of Metal – Carbon
Nanocomposites

Metal - carbon nanocomposites can be prepared by pyrolysis of poly(vinyl chloride)

(PVC), poly(vinyl alcohol) (PVA), PAN and cellulose hydrate fibres under carbon-

ization conditions in the presence of metal-containing precursors. A typical proce-

dure for the preparation of metal–carbon nanocomposites consists of several stages.

The thorough mixing of the carbonaceous material with an aqueous solution of a

metal salt (most often, nitrate) is followed by ultrasonic homogenization, filtration

and drying in air; the process is completed by thermolysis at 870 K and pyrolysis at

higher temperatures (in some cases, up to 2,070–2,270 K depending on the material

composition) [294]. The chemical stability of these materials depends considerably

on the nature of the initial polymer, conditions of thermolysis and the nature of

additives (see, for example, Ref. [295, 296]).

In recent years, vigorous studies of carbon (graphite) nanostructured membranes

have been carried out, dealing with both optimization of the selective layer and the

mechanisms ofmolecular transport in them. The preparation of compositemembranes

with enhanced mass exchange (selectivity, permeability) and service (mechanical

strength and thermal and chemical stabilities) characteristics was reported [297,

298]. The membranes are formed upon carbonization of phenol formaldehyde resins

on heating to 973 K on ceramic supports. Tubular or flat ceramics (with pore size of

40 nm to 5 mm) based on α-Al2O3, TiO2, ZrO2, in particular those with additional

metallic layers (Cr, Ti, Mo) are used as the supports. In the case of chromium

additives, a graphite-resembling membrane structure is formed.

A thermally stable carbon nanocomposite with inclusion of metallic copper (nano-

particle size of 10–80 nm) is produced upon thermolysis of PAN and CuCl2 in the

presence of nitric acid [299]. This method is also suitable for preparing bimetallic

nanocomposites. In particular, successive layering of the corresponding precursors

(in 1:1 ratio) on PANand thermolysis at 870K results in the formation of theAu–Co/C

metal–carbon nanocomposite [300]. Of some interest is the interaction of metal salts

with a conjugated system of polymers. For example, Co(acac)2 (acac is

acetylacetonate) is predominantly coordinated with a conjugated system and slightly

boundedwith a terminal nitrile group of the conjugated chain.At the same time, CoCl2
interacts with a conjugated system more strong playing the role of a dopant [301].
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Comparatively on the early stages of the study of thermolysis attention was

drawn the peculiarities of macromolecular complexes obtained by polymer-

analogous transformations (see, for example, [302]). These macrocomplexes con-

tain chemically bound metal compounds in the side chain. For example, the thermal

treatment of hexadienyl-[tri(carbonyl)iron]acrylonitrile copolymer (the ratio of

monomer units in polymer 9.2:1) (1) in air at 1373 K gives the uniform fine powder

of nanocrystallites (80–120 nm) stabilized by a carbon matrix. Their phase com-

position (iron carbide or α-Fe) depends on the temperature of thermolysis

(Fig. 6.17).

Meanwhile, thermolysis of acrylonitrile and 4-vinylpyridine copolymers (molar

ratio 8.5:1) with CoCl2 or nickel-bis(styrylcarboxylate) at 1,273 K for 24 h affords

ultrasmall β-cubic Ni (52 nm) or β- and α-Co (18 nm) nanoparticles.

The insertion of metal-containing precursors into glass–carbon matrices appears

to be a promising approach. Thus thin films of platinum-doped glass carbon have

Fig. 6.17 Mossbauer

spectra of the products of

thermolysis of hexadienyl-

[tri(carbonyl)iron]

acrylonitrile copolymer

(molar ratio 9.2:1) obtained

at different temperatures
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been obtained by immobilization (at 338 K) of mononuclear complexes of

ethylenebis(triphenylphosphine)platinum(0) on the poly(phenylenediacetylene)

oligomer and subsequent pyrolysis (up to 873 K) (Scheme 6.7).

Platinum forms spherical particles with a mean diameter of 1.6 nm and a narrow

size distribution [303]. It is significant that thermolysis of complexes not bound to

the oligomer results in considerable enlargement (to 600 nm) of Pt particles.

Methods of this type are used rather often to obtain composite materials. For

example, ceramics described as MxSiyCz (M¼ Fe, Co) was produced by high-

temperature pyrolysis (1623 K) of diacetylene oligomers containing transition

metal clusters [304]. Co-pyrolysis of ferrocene and thiophene (1,273–1,423 K)

affords carbon nanotubes with Fe particles localized only inside the tube [305];

the metal clusters arising upon thermolysis of Fe(CO)5 catalyze the formation of

carbon nanoparticles [306]. Metal–carbon composites are also formed upon laser

pyrolysis of a mixture of Fe(CO)5 and C2H4, joint carbonization (1,173 K) of

ferrocene and maleic anhydride or tetrachloroethylene [307, 308], controlled

thermolysis of organocobalt compounds [309] and so on. Pyrolysis of poly

(phenylcarbyne) (PhC)n mixed with HAuCl4 at 873 K under reducing atmosphere

(Ar+10%H2) affords amorphous carbon nanocomposite films containing gold

nanoparticles [310]. The key stage of these processes is the nanoparticle formation

and mixing with the polymer. The presence of 1 % of metal carbonyl catalyzes the

extensive destruction of mesogenic pitches (specific matrices with polycondensed

aromatic structures, which can function as p-ligands stabilizing metal clusters)

[311, 312]. An increase in the iron content to 5 % in ethylene polymerization and

thermolysis at 520 K give rise to Fe–LDPE composites (LDPE is low-density

polyethylene) with a considerable portion of structures resembling layered graphite

compounds [313]. As the content of nanoparticles in the polymer increases, the

degree of polymer amorphization increases, which is clearly demonstrated by

Table 6.9.

Scheme 6.7 A scheme of synthesis of ethylenebis(triphenylphosphine)platinum(0)/poly

(phenylenediacetylene) oligomer
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A simple method for the preparation of ferromagnetic 1D nanofibres with a

core–shell structure is based on the reaction of Fe(CO)5 with elemental sulfur or

tellurium at 970 K in a closed reactor under self-generated atmosphere (RAPET

process) [314]. This produces FeS/C and FeSe/C nanoparticles several micrometres

long with a diameter of 80–100 nm coated by a carbon shell. Presumably, under

these conditions, the catalytic effect of iron is manifested, giving rise to oriented

carbon nanotubes, which stabilize chalcogenide nanoparticles. The methods based

on controlled carbonization of polymers followed by immobilization of metal

nanoparticles (for example, to produce high-temperature filters and gas separating

membranes [297]) are being currently successfully developed.

Worthy note a comparative simple method of preparing nano- and microparti-

cles of Zn/C, Cd/C, Al/C stable in air by decomposition corresponding compounds

of Zn(C2H5)2, Cd(CH3)2, Al(C2H5)3 at 773–1,073 K in a self-generating atmo-

sphere [315]. Morphology of these materials is a core-shell. Such approach appears

to be perspective for obtaining the similar composites based on other metals (for

example, from tetraalkyltin); thermolysis of molybdenum alkoxide affords MoO2/C

[316]. From such precursors under sertain conditions (high temperature, reduction

atmosphere H2/CxHy) it is possible to prepare metal carbides in one-stage route.

These are SiC (at 1,073 K) as nanorods, nanotubes of WC (from W(CO)6 at

1,173 K), micro- and nanospheres of Mo2C (from Mo(CO)6 at 1,073 K) or even

composites of SiC/C [317]. Thermolysis of powder cellulose (PC) in the presence

of hydrolyzing tetraethylsilane gave rise to the nanocomposite PC/SiO2 [318].

The above-mentioned thermolysis of solid/liquid mixtures in the case of metal/

polytetrafloroethylene (M/PTFE) offers a number of the advantages such as one-stage

self-supporting process with a high rate and selectivity, no additional consuming of

heating, the relatively simplicity of apparatus. Structure of carbon particles

containing metals and Si nanofibers formed can be adjusted by a heating regime [58].

The aerosol thermolysis in solution is an easy method to produce ceramic

electrolytes of oxide fuel elements (for example, on basis of yittrium (8–10 mol.

%)- or gadolinium (10–20 mol.%) stabilized zirconia) [319].

The above-analyzed data is only a brief illustration of the potential of

thermolysis in the construction of metal/carbon nanocomposites.

Table 6.9 X-Ray characteristics of Fe composite materials [313]

Polymer/iron components RCS, nm Content of the crystalline phase, %

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

Low-density polyethylene PELD 21.5 30

+1.0 % Fe 21.5 30

+5.0 % Fe 26.5 20

+10 % Fe 25.0 15

Note. RCS is the region of coherent scattering
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6.5 Thermolysis of Metal-Containing Monomers
in the Frontal Mode

A promising trend in the self-controlled synthesis of metallopolymer

nanocomposites is frontal polymerization (FP) of solid metal-containing monomers

[320–324]. Frontal polymerization is a layer-by-layer self-maintained chemical

transformation where the localized zone of intense reaction (polymerization

front) travels over the bulk of the polymerizing compound. As compared with the

usual bulk polymerization, FP has a number of important advantages: lower energy

expenditure, high rates and low reaction times, greater degrees of conversion and

the possibility of the solid-state process.

The FP mode is implemented as follows. For a short period of time (~10 s), the

system is subjected to thermal perturbation (ignition) by heating a small portion of

the reacting volume with an electric heating device or a stationary external heat-

transfer agent set to a specified temperature. Further polymerization is maintained

by system inner resources proceeding in a narrow temperature range close to

adiabatic heating of the reaction mixture. The appearance of a melt zone (1st

order phase transition) and a colour change can be observed visually; the migration

of the colour change boundary is used to monitor the reaction rate. The dynamic

pattern of transformation of this polymerization wave is presented in Fig. 6.18.

The FP phenomena in solid monomers are little described in the literature [325,

326]. The first and still the only one reported case of purely thermal initiation of FP

in the condensed phase is decomposition of acrylamide (AAm) complexes of

transition metal nitrates [M(CH2¼CHCONH2)4](NO3)n  xH2O, where М¼Cr

(III), Mn(II), Fe(III), Co(II), Ni(II), Cu(II), Zn(II), Pd(II) n¼ 2, 3; x¼ 0, 2. The

isothermal gas evolution rate (W ) in a static non-isothermal reactor (SGA mode) as

a function of the degree of conversion (η) is approximated satisfactorily (up to

η	 0,9) by a first-order autocatalysis equation W¼ dη/dt ¼ k(1� η)(η + ξ0) where
the constants k¼ 4.2107ехр[� 24,000/(RT)] s�1, ξ0¼ 1.910�2.

Fig. 6.18 Dynamics of the polymerization front propagation for Co(II) acrylamide complex

[322]. (a) after 20 s, (b) after 45 s, (c) after 55 s. (1) monomer, (2) polymer, (3) thermocouple
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The transformation includes three stages:

1. dehydration of the monomer (333� 358 K)

Со CH2 ¼ CHCONH2ð Þ4 H2Oð Þ2
	 


NO3ð Þ2 sð Þ !
! Со CH2 ¼ CHCONH2ð Þ4

	 

NO3ð Þ2 s:ð Þ þ 2H2O

�
liqð Þ � 19 kJ=mol,

2. polymerization of the dehydrated complex (373–413 K) accompanied by the

reaction of H2O vapour with the NO3
� anion and the NH2 group of the AAm

ligand yielding NH3 and HNO3 vapours.

n Co CH2 ¼ CHC Oð ÞNH2ð Þ4
	 


NO3ð Þ2�!�H2O

�! Co CH2 ¼ CHC Oð ÞNH2ð Þ4
	 


m
þ NH3 þ NHO3 þ

þ 	 83 kJ mol�1;

3. thermooxidative destruction of the resulting polymer (5,453 K) through interac-

tion with HNO3 vapour and with reactive decomposition products thereof.

The last two stages are exothermic, which is a key cause of initiation of

polymerization and development of the FP mode. The X-ray diffraction pattern of

the product formed upon thermolysis of the cobalt complex at 673 K has peaks

corresponding to the characteristic lines of the β-cobalt face-centred cubic lattice.

The microstructure of the cobalt-containing product (Fig. 6.19) is composed of

spherical nanoparticles with a mean size of 5–9 nm evenly distributed in the

polymer matrix [327, 328].

Polymer-assisted synthesis of metallopolymer nanocomposites allows one to

control precisely the size of nanoparticles as well their composition and structure.

Thus, unlike the products of thermolysis of metal carboxylates, nanocomposites

based on acrylamide complexes contain highly dispersed metal phase or, at higher

temperatures of thermolysis, metal carbide phase. Such difference may be caused

by the character of chemical processes occurring at thermolysis of the starting

Fig. 6.19 TEM images (on different scales) of spherical cobalt nanoparticles in the polymer

matrix [327]
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monomers and intermediates formed [329, 330]. The nanoparticles in such systems

have a specific structure of a core-shell which comprises metal-containing core and

the surface layer from a polymer (Fig. 6.20).

The correlation of the temperature dependences for ferromagnetic resonance

(FMR) line widths and the resonant field Hres values of the polymer shell and a

cobalt nanoparticle, which it surrounds, is indicative of an interaction between them

(Fig. 6.21) [327, 329].

Variation of the thermolysis conditions allows adjusting the sizes and composi-

tion of nanoparticles as well as properties of nanocomposites formed. For example,

it is of interest to track the magnetic properties of the products of thermal trans-

formations of CoAAm obtained at temperatures of 673, 773, 873, and 1,073 K. The

Fig. 6.20 A schematic view of the structure of nanocomposites obtained by frontal polymeriza-

tion [329]
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Fig. 6.21 Temperature dependences of resonant field Hres for (1) cobalt nanoparticles and (2)
polymer shell
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hysteresis loops measured in the temperature range of 90–300 K attest to the

ferromagnetic behavior of the thermolysis products (Fig. 6.22) [330]. However,

the pattern of the curves, especially in the case of thermolysis product formed at

673 K, indicate the probable presence of a disordered interfacial layer with a

skewed spin structure on the surface of magnetic particles. At the same time, the

nanocomposites on the basis of Ni(II) complex obtained under the same conditions

reveal superparamagnetic properties with the blocking temperature Tb� 40 K

(Fig. 6.23) [331]. An increase in the thermolysis temperature results in an increase

in the particle size of Ni-containing nanocomposites from 6–7 nm (673 K) to 8–

14 nm (773 K) and 12–17 nm (873 K). The sharp increase in Hc for the product

obtained at 873 K indicates that at this temperature, the material switches from

superparamagnet to ferromagnet.

Note that this approach for synthesis of nanocomposite materials immediately

during FP of metal-containing monomers is an effective method for obtaining

polymer-immobilized catalysts including hybrid types [332, 333].

In parallel with FP experiments, theoretical views on the modelling of this

process have also been developed. Currently, various model FP mechanisms are

discussed. The development of the polymerization front in a relatively porous

monomer is ideologically similar to the formation of the combustion front

[334]. It is not surprising that the theory of thermal mechanism of propagation of

the polymerization front (as well as the combustion front) became predominant,

although alternative (diffusion) mechanisms of front development [335] and a

Fig. 6.22 Magnetization vs. magnetic field in the temperature 90–300 K for the CoAAm

thermolysis products formed at 673 (a), 773 (b), 873 (c), and 1,073 K (d)
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mathematical model of FP [336] were proposed. The latter concentrates on the

investigation of heat transfer complicated by phase transitions in the travelling

narrow layer of the system (one-dimensional conjugate problem for two semispaces

with a heat evolution source at the moving conjugate boundary). An analytical

functional dependence of the temperature at the wave front on the velocity of the

phase transition boundary that was in agreement with experimental data was

obtained.

6.6 Thermolysis of Precursors in the Polymer Matrices

There are two choices for the insertion of metal-containing precursors into a

polymer matrix: ex situ and in situ [246]. The ex situ (in a second moment) process

comprises the addition of micro- or nanoparticles of the inorganic precursor to the

finished polymer and mixing. According to the in situ method, the initial

nanoparticles are generated directly in the polymer matrix upon decomposition of

the proper macromolecular metal complex or the products of its transformation.

As a rule, a polymer matrix affects the rate of decomposition of a thermolizing

compound. However, at the low concentrations of polymer when the viscosity of a

system is not high the kinetics of the precursor decomposition in a polymer solution

and in a free polymer solution is the same. Such behavior was observed at the

Fig. 6.23 Magnetization

vs. temperature in the FC

and ZFC modes in a 8 kA

m�1 field (0.008 T) for the

products of thermolysis of

the acrylamide complex of

Ni(II) nitrate formed at

temperatures of 673 (a) and
773 K(b)
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decomposition of Cr(CO)6 at 363 K in a polystyrene solution in toluene [337]

(Fig. 6.24).

Of interest from the practical standpoint is the use of thermolysis of polymers

serving as templates for the manufacture of porous inorganic membranes [22–

24]. The latter are usually produced by the sol - gel method [10]. After burning-

out of the organic part, 1.5–10 nm channels are formed in the SiO2, TiO2, SnO2,

ZrO2, Nb2O5, etc. membranes. These membranes can be used in nanocatalysis or

solar cells or as nano-sized reactors [338]. The use of natural or synthetic polymers

as the template agents has been reported, in particular, agarose gel (1.5–2.0 mass %)

[339], partially cross-linked polyacrylamide gel prepared by a reported procedure

[340] or gelatin with cell diameter of 10–100 nm [341]. After the formation of

inorganic Ti network, the polymer is burned out at 773–873 K; at the same stage,

the membrane is sintered to form a porous monolithic structure. The TiO2 (rutile)

phase with a mean particle size of 23.6 nm is formed, whereas high-temperature

(1,223 K) annealing is accompanied by particle enlargement to reach a size of

50.4 nm. The general pattern of the process is shown in Scheme 6.8.

Yet another example of this approach is the formation of nanocrystals of

hydroxyapatite Ca10(PO4)6(OH)2, the main bone and tooth structural material (see

Chap. 7). Aqueous solutions of Ca(OH)2 and Ca(H2PO4)2 are mixed in the presence

of a sonicated colloid solution of bovine serum albumin (Mw¼ 66 kDa) [342]. This

gives rise to amorphous nanoparticles with a fibrous network structure with a broad

size distribution. Apparently, sonication turns the protein globular structure into a

linear structure, and the arising HO radicals cross-link the chain through oxidation

Fig. 6.24 The kinetics of

decomposition of Cr(CO)6
in a toluene solution in the

presence and without of

polystyrene (PS) [337]

Scheme 6.8 Pattern of formation of an inorganic Ti network from a polymer gel [339]
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of the SH groups, while the negatively charged COO� groups stabilize the calcium

phosphate particles. The calcination of this precursor results in destruction of the

protein to give nanoparticles the size of which depends on the albumin concentra-

tion. At a concentration of 5 g/L, nearly spherical 25� 100 nm particles and short

rod-like crystals with size ranging from 40 nm� 75 nm to 70 nm� 150 nm are

formed (Fig. 6.25).

During pyrolysis, polymers can also act as reactants. For example, the formation

of metal carbides with the polymer matrix serving as the source of carbon has been

repeatedly noted. In addition, H2, CO and other gaseous products of polymer

thermolysis serve as reducing agents for reaction mixture components.

6.6.1 Effect of Metal-Containing Components
on the Destruction of the Polymer Matrix

The thermal destruction of polymers is associated with the development of the

chain process that is initiated by the formation of carbon-centred radicals (R.) upon

chemical bond cleavage in the macromolecule [48, 49, 343, 344]. The products of

thermodestruction include low-molecular-mass volatile compounds of complex

composition, in particular monomers, and a non-volatile residue, which turns into

a carbonized (coke-like) material at high temperatures. During the thermooxidative

destruction of polymers, hydroperoxides are formed as the primary products; they

decompose to give RO2
 radicals, which induce autocatalytic destruction of the

polymer. One of the ways of stabilization of the polymer matrix that decomposes by

a radical mechanism is to provide kinetic chain termination upon the reaction of an

inhibitor with the R or RO2
 radicals, which are thus converted to low-activity or

inert products.

Fig. 6.25 Electron microscopic image of hydroxyapatite nanocrystals with bull serum albumin

(a) and electron diffraction pattern (b) [342]
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Polymers can be stabilized by introducing acceptor agents. They either remove

agents that initiate chains (oxygen, active impurities, etc.) from the polymer or

deactivate these agents. An effective way of influencing the thermal and

thermooxidative destruction is to introduce into the polymer matrix highly dis-

persed metal-containing precursors capable of both inhibiting and catalyzing the

polymer decomposition. For example, introduction of pre-dispersed metal particles

(up to 2 % of Au, Cu, Pd, Ga, In, Sn, Sb, Bi) into PMMA (molecular mass of 270–

500 kDa) during polymerization has a pronounced effect on the kinetic parameters

of destruction [345]. Probably, the metallopolymer is formed as shown below

Pyrolysis of the metallopolymer is a zero-order reaction. The best results

(as regards the activation energy and the temperature of the onset of decomposition)

were found for the Au�PMMA system, which is, like metallic gold, is fairly stable

against oxidation. In the case of Ga (readily oxidizable metal), the lowest thermal

stability parameters were found (Table 6.10).

The introduction of a small amount (0.05–1.00 %) of iron atoms into LDPE

provides a considerable increase in the thermal stability of the composite as

compared with the pure polymer, and the decomposition temperature of the

nano-α-Fe2O3�PS system obtained from an aqueous colloid solution of FeOOH

upon stirring for many hours followed by evaporation is ~97� higher than that for

pure PS [346–348].

6.6.2 Metal Salt – Polymer Matrix System

Thermolysis of the polymer composites with metal halides MXn (M¼Cr, Mn, Zn;

X¼Cl, Br) inserted in the matrix, which is characterized by a complex pattern of

transformations, has been reported [349]. Apart from the task of preparing highly

Table 6.10 Kinetic

parameter (pre-exponential

factor in the Arrhenius

equation and activation

energy) and decomposition

temperature of metal-

containing poly(methyl

methacrylates) (Mol. weight

(2.7
 5.0) · 105) [345]

Metal A/s�1 Ea/kJ mol�1 Td/K

Au 2.6104 99.3 573

Bi 2.3102 78.9 598

In 1.4102 74.2 548

Cu 2.4102 70.6 513

Sb 25.0 63.9 548

Pd 15.0 61.5 523

Sn 14.0 61.0 523

Ga 4.3 51.5 473
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dispersed metal-containing products, investigations of this process are of interest

for the protection of polymeric materials from the effect of flame and for the search

for environmentally safe fire retardants (as alternative to toxic additives

[350–352]).

Decomposition of the polymer matrix in the MXn – PMMA composites

(MXn¼CrCl3, MnCl2, ZnBr2) occurs, first of all, as destruction. This takes places

at temperatures below the destruction temperature of pure PMMA (~647–690 K): at

~430 (for ZnBr2) [353], ~490 (for MnCl2) [353], ~520 K (for CrCl3) [354]. The

replacement of ZnBr2 by ZnCl2 increases the destruction temperature to a value

close to that of pure PMMA [354].

Heating of chromium(III) chloride as a composite with PMMA to 520–970 K

leads to a ~62 % weight loss of the composite [355] caused by the removal of the

volatile monomer, carbon oxides, HCl, traces of methane and unidentified low-

molecular-mass organic products. Solid anhydride and chromium oxides, together

with unsaturated oligomers remain in the condensed phase. Presumably [353–357]

destruction of the CrCl3 – PMMA system follows a radical mechanism the main

stages of which (Scheme 6.9) include pre-coordination of chromium to the carbonyl

group of PMMA followed by elimination of the chlorine atom; reaction of the

chlorine atom with a PMMA hydrogen atom; migration of the ester methyl group to

the PMMA backbone to give a chromium carboxylate salt, which decomposes to

the anhydride; polymer stabilization by chromium carboxylate or by cross-linking

of polymer radicals generated in the previous stages.

The mechanism of thermal destruction of the MnCl2 – PMMA composite at

370–870 K has been discussed [357]. It is assumed that the process is initiated by

the methoxyl and methyl radicals arising upon cleavage of ester bonds in PMMA;

however, manganese chloride accelerates the initial depolymerization. Manganese

oxide, which is one of the final solid products of thermolysis, results from the

reaction of the carboxyl radical with MnCl2 and the subsequent conversion to the

manganese intermediate connected to the PMMA chain (Scheme 6.10).

Such processes are intensively investigated.

Scheme 6.9 Mechanism of the thermal destruction in the system of PMMA–CrCl3
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6.6.3 Thermolysis of Complex Compounds in Polymer
Matrices

In recent years, considerable attention has been attracted by composites based on

metal ions coordinated to the polydentate organic ligands of the framework (poly-

meric or inorganic) owing to their broad range of their practical applications. These

materials are used as sensors [358, 359], in non-linear optics [360], for separation

and molecular recognition [361], for gas storage [362, 363], in catalysis [364], in

information and energy storage sources, in biomedicine, etc.

There are two basically different ways of performing thermolysis of coordina-

tion compounds in a polymer matrix, namely, the introduction of metal complexes

into a traditional matrix and direct formation of a macromolecular metal complex,

usually having a chelate structure.

The polymer matrices containing groups able to form complexes (amino, amido,

hydroxyamino and hydroxyl groups) react with MXn [365] (M¼Cu(II), Ni(II), Co

(II), Zn(II), Mn(II), VO(II), UO(II), Zr(IV), Ti(IV)) to give the corresponding

adducts (Scheme 6.11). The thermal stability of metal complexes decreases in the

sequence of metals Ni>Zn>Mn>Co>Cu>Ti>UO>Zr>VO, and polymers

Scheme 6.10 Mechanism of the thermal destruction in the system of PMMA–MnCl2

Scheme 6.11 A scheme of the formation of polymer metal chelates
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that do not coordinate metals are most stable. The same sequence holds for

copolymers of diaminoalkanes with the Schiff base, 5,50-methylenebis

(3-bromosalicylaldehyde) [366, 367].

The thermal transformation pathways of the macromolecular metal chelates

have been analyzed [368–377]. Thermolysis of copper macrochelates with

polyacrylamidoxime fibres comprises three temperature-separated stages: 398–

603 K (weight loss 14.3 %), 603–715 K (10.8 %) and 715–965 K (10.8 %)

[378]. The major weight loss is involved in the transformation of the starting

polymer. The thermal behaviour (in the temperature range of 473–1,073 K) of the

macromolecular Cu(II) and Co(II) chelates with the copolymer of

N-phenylmaleimide with acrylic acid was studied; the ratio of comonomers was

varied and various methods were used for metal binding [379]. An increase in the

number of N-phenylmaleimide units in the copolymer chain increases in some

cases the thermal stability and the glass transition temperature (Tg) of the

macrocomplex; however, this change is not so pronounced as might have been

expected (in the optimal cases, from 623 to 646 K, and for some copolymer

compositions, even a decrease to 488 K is observed).

The high-temperature pyrolytic carbonization processes of the precursors

containing bulky organic ligands proceed in an unusual way. Under inert atmo-

sphere, the ruthenium complexes [RuL3]X2 (L is bipyridine (bipy), phenanthroline;

X═OH, Cl) were converted to a ruthenium – carbon composite with a ruthenium

content of 20–32 mass % [380]. This is a result of multistage destruction of the

organic ligand. On heating to 873 K, vigorous decomposition of the complex with

evolution of its fragments, pyridinium and bipyridinium ions, is completed. This is

followed by the destruction of the condensed material thus formed to evolve light

hydrocarbon species. The Ru-containing composites obtained at 873–973 K have a

relatively great specific surface area (424–477 m2/g), while ruthenium clusters are

almost amorphous to X-rays. The highly dispersed (d� 1.5�2.0 nm) ruthenium

particles in the Ru/C composite are similar in size and are shaped like planar

hexagons, which are associated. During pyrolysis, enveloping layers of turbostratic

graphite-like carbon are formed around the hexagons as a result of organic ligand

carbonization. The parallel-oriented turbostratic carbon layers with an interplanar

spacing of ~0.34 nm are tightly pressed to ruthenium particles, thus preventing their

sintering under the drastic conditions of pyrolysis (973 K). Thus, obtained com-

posite can be represented as a set of spheres (coils) each having a ruthenium

nanoparticle (core) located at its centre and turbostratic carbon layers (shell) lining

the outer surface.

Metal acetylacetonate – polymer matrix systems have found wide use. During

thermolysis, M(acac)n can play a dual role. On the one hand, decomposition of M

(acac)n produces metal-containing nanoproducts, and on the other hand, the com-

plex initiates depolymerization and destruction of the polymer matrix. In this

respect, detailed thermovolumetric and thermogravimetric studies of the thermal

decomposition of the Co(acac)3 – PMMA and Mn(acac)3 – PMMA systems over a

broad range of M(acac)3 : PMMA ratios (from 1:10 to 1:400) are illustrative [349,
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381, 382] Decomposition of the Co composite includes four stages corresponding

to maximum temperatures of 405, 460, 540 and 610–630 K (Scheme 6.12).

The first stage is associated with gradual reduction of Co(acac)3 to give

acetylacetone and Co(acac)2, which is coordinated by the unsaturated terminal

groups of PMMA. Decomposition of this complex is accompanied by evolution

of the monomer, which is the main decomposition product. The second and third

stages continue accumulation of the monomer through the reduction of Co(III) to

Co(II) and subsequent depolymerization of the remaining terminal groups. Simul-

taneously, Co(acac)2 can be coordinated by ester groups, thus accelerating their

destruction to give methoxy radicals (MeO). The latter, in their turn, attack the

ester groups thus converting them to anhydride fragments. The fourth stage is

accompanied by the most pronounced gas evolution giving mainly

non-condensed gases.

A similar situation is observed upon thermal decomposition of Mn(acac)3 in

PMMA: decomposition starts at 395 K (i.e., at a lower temperature than for pure

PMMA); however, the major process takes place at higher temperatures. This is

Scheme 6.12 Mechanism of the thermal destruction in the system of PMMA–Co(AсAс)3
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confirmed by comparison of the temperatures of the onset of decomposition (Td)
and the major decomposition (Tmax) presented in Table 6.11.

For the formation of rhodium nanocrystals with different shapes (multipods,

cubes, horns, cuboctahedra), thermolysis of Rh(acac)3 in the presence of polyols as

reducing agents is of interest [383]. Yet another convenient method for the produc-

tion of these polymer-protected monodisperse rhodium nanoparticles (size

5� 15 nm) is one-stage reduction of the rhodium complex Rh(acac)3 in the

presence of butane-1,4-diol and polyvinylpyrrolidone (Mw¼ 55 kDa) at tempera-

tures of 240� 300 K [384]. This gives triangular, pentagonal and hexagonal

particles, which can form Langmuir–Blodgett films on the silicon surface.

The polymer metal chelates of oligo-2-[(4-bromphenylimino)methyl]phenol

(OBPIMP) with Co(II), Ni(II) and Cu(II) acetates [33] have been already men-

tioned when we discussed the kinetic peculiarities of thermolysis:

M ¼ Co IIð Þ, Ni IIð Þ, Cu IIð Þ:

Thermodynamical and kinetic parameters of decomposition of these polymer metal

chelates calculated with the Coats-Redfern equation are given in Table 6.12.

Table 6.11 Thermal stability of PMMA and its complexes with Mn(acac)3 [382]

Polymer

The number of monomer units per Mn(acac)3
molecule

Td/
K

Tmax/

K

High-molecular-mass

PMMA

Seea 483 623

50 403 638

10 398 673

Low-molecular-mass

PMMA

Seea 493 633

50 403 638

10 403 673
aNeat polymer
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Worthy of note is a recently elaborated method for the preparation of

nanocomposites microspheres by combining swelling and thermolysis technique.

The monodisperse polystyrene microspheres were first prepared by dispersion

polymerization and swelled in chloroform. Then, ferric oleate was dispersed in

chloroform as a precursor and impregnated into the swollen polymer microspheres.

Subsequently, the iron oxide nanoparticles were formed within the polymer matrix

by thermal decomposition of ferric oleate (at 583 K, for 0.5 h, nitrogen atmosphere)

(Fig. 6.26) [385].

Iron oxide nanoparticles localized within polymer microspheres reveal unique

superparamagnetic properties and can be used in various fields of biotechnology

including purification of proteins, viruses, nucleic acids, in biosensors and enzyme

immobilization, etc. [386–391] (see Chap. 7).

It should be noted that the polymer matrix, in turn, may influence thermal

transformations of metal complexes. However, information concerning this matter

is limited. Some peculiarities of thermal decomposition of (NH4)6Mo7O24·4H2O,

Table 6.12 Thermodynamical and kinetic parameters of thermal decomposition of the OBPIMP-

chelates

Compound Stagea
The reaction

order, n
Ea,

kJ/mol

ln A,

s�1
ΔS*,
kJ/mol

ΔH*,

kJ/mol

ΔG*,

kJ/mol

BPIMP I (458–

602 K)

0.5 76.25 13.95 �134.6 71.28 151.6

OBPIMP I (453–

581 K)

0.9 96.31 19.53 �87.52 91.76 139.6

OBPIMP-

Co

I (475–

590 K)

0.2 39.84 5.81 �201.6 35.31 145.0

II (626–

997 K)

0.9 31.34 0.693 �248.4 23.75 250.3

OBPIMP-

Cu

I (502–

626 K)

0.5 100.2 18.16 �99.75 95.29 155.2

II (626–

997 K)

1.0 65.36 6.33 �201.3 57.96 235.5

OBPIMP-

Ni

I (530–

656 K)

0.8 62.04 6.48 �197.3 56.76 181.9

II (656–

899 K)

0.4 48.81 6.82 �195.7 42.65 187.5

aI and II are the temperature ranges of the starting and 50 % mass loss

Fig. 6.26 Schematic diagram of the preparation of monodisperse magnetic polymer microspheres

by swelling and thermolysis technique
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copper nitrate trihydrate, and polyoxymetallates in thin films (from 50 to 600 μm)

of PVA can be assigned [392].

6.6.4 Thermolysis of Organometallic Compound – Polymer
Matrix Systems

As noted above, thermal decomposition of single organometallic compounds

affords metallic nanoparticles or (in oxidizing atmosphere) metal oxides. The

products of thermolysis tend to be highly reactive especially during nucleation

and at an early stage of growth of nanoclusters in the condensed phase. The most

convenient method for the preparation of diverse metal oxide nanocrystals with

well characterized size, morphology, phase composition and structure is the simple

and economical non-hydrolytic bottom up process. This process includes

thermolysis of alkoxometallates and their derivatives in high-boiling organic sol-

vents (see, for example, Ref. [393]). This especially concerns the preparation of

manganese oxides, which are important products for catalysis, electronics and

production of magnetic materials.

Among rather simple methods, note the synthesis of vanadium oxide

nanoparticles stabilized by carbon shells [394]. Thermolysis of oxovanadium

triethoxide VO(OEt)3 in a closed reactor and in self-generated atmosphere at

973 K affords carbon-coated nanoparticles of rhombohedral V2O3 with a core -

shell structure and a diameter of ~55 nm. The subsequent thermal treatment of the

product in air at 723 K for 2 h furnishes orthorhombic V2O5 (
5 [395]), (particle size

~250 nm), which is also coated. These materials have photoluminescent

properties [396].

Spherical ruthenium nanoparticles are formed upon thermolysis in air of the

organometallic copolymer {[NP(O2C12H8)]x[NP(OC5H4N)CpRu(PPh2)2]1�x}n
(Cp is cyclopentadienyl) [397].

On exposure of the cluster [Ru6C(CO)15Ph2PC2PPh2]n (n� 1,000) to acceler-

ated electrons, a nanochain composed of ruthenium atoms was obtained [75]. Pyrol-

ysis of the cluster Os2(μ-I)2(CO)6 gives rise to rod-shaped metal particles

[398]. The organometallic polymer [Ru(CO)4]1 with a planar structure and

zigzag-like conformation is a potential precursor for the synthesis of various

nanomaterials, in particular, for the formation of chain nanoparticles, upon removal

of the carbonyl ligand [399]. Thermolysis of [Ru(CO)4] 1 on a SiO2 surface at

443 K affords ~2 mm-long and ~30 nm-thick nanofibres. Upon thermal

5 In the cited work it is not paid attention to the fact that components of the reactor wall may reveal

some catalytic properties. As a rule, such reactors are lined by Teflon. Among the known

vanadium oxides (V2O5, V2O3, V3O5, VO2 and VO), most stable is the oxide with the higher

oxidation state of vanadium (V2O5), an oxidant with amphoteric properties. A comparative simple

procedure was elaborated for obtaining VO2 by thermolysis at	683 K of the precursor arised from

the interaction of VOCl2 with NH4HCO3 in solution [395].
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decomposition of the cluster Ru3(CO)12 in the nanopores of Al2O3 membranes

(100 nm size), nanofibres of diameter 10 nm are formed. When the temperature

increases to 553 K, the structure of such items becomes irregular as like to the

Os3(CO)10(μ-H)(μ-OH) thermolysis product.

Of particular interest is the formation of refractory metal carbides upon the

pyrolysis of various organometallic precursors. For example, the melting point of

hafnium carbide is 4,201� 20 K and that of tantalum carbide is 4,256 K. Metal

carbides were formed [400] upon the pyrolytic (523–623 K) elimination of the

cyclopentadienyl rings from the complexes Cp2HfR2, where R¼Cl, NEt2, Bun
(Ref. [401],), and upon high-vacuum thermal decomposition (523 K, ~1 Pa) of tetra

(neopentyl)titanium(IV) [Ti(neo-C5H11)4] vapour [402]. When decomposition is

performed at 873 and 1273 K, the particle size of the formed nanocomposites is in

the range of 10–50 nm [403]. They have a characteristic structure comprising a

dense core (metal carbide and oxide) surrounded by less dense polymeric shell.

For preparing thin-layer high-temperature coatings by centrifugation on polished

silicon substrates, ceramic matrix composite films containing highly dispersed

tantalum carbide were formed [404]. A solution of Ta(OC5H11-n)5 with phenol

formaldehyde resin additive was used in an amount specified for providing a

definite C:Ta ratio. The process was carried out at moderate temperatures (1,073–

1,473 K) and reduced pressure (1·10�3–1·10�4 atm). The films thus obtained

represented tantalum carbide and consisted of spherical particles with a mean

diameter of ~50 nm [405].

Similarly, other thermally unstable precursors – metal π-allyl complexes, car-

bonyls, nitrosyls, etc. decompose in the presence of polymers. Thus bis(arene)

chromium chemically bonded to PAA is thermolyzed at 433 K to the oxidized

species [Ar2Cr]
+OH, while the polymer remains unchanged. Above 573 K evolu-

tion of cyano compounds and ammonium takes place [406] and a magnetic material

is formed, while at 1,273 K product graphitization occurs to give a typical diamag-

netic product.

Thermolysis of true organometallic polymers has been scarcely studied. Among

the few examples, note decomposition of poly(styryl)lithium in the temperature

range of 343–388 K and poly(isopropenyl)lithium (353–393 K) obtained by living

anionic polymerization (initiated by LiBun) [407]. The polymers have a molecular

mass of 15–30 kDa and a low polydispersity index (Mw/Mn� 1.03). A variety of

reactions take place during thermolysis of poly(styryl)lithium, for example, elim-

ination of LiH to give branched-chain intermediates (Scheme 6.13); these reactions

follow first-order kinetics.

Apparently, a similar picture is observed as carbon-coated metallic iron particles

are formed from iron phthalocyanine [404]. Nanoparticles of these metals were also

obtained by vacuum thermolysis of other precursors: mesityl derivatives of copper

Cu(C6H2Me3-2,4,6)5, silver Ag(C6H2Me3-2,4,6)4 and gold Au(C6H2Me3-2,4,6)5
[408], metallocene – aromatic – acetylene complexes [409]
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M¼ Fe, Sn, Co, Pd, Ni; Rx and Ry are phenylene or substituted phenylene; A¼H,

PhC:C, FcC�C (Fc is ferrocenyl); m, s, z> 0.

and metal acetylides [410].

Thus, thermolysis of organometallic compound – polymer matrix systems is a

multistage process. As a rule, it proceeds along two key interrelated pathways: direct

decomposition of the precursor and initiation of diverse transformations of the

polymer chain (migration of double bonds, depolymerization, cross-linking, destruc-

tion, etc.). The arising nanoclusters may catalyze the carbonization and graphitization

processes, i.e., later stages of decomposition of organic polymers. Their mechanisms

are most often not entirely clear but they are being actively studied.

Only one fact is obvious: the degree of dispersion of nanoparticles upon thermal

transformations is increased as the content of polar groups in the polymer

increases [411].

6.6.5 Metal Thiolates and Sulfides in the Polymer Matrix

Metal chalcogenides are widely used precursors for the preparation of semicon-

ductor quantum dots (isolated nanoobjects), which show size-dependent optical

properties [412]. Thermolysis of the metal thiolate precursors M(CnH2n+1S)x M

(n¼ 3, 5, 12, 16, 18) was studied in detail. These compounds are usually obtained

by the following route:

RSH þ EtOH ! RS�EtOHþ,
nRS� þMnþ Ð M SRð Þn

Scheme 6.13 Thermal transformations of polystyryllithium
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The metal–sulfur bond is fairly stable, the bond energy being in the range of

200–400 kJ/mol. The products that are formed are insoluble in common organic

solvents as they are inorganic polymers.

Thermolysis of zinc, cadmium and nickel dodecanethiolates at 573 K with

coordinating trioctylphosphine oxide as the solvent or without a solvent afforded

ZnS and CdS nanocrystals with nanoparticle size of 1.5–3.0 nm coated by solvent

molecules [413, 414] and NiS nanoparticles shaped as plates and rods [415]. Parti-

cles with similar size are formed in the thermolysis of AgSC12H25�n [416] while in
the case of Bi(SC12H25�n)3, either layered nanostructures [417] or spheres and

hexagonal plates are formed [418] as well as Ag(I), Cu(I) and Pb (II) alkanoates

[419]. Thermolysis of copper dodecanethiolate in an inert atmosphere in the

absence of solvent at 470–490 K results in the formation of CuS nanoparticles of

diameter ~3 nm and 12.7 nm-thick faceted nanodiscs of diameter 27.5 nm formed

as a result of crystallization processes [420].

Thermolysis of Pd(II) cluster with a long-chain mercaptan [Pd(SC12H25)2]6 has

been carried out in diphenylether (boiling temperature 532 K) in an argon

atmosphere [421].

Palladium hexadecanethiolate Pd(SC16H33-n)2 was decomposed in air at

520 K on the silicon surface to give 50–60 nm-thick nanofilms (the coating was

applied by centrifugation or by spin coating) compatible with biomolecules [422]

(Fig. 6.27).

Thermolysis of sulfur-containing derivatives of other noble metals, for example

Pt, was carried out under analogous conditions [423]. Organogold derivatives

[RN-(CH3)3][Au(SC12H25)2] (R¼C8H17, C12H25, and C14H29) were thermolized

to spherical gold nanoparticles [424]. Similar reactions have been realized also in

polymer matrices. Thus, gold(I) dodecanethiolate, a precursor of gold nanoparticles

in a polystyrene matrix, was obtained in ethanol solution by the following route

[425, 426]:

Fig. 6.27 Spin-coating palladium hexadecanethiolate on the silicon surface followed by the

Pd-film formation
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HAuCl4 þ 3 n� C12H25HSð Þ ! n� C12H25SAuþ n-C12H25S� SC12H25-n
þ 4HCl

Two moles of thiol were consumed for the reduction of Au(III) to Au(I) and the

formation of disulfide as a by-product.

Note that surface-bonded gold nanoparticles are also formed upon controlled

thermolysis (348 K) of the surface-grafted complex obtained by adsorption of

Me2Au(acac) on partially dehydrated (on heating to 673 K) SiO2 surface [427]

while under milder conditions (at temperatures below 333 K), AuCl complexes

with octadecylamine and oleylamine decompose [428]:

2 AuCI RNH2ð Þ½ � ! 2 Au0 þ R2NH þ Cl2 þ NH3,

R ¼ n-C18H37, n-C8H17CH ¼ CH CH2ð Þ8:

The resulting zerovalent gold particles nucleate and grow to a size of 12 nm with

low (8 %) polydispersity, the particles being stabilized by the amine.

The addition of a solution of AuSC12H25-n in acetone to the PS matrix (molecular

mass of 230 kDa) and intense sonication followed by casting on a glass surface

produces a thin (0.1–0.3 nm) transparent film [426]. These films containing 5–10 %

of dodecanethiolate and placed between aluminium foil sheets were subjected to

short-term (40–105 s) thermolysis at 573 K. This gave gold nanoparticles according

to the reaction:

2AuSC12H25 � n ! 2Au� þ n� C12H25S� SC12H25 � n

However, it cannot be ruled out that initially polynuclear complexes of the type –

(–Au1SR�)n – are formed and then they are converted to nanocrystals. Finally, this

gives polydisperse gold nanoparticles with a size of 1.8 nm (~150 gold atoms)

evenly distributed in the PS matrix.

In the thermolysis of lead thiolate in PS, redox reaction is considered as the first

stage and the formation of sulfide is the second stage [429]:

Pb SRð Þ2 ! Pb þ RS� SR ! PbS þ R� S� R

The crucial role in stabilization of such structures and in preventing their agglomer-

ation is assigned to the polymer matrix. The resulting film nanocomposite of lead

sulfide shows luminescent properties, it is stable for several months and is promising

for the use in optoelectronics. Unfortunately, the study cited [429] like many other

publications, does not consider the transformations of the matrix itself. Although the

remainder of the ligand is often detected in PS, it is believed [413] that there is no

chemical bond between the polymer chain and the nanoparticles.

Cadmium, zinc and lead alkanethiolates introduced in PS or topaz (thermoplastic

copolymer of cycloalkene with ethylene and norbornene) matrix decompose in two

stages as shown below
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M SRð Þ2 þ polymer!PhMe
M SRð Þ2=polymer,

M SRð Þ2=polymer!570K MS=polymer þ SR2,

M ¼ Cd, Zn, Pb; R ¼ Alk; polymer is PS or topaz,

The mean size of the formed CdS nanoparticles is 2.4 nm and that of the ZnS

nanoparticles is 1.9 nm. The photoluminescent properties of the particles depend on

their size and shape, the maximum luminescence decay time being observed for the

products obtained at thermolysis temperature of 553 K. The structure and phase

composition of CdS nanocrystallites can be controlled by the thiourea/salt ratio and

by thermolysis temperature (323–773 K). The transition of the cubic phase to the

hexagonal one occurred at 473–573 K, whereas a pure hexagonal phase of CdS

appeared at thermolysis over 873 K. These factors including the time of sintering

affect dispersity, crystallinity, and average sizes of CdS nanoparticles. It is inter-

esting that a photocatalytic activity in the synthesis of hydrogen is optimal for a

mixture of cubic and hexagonal CdS apart from its pure phases [430].

Decomposition of Sb(n-C12H25S)3 in polystyrene at 623 K affords Sb and

Sb2S3 nanoclusters (15–30 nm) evenly distributed in the amorphous polymeric

phase [431].

As noted above [70] thermolysis of metal dithiolates to give sulfide semicon-

ductors in thin films was performed successfully under the action of laser radiation

or electron beam. The laser beam concentrating a 2 kW power was defocused over a

small area (of diameter 4 mm), the pulsation time was 10–50 ms. The thin beam

temperature is calculated proceeding from the polymer and beam parameters and

can be controlled.

Thermolysis of the (n-C12H25S)Pd/PS thin films occurs in 5 min at 443 K [423]

and in air it can lead to the formation of metal oxides in the polymer matrix. For

preventing this process, trioctylphosphine oxide is used as the stabilizing antioxi-

dant (for example, for 2–4 nm CdS, ZnS, CdSe particles inserted ex situ into

polyconjugated copolymers [432]). In fact, thermolysis of the Fe(n-C12H25S)2 –

PS system at 473 K for 2 min is accompanied by the formation of fully transparent

light-brown film (practically complete light transmission above 550 nm) in which

nanoparticles with a mean size of 10 nm x 50 nm are evenly distributed [433].

Thermal decomposition of metal alkyldithiocarbamates in the presence of

alkylamines can serve as a general method for the synthesis of metal sulfide

nanoparticles [434]. For example, Ag2S nanocrystallites were prepared by direct

thermolysis of the corresponding precursor in air at 473 K [435]. The recent quite

comprehensive review devoted to the thermal synthesis of silver nanoparticles in

polymer matrices should be mentioned [436].

Scattered data on the synthesis of heterometallic sulfides can be found in the

literature. Thermolysis of a solution of copper and indium oleates in dodecane-

thiol in the presence of oleylamine gives Cu2S and In2S3, while CuInS2 is not

produced in this way due to different decomposition temperatures of the

components [437].
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6.6.6 Polymer-Mediated Thermal Synthesis of Mono-
and Multimetallic Alloys and Ceramics

Of interest for obtaining bimetallic nanoparticles are the complex salts containing

two metals, for example, of general formula [M1An]x[M2Bm]y where M1 and M2 are

the central metal atoms of the complex cations, A and B are the ligands. The

composition of the solid solutions obtained can be easily adjusted by the stoichi-

ometry ratio of the precursors. Bimetallic clusters are often served as alternative in

the synthesis of nanoheterostructures with a defined composition. Other well-

characterized complex salts are metal oxalates, citrates, tartrates which are high-

crystalline and are readily decomposed at moderate temperatures.

Usage of suitable polymers allows applying the convenient techniques such as a

film coating, spinning, photolithography, etc. before the end stages of thermolysis.

This enables a hard control of the structure and size uniformity of particles, their

density and so on. Using the metal salts and their oxides as precursors allows

obtaining amorphous powders on the sertain stages of thermolysis followed by

their transformations into crystalline products.

Magnetic alloys FeCo are soft materials with high saturation magnetization (up to

2.45 T), low magnetostriction, relatively low coercive force, and high Curie temper-

ature and energy of magnetic anisotropy (higher than the value predicted for FePt).

These materials have a broad spectrum of practical applications. They are obtained

using various approaches including RF-discharge plasma, chemical vapour deposi-

tion (CVD) [438], thermolysis of cobalt or iron carbonyls in the presence of surfac-

tants [439–441]. The ferromagnetic behaviour of such optically transparent magnetic

plastics corresponds to a multidomain magnetite structure; therefore, they could find

use in magneto-optical technology (see, for example, Ref. [442]).

Monodispersed magnetic heterostructures MFe3O4 (M¼Ag, Au, Pt, Pd) are

well studied [443]. They were obtained by thermal decomposition of iron(III) oleate

in the presence of oleylamine with a following deposition of Fe3O4 formed on the

surface of noble metal nanoparticles. Nanoparticles AuFe3O4 having dumbbell-like

shape reveal diagnostic and therapeutic features, and catalytic properties [444,

445]. The simplest route of their synthesis is thermolysis of iron pentacarbonyl in

the presence of pre-formed gold nanoparticles in 1-octadecene followed by oxida-

tion of iron in air at room temperature. An alternative way is a thermal decompo-

sition of the mixture of iron oleate with a metal-oleyimine complex in the presence

of 1,2-hexadecandiol at 583 K. Heterostructures AgFe3O4 are formed from the

silver nanoparticles on the surface of an amorphous FexOy [446]. By controlled

co-thermolysis of palladium and iron acetylacetonates, in the presence of

oleylamine and oleic acid PdFe3O4 were obtained [447–451]. Reduction

thermolysis of molecular complexes Pd(OOCMe)4M(OH2) (M¼Ni(II), Co(II),

Zn(II) or Pd(OOCMe)4Ag2(HOOCMe) and PdM(μ-OOCR)4 L (M¼Co(II), Ni

(II), Mn(II), Zn(II); R¼Me, Bu; L¼H2O, MeCN) affords bimetallic nanoparticles

PdM [452, 453].
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Under heating double complex salt [Pd(NH3)4][AuCl4]2 in a helium atmosphere

from the room temperature up to 623 K the reduction of Au(III) and Pd(II) occurred

yielding heterometallic nanoparticles. The process in hydrogen was accompanied

by the competitive formation and aggregation of Au and Pd individual

nanoparticles up to 603 and 623 K, respectively [454].

The complexes of mixed types [Zn(NH3)4][PtCl6] and [Cd(NH3)4][PtCl6] were

used as precursors for synthesis of heterometallic particles PtZn and PtCd [455].

A recent study [456] proposes a non-hydrolytic method for the synthesis of

nanocrystalline magnetite (Fe3O4) in the presence of rigid matrices, namely, linear

ω-functionalized polystyrenes (Mw from 5 to 39.4 kDa). Usually, ω-sulfopolystyrene
(PS-SO3H), ω-thiopolystyrene and ω-carboxypolystyrene (PS-CO2H) obtained by

living-chain anionic polymerization are used. Thermolysis of iron(III) acetylacetonate

is carried out in hexadecane-1,2-diol at 532–537 K. ω-Carboxypolystyrene stabilizes
iron nanoparticles more efficiently than PS-SO3H; the size of magnetite nanoparticles

is 3–10 nm and decreases with increase in the content of the polymer. Ceramic

materials incorporating α-Fe2O3 nanocrystals were also obtained by thermolysis of

hyperbranched poly(ferrocenylenesilane) [457]. The synthesis and self-organization

of the polymer-coated ferromagnetic cobalt, nickel and iron nanoparticles have been

analyzed in considerable detail [458, 459]. For example, the corresponding composite

is obtained by thermolysis of Co2(CO)8 in dichlorobenzene in the presence of poly-

meric surfactants with terminal functional groups (Mw¼ 5–10 kDa) at temperatures

of 433–453 K [460, 461]. The process occurs in two stages: at higher temperature, the

metal carbonyl decomposes, while at lower temperature (below 433 K), nanoparticles

grow. The mean particle size (17–21 nm) depends on the nature of the surfactant and

thermolysis conditions.

Pyrolysis of cobalt carbonyl silanes comprising cobalt carbonyls or cobalt

clusters gives rise to soft materials with ferromagnetic properties [462]. Thin

ceramic polymetallic films, for example, alloys of magnetic CoFe nanoparticles

on a SiC/C film are obtained by thermolysis of high-metallized poly

(ferrocenylsilanes) with grafted cobalt clusters at 773 K [463].

Under conditions of air oxidation at 873 K, the thickness of the ceramic film

decreases from 200 to 40 nm and then remains almost invariable up to 1,173 K; as
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this takes place, fine superparamagnetic particles are formed on the ceramic film

surface.

The formation of α-CoFe and Co(Fe)O phases was detected experimentally.

In view of their magnetic properties, the thin films obtained at 773 and 873 K could

find use in spintronic instruments as insulating magnetic layers.

The most convenient routes to monodisperse magnetite nanocrystals include

co-precipitation in aqueous solutions of Fe(III) and Fe(II) ions, thermolysis of

alkaline solutions of Fe(III) chelates in the presence of hydrazine, sonochemical

decomposition of hydrolyzed Fe(II) salts followed by thermolysis [195, 464, 465].

The most widely used method for the synthesis of monodisperse inorganic

ferrites described as MFe2O4 (M¼Co, Ni, Mn, Fe, etc.) is thermal decomposition

of mixed organic compounds of the corresponding metal and Fe(III), such as

acetylacetonates, carbonyls, carboxylates and so on. The process is carried out in

the solid phase or in high-boiling solvents with addition of surfactants (oleic acid,

oleylamine and so on) [163, 466].

Thus MFe2O4 nanocrystals are formed upon the thermolysis of mixed oleate

complexes dissolved in octadec-1-ene under N2 at 573 K [466]. The particle size

depends on the nature of the ferrite and, according to transmission electron micros-

copy data, it is 9, 11 and 7 nm for M¼Co, Ni and Mn and 24 nm for M¼ Fe.

Prenucleation of CoFe2O4 occurs at 523 K but without growth of nanocrystallites

because the concentration of monomer is lower than the critical nucleation con-

centration. For reaction temperatures between 523 K and 593 K, the size and shape

evolution of the nanocrystals are determined by the nucleation and growth dynam-

ics. For temperatures in the range of 573–593 K which is above the thermolysis

temperature of the mixed Co(II)-Fe(III)-oleate complex, the monomer concentra-

tion increases rapidly resulting in homogeneous nucleation. Atomic clusters of

CoFe2O4 with size <2 nm are initially formed at 587 K that then grow rapidly

when the temperature is raised to 593 K in less than a minute. The shape of the

CoFe2O4 nanocrystals can be controlled by the aging time at 593 K, evolving from

initial spherical, to spherical-to-cubic, cubic, corner-grown cubic, or starlike shapes

(Fig. 6.28). Thus, by varying reaction conditions, such as the precursor concentra-

tion and the heating rate, it is possible to obtain shape-controlled monodisperse

CoFe2O4 nanocrystals with high yield [466].

The magnetic saturation of CoFe2O4, NiFe2O4, FeFe2O4 (69.7, 34.2 and

58.6 emu/g, respectively) are close to theoretical values (71.2, 47.5 and

96.2 emu/g), whereas for MnFe2O4 this value is much lower (23.9 instead of

120.8 emu/g). This circumstance may be related to the decrease in the particle

size during the measurements or to the formation of antiferromagnetic layer on their

surface.

Thus, essential conditions for the formation of ferrites by thermolysis include:

the possibility of molecular mixing of the components, their thermodynamic com-

patibility and similar decomposition temperatures. The failure of the formation of

CuFe2O4 ferrite is attributable to the fact that already at 523 K, CuO is formed. The

360 6 Thermolysis of Metallopolymers and Their Precursors as a Way for Synthesis. . .



polymer-mediated synthesis followed by thermolysis is free from this drawback.

This method was used to prepare BaSnO3, BaTiO3, SrTiO3, NdAlO3, SrBi2Ta2O9

and other nanoparticles [467].

We developed [155] a method for the synthesis of nanoparticles consisting of

combined polymerization of a metal-containing monomer with the thermolysis

(CMPT). High-quality BaTiO3 ceramics with particle size from 10 nm to 1.5 μm,

which depended on the temperature (ranging from 873 to 1,623 K) and the type of

atmosphere (inert or oxidizing one) was obtained using this method from organo-

metallic precursors [468, 469]. The traditional way for the preparation of these

ceramics, for example PbTiO3, is solid-state mixing of PbCO3 and TiO2 in mills

and subsequent annealing at temperatures above 873 K (ex situ synthesis). How-

ever, in the latter case, the process is accompanied by the formation of toxic PbO as

a side phase. The CMPT production of the lead–titanium ceramics can be described

by the following sequence of reactions (Scheme 6.14) [470]:

Fig. 6.28 The shape

evolution of CoFe2O4

nanocrystalls. (a) с
spherical, (b, c) spherical-
to-cubic, (d) cubic,
(e) corner-grown cubic

and (f) star-like
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Scheme 6.14 Preparation of PbTiO3 ceramics via the CMPT method
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In the preparation stage of the monomer precursors (batch mixture), it is possible

to add paramagnetic ions such as Mn(II), Gd(III) and Cr(III) as acetates or

acetylacetonates. These additives are of interest not only for EPR measurements

but also for modification of the material, which may thus acquire electrical con-

ductivity, dielectric properties or other properties.

By combining the synthesis and pyrolysis processes, heterometallic ceramics of

various types have been obtained, for example, perovskites ABO3. The natural

perovskite CaTiO3 mineral has a pseudocubic crystal lattice in which large cations

(A) are located at cell vertices, small cations reside at the cell centres, and oxygen

ions are at the midpoints of the faces. These materials are widely used in electronics

owing to their specific ferro-, piezo- and pyroelectric properties; for example,

BaTiO3 is used in the capacitor industry [411]. Perovskite type ferrites M3Fe2O7x

(M¼ Sr, Ba) with particle size of 50–55 nm are formed upon thermal decomposi-

tion of molecular citrate precursors at lower temperature (873 K) than that used in

conventional ceramic production processes [471].

Polymetallic ceramics used as high-temperature superconductors (HTSC) also

deserve attention. Currently HTSC ceramics are widely used in microlitography,

UV-sensitive sensors, etc. [472]. The conventional approach to their production

comprises several stages: mixing of compounds of the corresponding metals

(oxides, carbonates, oxalates or nitrates), grinding of the mixture, multistage

annealing of the batch mixture, including high-temperature annealing in an oxygen

atmosphere. Each stage has considerable limitations as regards reproducibility,

which is related not only to the quality of grinding and mixing of the initial solid

components, but also to complex physicochemical and mechanochemical trans-

formations that take place during the material preparation. This produces both

inhomogeneities at the micro level and different phases, including

non-conducting ones. As a result, low-quality HTSC ceramic with smeared

superconducting junction is produced. The knowledge of thermoanalytical charac-

teristics of decomposition of the precursors of HTSC ceramics would be helpful to

optimize the conditions of pyrolysis and understand the mechanism of thermal

decomposition.

Different types of polymers are used for preparing HTSC materials: PMAA

[473–475], PAN [476, 477], polyimides [478, 479]. poly(N,N-dicarboxymethyl)

allylamine [480, 481], copolymers of acrylic acid [482, 483] etc.

Several options of the polymer-mediated synthesis followed by thermolysis to

produce HTSC ceramics have been proposed: preliminary synthesis of the

corresponding metal complexes via polymer analogous transformations; polymer-

ization of traditional monomers in the presence of aqueous solutions of Y(III), Ba

(II) and Cu(II) nitrates, copolymerization of the corresponding metal-containing

monomers and so forth [484]. Each of the approaches has its own advantages and

shortcomings. For example, the formation of the copper complex of PAA decreases

the thermal stability of the polymer. The process is multistage, including copper-

catalyzed rupture of the polymer chain and depolymerization, the formation of

macroradicals and low-molecular-mass organic products and anhydride structures,

which are decarboxylated [476, 482]. No significant differences were found
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between thermolysis of macrocomplexes at temperature below 613 K in argon or in

air, complete decomposition taking place at 852 K.

Thermolysis of a mixture of yttrium, barium and copper nitrates (atomic ratio

1:2:3) is known [483] to include five key stages: (1) dehydration (in the temperature

range of 298–459 K with an exothermic peak at 400 K); (2) dehydration with copper

denitration (in the temperature range of 459–517 K with a temperature maximum at

548 K), (3) completion of copper denitration and yttrium denitration (517–585 K),

(4) final yttrium denitration (585–773 K with a maximum at 648 K) and (5) barium

melting and denitration (above 773 K with an endothermic peak at 848 K). The

denitration of the material reaches a maximum at 913 K, and the residual weight at

1,273 K is 41.6 %, which corresponds to the composition YBa2Cu3O6.5 (Fig. 6.29a).

Thermal decomposition of a PAA mixture with components of the HTSC

ceramics also occurs in 5 main stages including: (1) dehydration and formation of

the macrocomplex (298–419 K, the glass transition temperature of PAA is 401 K);

(2) evolution of water, nitrogen oxides and CO2 (temperature range of 419–472 K);

(3) intensive evolution of water, CO2, CO, monomeric acrylic acid (AA) and

nitrogen oxides (472–603 K, DTG peaks at 535 and 552 K (Fig. 6.29b); (4) intensive

destruction of PAA (603–663 K, DTG peak at 663 K). The last, fifth stage starts at

899 K and is accompanied by an exothermic peak with a maximum at 1,118 K

corresponding to CO and HNO3 evolution, decomposition of the most stable barium

nitrate and BaCO3 formed. The relatively large fraction of the residue (22.3 %)

attests to incomplete oxidation of PAA in argon, whereas thermolysis in air inhibits

the formation of barium carbonate and eliminates the fifth stage of pyrolysis. Thus,

for optimization of the production process of high-quality HTSC ceramics, the

initial stages of thermolysis (temperature below 773 K, heating rate 5 deg/min)

should be carried out in an inert atmosphere, and the final stage (773–1,223 K,

heating rate 10 deg/min) should be carried out in air. This prevents the formation of

undesirable phases like BaCO3, Y2O3, BaCuO2, Y2Cu2O5, etc.

Fig. 6.29 Thermal analysis data for a mixture of metal nitrates (Y:Ba:Cu¼ 1:2:3) (a) and mass

spectra of their composition with polyacrylic acid (PAA:(Y, Ba, Cu)¼ 2:1) recorded during the

analysis (b) [483]. The thermal analysis was performed under argon, heating rate 5/deg min
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The polymer-mediated synthesis has been utilized [483] to prepare various

ceramics. For example, decomposition of yttrium metallopolymer at 633–793 K

affords YBa2Cu3O7�x ceramics (123-ceramics), while in the case of bismuth

metallopolymer, 2223 ceramics with the formula Bi2Sr2Can�1CunO2n+4�δ (n¼ 1–3)

is produced, the highest weight loss rates being achieved at 693–1,143 K. The

mass spectrometric analysis of the gases evolved from the bismuth 2223 ceramics

on vacuum heat treatment indicates (Fig. 6.30) that at 973–1,073 K, small amounts

of oxygen and bismuth are formed, and are stabilized as О2
+, Bi+, Bi2

+ ions and

traces of H2O, CO
+, CO2

+, etc. In terms of key characteristics (superconductivity at

87 K), 100 %-magnetic shielding, electrical conductivity at room temperature of

800–1,000Ω�1cm�1, bulk density of 4.7 gcm�3, critical current up to

240 Acm�3, etc.), the yttrium ceramics obtained by the polymer-mediated method

and the single-phase bismuth superconducting cuprate specimens synthesized by

the combined polymerization – pyrolysis route can be assigned to the best HTSC

ceramics formed under thorough oxygen annealing.

One of the promising methods of the HTSC synthesis, i.e. the YBCO-ceramics, is

a thermal decomposition of novolac resins (m-cresol-formaldehyde) containing of

corresponding metal nitrates [485–487]. The optimal thermolysis in an inert atmo-

sphere starts at 1,023 K, however the formation of BaCO3 continues in O2 atmo-

sphere yielding the orthorhombic YBCO-ceramics with a high superconductivity at

91 K. This polymer-mediated approach appears to be perspective for synthesis of

HTSC-ceramics and requires further studies.

6.6.7 Thermolysis of Metal Carbonyls in Polymer Matrices

This is the earliest and popular method for preparing nanocomposites. Some typical

examples of metal carbonyl decomposition have been noted repeatedly in this

Chapter. Along with cobalt acetate, formate, acetylacetonate, the most widely

used precursor is cobalt carbonyl Co2(CO)8.

Fig. 6.30 Thermal

(continuous line) and mass

spectral (dashed line)
analysis data for samples

2223: (1) TGA curves, (2)
DTA curves, (3) DTGA
[484]. Heating rate 4 deg/

min, the CO++CO2
+ curves

are enlarged 50-fold

364 6 Thermolysis of Metallopolymers and Their Precursors as a Way for Synthesis. . .



The general scheme of metal carbonyl decomposition including in the presence

of a polymer matrix being a stabilizing agent of the metal or its oxide nanoparticles

formed can be represented as follows [337]:

nM COð ÞbÆ
T, k1

k�1

nM COð Þm< b�1Æ
k2

k�2

n=xð ÞMxOy

where k1, k�1, k2, k�2 are appropriated constants.

Among other metal carbonyls Cr(CO)6, and Fe(CO)5 are often used applying

two methods of their decomposition in polymers: in solution and in their melt.

The most general approach comprises the dispersion of pre-synthesized

nanoparticles in polymer matrices, i.e., method ex-situ. In the processes in situ
more ‘active’ polymers which have the functional groups for complexation with a

precursor are preferable.

The nucleophilic fragments of macroligands (particularly in styrene-N-vinylpyr-

rolidone copolymer) bring about a polymer-catalyzed decomposition of the metal

carbonyl by scheme:

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 þ k2 � k�1 � k�2 > k4
k3 > k4

If this condition is fulfilled, the main process takes place, i.e. particle growth and

the formation of nanoparticles of 1–10 nm in size.

Coincidentally with the sizes of the forming nanoparticles the probability of

termination of particle growth increases due to their noncovalent surface interac-

tions with the macromolecule. The stronger the interaction the smaller the particle

size; polymers having more polar groups promote the finest particles growth.

Of interest is an approach based on the decomposition of metal carbonyls in block-

copolymers. Thermolysis of metal carbonyls in block-copolymers in the synthesis,

for example, Cr2O3, Fe2O3, and Co2O3 nanoparticles in polystyrene-b-poly(methyl-
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methacrylate) diblock copolymer (PS-PMMA) as a model system is studied in detail

[488–492]. Results showed that the rates for reactions performed in a diblock

copolymer solution are much faster than the rates of the same reactions performed

in a homopolymer solution. The arrangement of the diblock copolymers in solution

into spherical core-shell domains created self-assembled “nanoreactors” with PS

acting as the surrounding shell and the internal PMMA domain (core) contained

high precursor concentration, resulting in faster kinetics. Note that the size and shape

of nanoparticles formed are similar to those generated at the thermolysis in pure

PMMA solution. This may indicate that the particle morphology is determined not by

the kinetic of their formation but by their interactions with their surrounding media

and the presence of reactive stabilizing molecules, such that, in this case, PMMA

segments, either as homopolymers or as part of a block-copolymer.

The formation of metallopolymers in a polymer melt with an addition of a high-

boiling solvent [493, 494] is based on decomposition of the melt at the highest

possible temperatures much exceeding the decomposition temperature of the pre-

cursor for the fastest possible and complete removal of the eliminated ligand from

the reaction medium. Its main difference from ‘wet’ methods is that the short-range

order of the structure of the initial polymer, PE, polypropylene (PP), PTFE, etc. is

preserved in the melt, as opposed to solution, because in the case of the solid-state

thermolysis, the polymer is destroyed to a lesser extent. The voids present in the

polymer (due to density fluctuations) become accessible for the accumulation of the

products. First of all, these are concentrated in the loosest disordered interspherulite

areas of the organic matrix, in the space between the lamellas and at the centres of

spherulites. Due to the decrease in the free polymer volume and the possible cross-

linking, the segmental motion of the amorphous phase is hampered.

Cobalt-based nanoparticles (metallic cobalt, cobalt oxides, and cobalt alloys, such

as CoFe) are very interesting varieties of magnetic nanoparticles. Cobalt-containing

nanomaterials have the highest values of important magnetic characteristics (coercive

force and saturation magnetization) among the magnetic materials [495]. In view of

their relatively low cost and high efficiency, the most popular processes for manu-

facturing cobalt-containing nanoparticles involve the thermolysis of organocobalt

compounds in organic solvents (octadecene, benzyl ether, tetraline, and heptadecane)

with surfactants (fatty acids, amines, and organophosphorus compounds) [496].

X-ray powder diffraction is an effective method for studying for determining

nanoparticle sizes and their phase composition in the Co nanocomposites. Exam-

ination of the X-ray diffraction pattern in Fig. 6.31 showed one metallic phase (very

weak) and two oxide phases. This implies that CoO <111>, <200> and Co3O4

<220> phases are the major components of the sample and the metallic cobalt

percentage is low, the average size of the particles is 9.0� 0.8 nm [461].
It cannot be ruled out that strong interaction of the polymer with the nanoparticle

inserted into intermolecular voids of the matrix may lead to destruction of the

crystalline portion and its transition to the amorphous state. In this material, no

metal phase is detected, and it can be considered as a single-phase metallopolymer.

Using this method, the PE-based metallopolymer composites were obtained with

iron clusters (nanoparticle size 9–12 and 20–22 nm) [497] with Fe0.85Mn0.15 (size

~2.5–3.0 and 20 nm) [494, 497], with ZnO and CdS clusters (mean size 4–10 nm)
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[493, 498]. The formed iron-containing nanoparticles exist at room temperature in the

superparamagnetic state and are multiphase structures: they consist of α-Fe, Fe3C,
Fe3O4, Fe2O3 [494]. According to the existing views, these particles are constructed

as a core (α-Fe) coated by a metal-containing shell (Fe3C, Fe3O4, Fe2O3).

Thermal decomposition of Fe(CO)5 in organic solvents is accompanied by the

formation of intermediates – clusters of the different composition such as Fe2(CO)9,

Fe3(CO)12 and other; therefore, sometimes triirondodecacarbonyl Fe3(CO)12 as

precursor is used instead of Fe(CO)5 [499]. Fe(CO)5 decomposes into highly active

atom clusters and CO in a closed reactor at 972 K in an inert atmosphere in the

presence of S or Se powders. CO undergoes a Boudard disproportionation reaction

2CO!СО2 +С. Under these conditions FeS and FeSe nanoparticles covered by a

carbon shell are formed [314]. The layered hexagonal structure of FeS is known to

be an excellent solid lubricant.

Thermal decomposition of Fex(CO)v in imidazolium salts with long-chain

N-alkyl substituents – an ionic liquid as solvent affords iron carbide nanoparticles

with the size from 2 to 15 nm [499].

Thus, thermolysis of metal carbonyls in polymer matrices is a versatile and

controlled approach to obtain nanocomposites with a complex of useful properties.

6.6.8 Comparison of Different Methods of Solid-State
Thermolysis of Metallopolymers

Currently, there are three key methods for the preparation of metallopolymers [365]

for polymer-mediated synthesis of nanoparticles: reactions of metal compounds

Fig. 6.31 X-ray diffraction pattern for cobalt-containing nanoparticles. CoO, Co3O4, and Co

peaks are indexed
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with linear functionalized polymers (so called polymer analogous transformations);

polycondensation of the corresponding precursors to metallopolymers; polymeri-

zation and copolymerization of metal-containing monomers. Thermolysis of

metallopolymers formed according to each of the methods listed above occurs in

different ways.

This fact will be demonstrated in relation to hafnium-containing polymers

obtained by polymer analogous transformations involving PAA (compound 1), by
condensation methods, viz., the reaction of hafnium compounds with diols (2–6) or
condensation of cyclopentadienyl hafnium complexes with p-diethynylbenzene (7),
and by polymerization of hafnium-containing monomers (8–12) [500–502]. The
isothermal thermolysis of Hf(IV) – polymer systems (1–12) was studied at three

characteristic temperatures: 1) 643 K (heating for 60–300 min)� the mean decom-

position temperature where secondary transformations (pyrolysis of the decompo-

sition products) are insignificant; 2) 873 K (150–200 min) – the mean temperature

of the early stages of pyrolysis of the organic transformation products; 3) 1,273 K

(~150 min) – the temperature of intense pyrolysis of organic products. The general

pattern of controlled thermolysis of these polymers can be represented as follows:

PAA-(O)Hf(IV)

Hf(IV)-polymer

1

2

3

4

5

6

7

8

9

10

11

12

Hf[O(CH2)4 O]2

Hf[O(CH2)6 O]2

HfO(OCOCH=CHCOO)

HfO2 + HfCX

HfO(CH2=CHCOO)2

HfO(CH2=C(CH3)COO)2

Cp2Hf[O(CH2)4 O]

Cp2Hf[O(CH2)6 O]

Cp2Hf[O(CH2)9 O]

Cp2Hf[C2(C6H4)C2]2

Cp2Hf[CH2=CHCOO)2

Cp2Hf[CH2=C(CH3)COO)2

Δ

The formed composites tend to have different H:O atomic ratios covering a

rather broad range and forming the series

14 for 6ð Þ > 11, 0 5ð Þ > 6, 0 3ð Þ > 5 12ð Þ > 4, 0 2; 11ð Þ > 1, 2 9ð Þ > 0, 4 8ð Þ:

The typical regular features of the thermolysis of metallopolymers 1–12 are as

follows. The gas evolution kinetics are similar for all of the samples (Fig. 6.32):

first, the reaction rate decreases monotonically with an increase in the time of

thermolysis at a constant temperature; a temperature rise for similar transformation

times induces non-linear increase in the gas evolution and weight loss rates. The

major gaseous product in the thermolysis of Hf carboxylate polymers 8, 9, 11 at

643 K is CO2, while for polymer 11, this is cyclopentadiene vapour. An increase in
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the temperature of thermolysis (to 873–1,273 K) brings about considerable evolu-

tion of H2, and in the case of Hf diol polymers 2–6, the corresponding diols and a

broad range of their oxygen-free fragments are formed even at 643 K.

The weight loss by the samples at the end of transformation is most often below the

value expected for their decomposition to HfO2 or HfC. Out of this series, only for

metallopolymer 11, the weight loss at 873 and 1,273 K is close to that observed in the

decomposition of HfO fumarate to HfC: apart from the HfO2 crystalline phases, the

HfC phase is formed but no metallic hafnium (Table 6.13). The content of hafnium

carbide in the composite and the degree of crystallinity of products depend on the

ligand environment (the type of the bifunctional ligand used to prepare the polymer),

the polymer composition and the conditions of thermolysis. At relatively low temper-

atures (	643 to ~873 K), the transformation products are amorphous to X-rays; and

temperature rise promotes crystallization. In view of the thermodynamic analysis of the

Hf�C�O�H system, it appears unexpected [503, 504] that a well crystallized HfC

phase was observed only in the thermal decomposition of polymer 8 formed from the

complex Cp2Hf(CH2═CMeCO2)2 with the minimumH:O atomic ratio (0.4). Possibly,

in this case, the conditions of thermolysis are far from thermodynamic equilibrium.

For a thermodynamically equilibrium HfCxOyHz system, the HfO2(s)!HfC

(s) transition occurs in the temperature region of 1,973–2,023 K. However, under

real conditions, this transformation starts with participation of the energy-saturated

highly reactive nano-sized particles formed, the reacting system being far from

equilibrium. This shifts the HfO2(s)!HfC(s) transition to lower temperatures,

873–1,273 K (see Table 6.13), for almost all types of metallopolymers.

Depending on the nature of the ligand and the conditions of thermolysis, several

options of nano-sized particle conservation are available. They are related either to

Fig. 6.32 Gas evolution

kinetics during thermolysis

of metallopolymers 12: (1)
643, (2) 873, (3) 1,273 K

and 2: (4) 643, (5) 873, (6)
1,273 K [500]
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destruction and subsequent carbonization of the ligand or the mixture of the

precursor with the polymer at high temperature or to transformations of the polymer

catalyzed by metal clusters arising during the decomposition. Generally, all trans-

formations of this type are self-regulated processes [505].

The research into thermal transformations of precursors in the solid phase is

vigorously developing. On the one hand, the transformations most often resemble

the pyrolysis in high-temperature liquids [411] and it can be considered as a

pseudohomogeneous process. On the other hand, they bear specific features of

solid-state reactions, which is manifested as influence of the topochemistry and

crystal lattice defects on the transformation rate.

6.7 Computer Modelling of the Kinetics of Nanoparticle
Formation During Solid-State Thermolysis

Despite the complexity of multistage physicochemical transformations that accom-

pany the solid-state thermolysis of metallopolymers [506] three key macroscopic

stages can be distinguished:

1. thermal decomposition of the metal-containing fragment

MLr ! M� þ rL; ð6:14Þ

Table 6.13 Effect of the thermolysis temperature on the phase composition of the solid

thermolysis products of Hf-containing polymers [500]

Polymer

Temperature of thermolysis, K

643 873 1,273

2 Amorphous m-HfO2 +HfC* m-HfO2 +HfC*

3 Amorphous m-HfO2 + t-HfO2 m-HfO2 + t-HfO2*

+HfC*

5 Amorphous m-HfO2 + t-HfO2* +HfC* m-HfO2 +HfC*

6 Amorphous m-HfO2 + t-HfO2* +HfC* m-HfO2 + t-HfO2*

+HfC*

8 Amorphous + t-

HfO2 +HfC*

Amorphous +HfC+

t-HfO2*

m-HfO2 +HfC*

9 Amorphous m-HfO2 + t-HfO2 +HfC* m-HfO2 +

t-HfO2 +HfC*

11 Amorphous Amorphous m-HfO2 + t-

HfO2 +HfC*

12 Amorphous Amorphous m-HfO2 + t-

HfO2 +HfC*

Note. The asterisk marks highly disordered phases, letters m and t stand for monoclinic and

tetragonal systems, respectively
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2. clusterization and nanoparticle growth

M�!M M2�!M M3 . . .�!M Mn�1½ � �!M Mn½ �; ð6:15Þ

3. polymerization of the demetallized ligand

rL ! P, ð6:16Þ

where М is the metal, М* is a metal atom or metal compound, L is ligand, Mn is

metal-containing oligo(poly)mer, P is the product of polymerization or ligand

destruction.

The published and experimental data mainly focus on the characteristics of the

final thermolysis products (nanoparticle size distribution and spatial distribution in

the matrix, physical and chemical properties of the obtained matrices, etc.). How-

ever, no studies considering the variation of the physicochemical parameters during

the thermal transformation are available.

The most productive approach to the theoretical investigation of the thermolysis

kinetics is computer modelling. In recent years, various solutions to problems of this

type have been developed [507–509]; this allows one to follow the cluster formation

dynamics in the matrix during the solid-state thermolysis, the temporal growth of

particles and the topochemical behaviour of particles in the polymeric medium.

The kinetics of nucleation and particle growth are studied within the framework of

the diffusion-controlled aggregation model using combined sweep and Monte–Carlo

methods. As the basis of kineticmodels, polymericmedia of various structures, namely,

isotropic (globular) and anisotropic (layer and fibrillar) structures, are considered. The

aggregated particles come from the products of thermal decomposition of the metal-

containing groups of the polymer chain: metal atoms or metal oxide particles. The

medium in which the transformations and the motion and growth of cluster-forming

particles take place is represented as a three-dimensional lattice consisting of L3

(50 nm� 50 nm� 50 nm) cubic cells – reactive groups (1.25� 105 reaction sites).

The cell dimension (face α¼ 10�9� 10�8m) varies being determined by the size of the

characteristic fragment of the regular polymer chain comprising one decaying metal-

containing group. The determining algorithms of the model are as follows.

1. Decomposition of the metal-containing groups to give monoatomic metal parti-

cles (or oxide particles) at the rate

WJ ¼ kC ¼ C0k0exp �Ea,J

RT

� �
, ð6:17Þ

where k is the constant, C and C0 are the current and initial numbers of the polymer

reaction sites (C0¼ 1.25� 105 monoatomic sites), Ea,J, k0 and T are the variable

parameters (activation energy, pre-exponential factor and the temperature of the

experiment, respectively). A definite (variable) probability that the decay of reac-

tion sites is catalyzed by diffusing particles is taken into account.
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2. Solid-state activated diffusion of monoatomic metal (or metal oxide) particles

giving polyatomic cluster particles, the rate of diffusion being

WD,N ¼ DNC
� ¼ C�D1 � N�1=3, ð6:18Þ

where C*¼C/a is the current number of the reaction sites per cell with dimen-

sion a, N is the size of N-atomic cluster, D1¼D0 exp[�Ea,D/(RT)] is the diffusion

coefficient for a monoatomic particle, Ea,D and D0 are the variable parameters

(activation energy and entropy factor, respectively). As noted above, it is assumed

that a single cell cannot accommodate two (or more) separate particles, i.e., they

immediately coalesce to a unified cluster.

3. Considering dissociation of clusters by the reaction

Mn½ � ! Mn�1½ � þM ð6:19Þ

to give monoatomic particles at a rate

WN ¼ kNCN , ð6:20Þ

where

kN ¼ k0N N exp �Ea,N

RT

� �
ð6:21Þ

depends on the cluster dimension N and decreases as the cluster dimension

increases, CN is the current concentration of the cluster particles with dimension

N, Ea,N and k0N are the activation energy of the Nth cluster and the preexponential

factor (equal to ~1013 s�1), respectively. It is assumed that monoatomic particles

can migrate to neighbouring cells.

4. Visualization of the formation of cluster particles. At the end of the experiment,

the results are presented as the dependence of ln(C + 1)/ln(Cmax + 1) and J(N) on

t, i.e., the time dependence of the cluster size distribution ((Fig. 6.33) [506, 509]

where Cmax is the greatest number of clusters at time instant t; J(N) is the cluster

size distribution where J is the number of N-dimensional clusters. As a result, the

accumulation kinetics of a specified Nth cluster is obtained.

The time of the numerical experiment is tΣ¼Ztp, tp¼–k– 1 ln(C/C0) is the time of

decay of 95.5 % of the metal-containing groups of the polymer, Z is the relative

(variable) time of cluster formation (Z� 1). The values C0¼ 5� 1026 particles per

m3 (for a metallopolymer with the density 1.5 g m�3 a chain fragment of which

contains one reactive group in the cell with a¼ 10� 9m), Ea,J¼ 167 kJ mol� 1,
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k0¼ 1013s� 1,EaN¼Ea, 1 – 2(Ea, 1–Ea,2)/N,Ea, 1¼ 420 kJ mol� 1 (the activation

energy for the decay of the ’massive’ cluster, Ea, 1¼ Esub is the sublimation energy

of the metal or its compounds) and Ea,2¼ 170 kJ mol�1 (dissociation energy of the

two-particle cluster) are used as the basic kinetic parameters.

The results of the computer modelling of nanoparticle formation during the

solid-state thermal decomposition of metal-containing monomers and polymers

with different structural organization point to some general trends. For isotropic

polymer media, an increase in the time of cluster formation leads to evolution of the

particle size distribution spectrum: as Z increases, the transformation parameters

being the same, the distribution maximum Jmax(N ) shifts to greater N values, from

N� 80 at Z¼ 2 to N� 160 at Z¼ 10, while the Jmax value simultaneously dimin-

ishes. The formation of single clusters is a consecutive-parallel process. For exam-

ple, over the experimental time tΣ¼ 228 s (Z¼ 5), the yield of clusters with N� 2

and 65 passes through a maximum, while for N� 125 and 185, the number of

clusters increases to reach a steady state, and smaller clusters (1	N	 4 and

35	N	 39) do not disappear, their number reaching a steady value, apparently,

as a result of dissociation of larger clusters.

Fig. 6.33 Evolution of cluster size distribution during the computer experiment (gl-structure):
T¼ 653 K, Z¼ 5, WD, N¼ 1� 10�18 particle m2 s�1, WJ¼ 2.2� 1025 particle m�3 s�1,

W2¼ 1� 103 particle m�3 s�1, and W1¼ 4� 10�14 particle m�3 s�1
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An increase in the computing time results, first, in a shift of the distribution

spectrum J(N) to greater N values, the mean value for the N-dimensional cluster

reaching ~1,500 as soon as for Z¼ 100, which may correspond to a spherical cluster

with a size from 4.1 to 4.2 nm. Second, the distribution spectrum J(N) becomes

simpler: the polymodal distribution typical of small Z values evolves already at

Z¼ 100 to a bimodal distribution with maxima at N� 540� 550 and N� 1,540.

Presumably, further increase in the computing time (Z� 100) may produce a

unimodal particle size distribution with a much greater mean size. The considered

results of modelling of the kinetics of formation of metallic clusters upon thermolysis

of the metal-containing fragments of the polymeric media with different structural

organization demonstrate [506, 509] the growth of nanoclusters, which may reach

rather large sizes. These models are efficient and can be extended to other objects.

Of all the physical factors that can affect the behaviour of a chemical

substance, temperature is most popular. Thermolysis of metallopolymers and

their precursors provides almost infinite possibilities for the manufacture of

various types of nanocomposites and it is the simplest and most widely used

method for introducing up to 90 mass% of colloid particles of metals into a

polymeric composite. It is possible, first, to subject a precursor to the thermolysis

and, second, to blend it with the polymer matrix prepared beforehand (ex situ
process). Alternatively, the researcher can perform joint thermolysis of a polymer

blend with a metal compound present in a specified ratio (in situ process).

Kinetically, the polymer-mediated synthesis of nanoparticles is a conjugate

two-stage process related to multichannel transformations of the metal-containing

precursor. It induces the evolution of the high-molecular-mass component: depo-

lymerization, cross-linking, destruction, many reactions being catalyzed by the

formed metal clusters [28]. The free energy of thermolysis is higher than the free

energy absorbed upon the formation of metallopolymers; this is employed to

perform other processes in conjugation with the thermolysis. As applied to

solid-state reactions, transformations taking place in structural inhomgeneity

sites (defects, dislocations) may induce other processes. The conjugate processes

represent an approximation to self-assembly processes, i.e., processes with

feedback [505].

The self-assembly of ‘core–shell’ type nanoparticles during thermolysis is one of

the unique phenomena inherent in the rapidly developing supramolecular chemistry

[510, 511]. Supermolecules (nanometre-sized molecules) are oligomolecular parti-

cles arising upon the intermolecular association of several components that form

intricate structure of definite architectures according to the molecular recognition

principle. The organization of such supermolecules is based on interaction types other

than covalent bonds – hydrogen bonds, electrostatic and Van der Waals forces.

This chapter is restricted only to description of the formation of nanoparticles in

organic matrices during thermolysis. Quite extended subject matter related to the

thermal synthesis of inorganic matrices and the insertion of metal-containing

clusters therein and production of metalloceramics remained beyond the scope of

our consideration and is still waiting for being surveyed and analyzed.
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Chapter 7

Bionanocomposites Assembled
by “From Bottom to Top” Method

Particles, which take part in different biological processes, have a special place in

nanometer composites. Rich and variable biochemistry of proteins displays key

importance of a nanometer phenomenon for a working mechanism of living

organisms [1, 2], and this provides a wide range of possibilities for development

of new types of hybrid nanomaterials with constructible structures, functions and

shapes [3–5].

Integration of nanoparticles and biomolecules, each having unique properties, on

the one hand, and being in the same nanometer scale (enzymes, antigens, and

antibodies of typical sizes 2–20 nm like nanoparticles), on the other hand, as of

two structurally compatible classes of materials, gives resultant new hybrid

nanomaterials with synergetic properties and functions (Fig. 7.1).

Interaction of nanoparticles with biopolymers (proteins, nucleic acids, poly-

saccharides) plays very important role in enzyme catalysis, biosorption, biohydro-

metallurgy, geobiotechnology, etc.). There is a great interest to nanomaterials,

which can be used in biomedical and pharmaceutical applications due to their

biocompatibility and biodegradation. At the same time bionanocomposites should

meet some demands to plasticity of a matrix, they should have improved barrier,

antimicrobial properties, ability to controlled release of bioactive substances such

as antimicrobial agents, antioxidants, drugs, calcium compounds in biologically

available form and their mixtures, etc. Biopolymers, such as natural and synthetic

proteins, obtained by chemical methods or by genetic modification of microorgan-

isms or plants, nucleic acids (including synthetic ones), biodegraded complex

polyethers, such as polylactic acid, and its derivatives, oligo-hydroxyalkanoate,

most often, polyhydroxybutyrate, their copolymers, biomedical materials, such as

hydroxyapatites, are used. There is an interesting group of materials for this purpose

including synthetic and natural (vegetable and animal) polysaccharides, such as

cellulose and its derivatives, alginates, dextranes, acacia gum, chitosan, and any of

its natural and synthetic derivatives, especially chitosan acetate, and proteins

obtained from raw animal materials, as well as proteins from maize (especially

zein) or soya, gluten derivatives, gelatin, casein, etc. Relatively widely used in

© Springer Science+Business Media Dordrecht 2014
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biomedical applications are intercalated bionanocomposites based on organically

modified materials with layered structures (layered phyllosilicates, montmorillon-

ite, etc.), including their usage for release of active ingredients, such as volatile

odoriferous substances and their components (for example, lynalol, polar ether oil

with anti-microbial properties).

Biocomposites also include products of concentration and biomineralization

with participation of natural, also inorganic, polymers. Perfection of bioprocesses,

principles of their realization and self-regulation of biosystems are still not only

stunning, but permanently impel researchers to their modeling under laboratory

conditions, to development of bio-imitating concepts, to designing of artificial

analogues. Following, perception and copying methods of Nature, a desire to

unravel its mystery bring to a new research direction, biomimetics, whose purpose

is transportation of its laws into inanimate nature.

Almost all approaches and problems of nanomaterials science considered in this

book more or less concern development of biocomposites. Their applications are

especially important in medicine: it is a basis for progress in diagnostics and therapy

on cellular and genetic levels. While modifying surfaces of drug carriers with biocom-

patible polymers, it is necessary to optimize functions of polymeric component, which

can play a role of a binding material for therapeutic or diagnostic drugs, to provide

some characteristics of drugs (solubility, bio-availability, prolongation of their action

due to slow desorption of drugs from polymer matrix, their shelf life, etc.), etc.

At last, we shall note that quite many biological materials are known, such as

tissues [6], fungi [7], bacteria [8], viruses [9–11], and biomolecules [12, 13], which

by their spatial configuration are very close to organic-inorganic nanostructures

obtained by functioning of organic fibers with nanoparticles [14].

First of all, we shall consider variants, when there is a bio-object in a system,

which can initiate reduction of metal ions and thus form nanoparticles to produce

nanobiocomposites.

7.1 Bioreducing Agents in the Synthesis of Nanocomposites

During the recent years biosynthesis methods have become widely used, because

they are relatively simple and efficient ways of synthesis of nanoparticles in

reduction processes as compared to physical or chemical methods. Fungous or

Fig. 7.1 Integration

nanometer scale of

nanoparticles, biomolecules

and bioobjects
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mold microorganisms [15–18], bacteria [19], plant extracts [20, 21] are used as

biological objects. In the base of many applications of microorganisms including

bioleaching, bioremediation, bacterial corrosion, in particular, in biosynthesis of

nanoparticles, there is their ability under extreme external conditions to induce

specific protective mechanism of stress suppression, for example, toxicity of metal

ions or metals due to a change in redox-state of ions or intercellular deposition of a

metal [22].

Among the abovementioned approaches there is biochemical synthesis based on

usage of biologically active components, which is in the group of the most efficient

and environmentally appropriate methods.

7.1.1 Vegetable Biomasses and Extracts as Reduction
Agents of Metal Ions

Production of nanoparticles with the use of various plants, plant-mediated synthesis,

is a widely used technique of synthesis of nanobiocomposites. There are especially

numerous examples of this type of composites based on gold and silver (Table 7.1)

[23], extracellularly produced in leaf extracts of Cinnamomum camphora [24],

Table 7.1 Plants used in biogenic synthesis of silver and gold nanoparticles [23 and references

there]

Plants

Silver and

(or) gold

nanoparticles Shape (morphology)

Particle

size

Medicago
sativa

Au fcc twinned, crystal and icosahedral 4–10 nm

Medicago
sativa

Au fcc tetrahedral, hexagonal platelets,

icosahedral multiple twinned, decahedral

multiple twined and irregular shaped.

15–200 nm

Chilopsis
linearis

Au – 1.1 nm

Pelargonium
graveolens

Au Spherical, rods, flat, sheets and triangular 21–70 nm

Cymbopogon
flexuosus

Au Triangular, hexagonal –

Cymbopogon
flexuosus

Au Triangular –

Avena sativa Au fcc tetrahedral, decahedral, hexagonal,

icosahedralmultiple twinned, irregular

shaped, rod shaped

–

Cicer arietinum Au Triangular –

Tamarindus
indica

Au Triangular –

(continued)
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gooseberry Emblica officinalis [25], Aloe vera [21], poon Dalbergia sissoo [26],

geraniumе Pelargonium graveolens [27], black tea [28], etc. Biosynthesis can be

conducted directly in biomass, i.e. intracellularly. This way was used to produce gold

nanoparticles in alfalfa Medicago sativa [20] biomass, desert willow Chilopsis
linearis [29], Sesbania grains [30], etc. Moreover, formation of nanoparticles can

proceed in vivo. Alfalfa roots can absorb Ag(0) from agar medium and transport them

into saplings, where nucleation and growth take place [31]. Similarly, the desert

willow (Chilopsis linearis) absorbs Au (160 mg in Au/L in agar) and synthesizes gold

nanoparticles in roots, stems and leafs with average size 8, 35, and 18Å, respectively
[29]. Probably, following the same general scheme: reduction and absorption of

atomic Au(0) by roots of plants, transportation to some parts of a plant, growth and

coalescence of nanoparticles, Brassica juncea biomass contained nanoparticles of

Au, Ag, and Cu alloys sized from 5 to 50 nm after 14 days of growth in soil enriched

with gold chloride, silver nitrate, and copper chloride [30].

It is supposed that [26], combined components of biological extracts show

synergetic reduction effect during formation of nanoparticles from metal ions.

Proteins, polyphenol, carbohydrates can be involved in reduction processes in

these systems.

Table 7.1 (continued)

Plants

Silver and

(or) gold

nanoparticles Shape (morphology)

Particle

size

Triticum
aestivum

Au fcc tetrahedral, hexagonal platelets, irregular

shaped, rod shaped, decahedral multiple

twined, icosahedralmultiple twined

10–30 nm

Sesbania Au Spherical 6–20 nm

Medicago
sativa

Ag Spherical 2–20 nm

Quercetin Ag – Radius

1–1.5 mm

Tetrapanax Ag – < 100 nm

Capsicum
annuum

Ag – –

Pelargonium
graveolens

Ag – –

Aloe vera Au, Ag Triangular, spherical –

Brassica juncea Au, Ag, Cu – –

Emblica
officinalis

Au, Ag – 10–20 nm,

15–25 nm

Azadirachta
indica

Au, Ag and Ag

core –Au shell

Polydisperse, flat, plate-like, spherical,

peculiar core–shell structure

5–35 nm,

50–100 nm

Cinnamommum
camphora

Au, Ag Triangular, spherical 55–80 nm
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Chemical structures of the most important representatives of these substances

extracted from the poon leaves Dalbergia sissoo are shown in the Scheme 7.1.

It has been shown that naphthoquinones [32] and anthraquinones [33] from

F. oxysporum can be efficient carriers of electrons during reduction of metals.

Quercetin (3,5,7,30,40-pentahydroxyflavone) (see Scheme 7.1) is one of the compo-

nents of the plant extracts which was obtained in pure state and for which reducing

properties with respect to AgNO3 or Cu(NO3)2 in AOT-n-alkane system were

confirmed experimentally [34, 35]. It is assumed that citronellol and geraniol

molecules, which are the basic components of terpenoids contained in high con-

centrations in the extract of Pelargonium graveolens [27, 36] leaves, are simulta-

neously stabilizers and reducing agents. Chemosorption of proteins from

Scheme 7.1 Chemical structures of important constituents in green leaves of Dalbergia sissoo
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P. Graveolens on the surface of Ag nanoparticles is confirmed by widening of peaks

of amide line I (1,640 cm�1) and of ether group C═O (1,748 cm�1) in FTIR spectra

of synthesized biocomposite [36]. Usually, phyto proteins similarly to many syn-

thetic polymers (see the Sect. 2.2.4) show dual function in formation of

nanobiocomposites. On the one hand, they have bioreducing ability due to amino

acid residuals, such as L-tryptophan, L-tyrosine, L-arginine, L-lysine, L-asparagine

acid, etc, whose reducing properties, in particular, are demonstrated with respect to

gold ions [37, 38]. On the other hand, presence of various functional groups in

content of proteins (hydroxyl group, carboxyl group, etc.) advances their

chemosorption on the surface of nanoparticles, an important role in this case has

molecular mass of a macromolecule. For example, highly molecular fraction

(M> 5 kDa) of water soluble proteins of soy reduces NaAuCl4 in water medium

and stabilizes the formed nanoparticles, while low molecular proteins with molec-

ular mass <5 kDa, though initiate formation of nanoparticles, are unable to prevent

their aggregation [39], in this aspect, their behavior is similar to that of synthetic

polymers, considered above.

Another group of plant components, biologically active in synthesis of

nanoparticles are polyphenols (catechin gallate, epicatechin gallate,

epi-gallocatechin, gallocatechin gallate, etc.). For example, water extracts of leaves

and seeds of Syzygium cumini contain 21 and 36 mg g�1 of polyphenols, respec-

tively. It is shown that sizes of formed nanoparticles depend on concentration of

these components [40]. And an increase in concentration of phenol compounds in

the sorghum Sorghum spp extract (2,010, 2,375 and 2,520 mg/L GAE1 at the

temperatures of extraction 25, 50, and 80 �C) caused respective increase in intensity
of the absorption band of the obtained Ag particles at 390 nm, which directly

confirmed that particularly phenol compounds were the main reducing agents in

this system [41]. According to the data from Table 7.1, the produced nanoparticles

are characterized by great variety of shapes. The most widely appeared is triangular

morphology, including truncated (prismatic) anisotropic structures. These

nanotriangles can serve building blocks for electrically conducting thin films

[42]. Bioreduction of HAuCl4 by extract of tamarind leaves brings to formation

of highly anisotropic flat triangular structures, which are interesting for optoelec-

tronics, photonics, and sensor devices [43]. It should be noted that precision control

over the shape of formed nanoparticles and their size under conditions of biogenic

synthesis is often difficult, because the mechanisms of reduction and absorption of

protective agents are not quite clear. However, like in chemical reduction reactions,

morphology and size of formed nanoparticles can be varied efficiently by a change

in composition of biocomponents. For example, as amount of lemongrass

Cymbopogon flexuosus extract added to HAuCl4 solution increased, average size

of triangular and hexagonal particles decreased, while a fraction of spherical

particles with respect to them increased [44]. Average size of gold nanoparticles

1GAE – equivalent of gallic acid used as a standard phenol compound in spectrophotometric

analysis of total concentration of phenols.
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synthesized in presence of native biomass of hop was 17.3 Å, and when etherified

bioreagent was used, 9.2 Å particles were produced, while hydrolyzed biomass

produced nanoparticles of ~25 Å [45]. For silver nanoparticles made by treatment

of silver ions by capsicum extract Capsicum annuum L, nanoparticle size was a

time function of the reaction [46]. During 5 h spherical particles with diameter

10� 2 nm formed, increase in duration of the process from 9 to 13 h caused

formation of nanoparticles with sizes 25� 3 nm and 40� 5 nm, respectively. It

should be noted that optimization of synthesis conditions in presence of tetrapanax

(rice-paper plant) biomass allowed production of silver nanocomposites with 1.8 wt

% concentration and antimicrobial activity (minimal concentration of inhibition) of

biogenic composite was 14.1 mg 14.1 mg (Ag) L�1 and 28.1 mg (Ag) L�1 for

Escherichia coli and Candida albicans, respectively [47], which was comparable

with action of colloid nanosilver.

On the whole, rates of biosynthesis are lower than in reactions of chemical

reduction, and time of reaction may reach several hours, however, in some cases

kinetic parameters can be compatible [48]. It is interesting to note that reduction of

Au(III) ions in presence of vegetable surfactants from coconut and castor oils goes

during several minutes without adding of special reducing or stabilizing agents

[49]. At the same time if the chemical surfactant butyl ammonium bromide is used,

Au nanostructures are formed only the next day.

The advantage of using of plant raw materials or their extracts with respect not

only to chemical or physical methods of synthesis of nanocomposites, but in

comparison with other biogenic processes are simplicity and minimization of a

number of technological cycles, almost entire implementation of “green chemistry”

at all stages of synthesis, including formation of non-toxic biocompatible materials

applicable for biomedical purposes. Soft condition of synthesis, aqua media, quite

high product yield make plant-mediated processes attractive for scaling, i.e. for

producing a great amount of nanobiocomposites as, for example, is shown in the

case of reduction of silver ions by extract of solid biomass of oil-palm (Elaeis
guineensis), though the produced nanoparticles have wide size distribution from

5 to 50 nm [50]. Volume production can be favored by the fact that many species of

raw plant materials are used for industrial purposes. A good example is Sorghum
spp, which are used in alcohol production and other industrial products. It was

recently found that Sorghum extracts have efficient reducing properties with respect

to silver and iron ions and can provide substantial stability of colloids [41].

7.1.2 Microbiological Synthesis of Metal Nanoparticles

Microbiological synthesis of metal nanoparticles, though requires a special stage of

cellular cultivation, oppositely to the abovementioned biogenic plant-mediated

processes, is characterized by selectivity and high level of molecular control over

metabolic processes, providing reproducible synthesis of nanoparticles of certain
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sizes and structure. Evolution of microorganisms create the necessary prerequisites

for development of their ability to produce spatially organized nanomaterials,

among which the focus is on chemical lithography for reproducing of energy,

usage of highly dispersed particles for special functions, detoxing functions for

surviving in a toxic medium [51]. For example, sulfate-reducing bacteria reduce

sulfates, thiosulfates, sulfites, and other sulfur containing compounds in oxidized to

sulfides form. Some species of microorganisms synthesize inorganic materials at

nanometer scale and integer them in functional components. Thus, magnetotactic

bacteria contain intercellular chains of magnetite nanocrystals, magnetosomes

(Fig. 7.2), via which they orient in geomagnetic field of Earth [52].

Fig. 7.2 Electron micrographs of crystal morphologies and intracellular organization of

magnetosomes found in various magnetotactic bacteria. Shapes of magnetic crystals include

cubo-octahedral (a), elongated hexagonal prismatic (b, d, e, f) and bullet-shaped morphologies

(c). The particles are arranged in one (a, b, c), two (e) or multiple chains (d), or irregularly (f) (bar
equivalent to 100 nm) [51]
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Depending on a type of bacteria, size of magnetosomes can vary from 35 to

120 nm. Biological mechanism of formation of magnetosomes controls accumula-

tion of iron and biomineralization of magnetic crystals with a typical size and

morphology inside membrane vesicles consisting of protein-containing lipid

biolayers. Their combination with bioactive materials such as nucleic acids,

enzymes, antibodies, etc. make it possible to fabricate materials with a possibility

of magnetic manipulation with their biocomponents.

A probability of ordered disposition of nanoblocks of mineral crystals in

intercellular or extra-cellular matrix of living organisms is clearly demonstrated

by different kinds of diatoms (Fig. 7.3) [53].

Diatoms belong to a large group called the heteroconts or multi-flagella algae of

Bacillariophyta class. They are composed of a cell and range in size from 2 μm to

Fig. 7.3 Genera (a) and species (b) of diatoms
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2 mm, some cells can unite into colonies [54–56]. Diatom cells are contained within

a unique silica cell wall (a frustule) comprising two separate valves typically

overlap one over the other like the two halves of a petri dish. One half, the

hypotheca is smaller than the other half, the epitheca [57, 58]. Each of the valves

contains additional ring structures called cingulum (Fig. 7.4). The life cycle of

diatoms consists of three stages to compose the cell wall. The biogenic silica is

synthesized intracellulary by polymerization of silicic acid taking from the envi-

ronment. This material is then extruded to the cell exterior and added to the wall.

Highly specific structures such as enzymes or proteins included in bacterial

membranes provide the specific interactions with reactive components during

biosynthesis of nanocomposites and favor high product yield. Bacterial cells can

serve as reducing agent or matrix carrier for nanoparticles. Thus, extract of bacterial

culture Rhodopseudomonas capsulata, containing 65 % of protein, 20 % of soluble

polysaccharides, and 7 % of lipids show bioreducing activity in the reaction Au

(III)!Au(0) [59, 60]. At this, change in concentration of HAuCl4 in the range from

2.5 � 10�4 to 4.0 � 10�4 М can be used to control shape of nanoparticles from

spherical (10–20 nm) to nanowires (50–60 nm), respectively [60]. On the whole,

the main factors of regulation of size and shape of nanoparticles in biosynthetic

methods are similar to the considered above for chemical reduction: concentration

of metal ions and proteins in extract, pH of a medium, time of reaction, etc.

Certainly, it is necessary to take into account that additionally to specific absorption

of proteins also non-specific interactions take place, which bring, for example,

to isotropic growth of nanoparticles. And oppositely, by varying the ratio

[HAuCl4]/[extract] in the fungous strain Rhizopus oryzae, various shapes of gold
nanoparticles were obtained (triangle, hexagonal, nanorods) [61]. Yield of the

Fig. 7.4 Silica components of cell walls of Thalassiosira tumida
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latter, for example, was 70–80 %. The amount of the metal adsorbed may come to

25 % of the dry substance of microbial cells [62].

It is interesting that in the case of bacterium Shewanella oneidensis at low

concentrations of precursor there was exclusively intercellular formation of

nanoparticles, and at high, predominantly deposition on walls of S. Oneidensis
cells was observed, nanoparticles were rather coarse to 100 nm and more [63]. It is

reported [64] also about deposition of Pd(0) in periplasmic space of S. Oneidensis
(Fig. 7.5).

It should be noted that while biosorption of metal ions by microorganisms is

characterized by quite high rates, bioreduction processes go far slower, and in some

cases to increase their efficiency it is necessary to use donors of electrons, for

example, H2, formate, lactate, pyruvate, etc. [63, 64]. Addition of external donor of

electrons was also required for synthesis of Pd nanoparticles with usage of

Desulfovibrio desulfuricans [65] bacterium. Rather high reduction rates of Au(III)

by Pyrobaculum islandicum in presence of H2 is associated with hydrogenase

[66]. An interesting approach is when fermentation of Clostridium pasterianum
under anaerobic conditions causes generation of H2, which then participates in

reduction of Pd(II) to Pd(0) and the following deposits on walls of cytoplasm of a

bacterium [67]. Moreover, thus produced biohydrogen can additionally serve as

donor of hydrogen in catalytic activity of Pd(0). Thus, efficient catalyst can be

obtained at one step.

Usually, the processes of reduction by bacteria are conducted under anaerobic

conditions, and, on the whole, they are more efficient and fast than aerobic processes

[68]. Though examples of the latter are also known, they are realized and important

from practical point of view, for example bioreduction of HAuCl4 by cyanobacteria

Fig. 7.5 Nanoparticles of

Pd(0) in and on the outer

cell parts of Shewanella
oneidensis [64]
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[69, 70] or by Bacillus subtilis [71]. It has been shown that intermediate product

obtained during formation of intercellular Au(0) is Au(I) sulfide complex

[69]. Nanoparticles of Pd(0) are obtained under aerobic and anaerobic conditions

[64] under action of S. Oneidensis. Polyethyleneimine (PEI) or amino-enriched

cationic polyelectrolytes behave both as binding molecules and reduction agents

for synthesis of Au-bacterial nanocomposites similarly that when Au-composites

were obtained in different ways [72, 73]. During reduction of the HAuCl4 using

PEI in solution the bacterial fibers become from colorless to purple that indicates the

formation of Au nanoparticles on the fibers [74].

Protein environment facilities producing the complicated products both on the

composition and form. Thus, when ionic silver enters in the organism it is bonded by

affinic biopolymers and is reduced by biological substrates up to high dispersed

metallic state [75]. Special attention is paid to soluble metal-polymer nanocomposites

containing silver or other metal nanoparticles as potential antibacterial and antivirus

agents.

Often in the synthesis of complex bionanocomposites individual biological

molecules are preferred to whole bacterial cells. Biotemplates in addition to wide

variety of shape and sizes show reproducible template structures, which make them

ideal matrices for deposition of nanoparticles. DNA [76, 77] and viruses [78]

biomolecules are used for production of metal nanorods, nanowires. Among pro-

teins bacterial S-layers [79] and flagella2 [80, 81] are successfully used. In partic-

ular, S-layers included in content of cellular wall of most bacteria are regular

protein subunits, and are most widely spread structures in prokaryotic organisms.

They consist of numerous copies of individual polypeptides, which spontaneously

form highly organized nanoporous superlattices of different symmetry (Fig. 7.6).

Bacillus sphaericus were used to produce 405-nm gold nanoparticles spaced at

13 nm at the surface of S-layer with square periodicity [82]. Hexagonally packed

S-layers of D. Radiourans [83] allow fabrication of ordered structures of micron

sizes from regularly arranged gold nanoparticles, so that they completely follow a

biotemplate structure. It is interesting to note that from the equal mixture of citrate-

stabilized nanoparticles of 5 and 10 nm sizes only 5-nm colloid is bound by S-layer,

while during absorption of 20-nm particles long-ordered structure is broken.

Depending of shape and electrostatic properties of a biotemplate, nanobicomposite

materials of various spatial arrangements are formed [53]. It is important that for

modification of topographic or chemical properties of the S-layer just construction

of one gene is required.

2 Flagella – is a surface structure present in many prokaryotic and eukaryotic cells and serving for

their motion in liquid medium or on the surface of solid media. Bacterial flagella thickness is

10–20 nm and length 3–5 μm. Basal body in a cellular wall drives exterior semi-rigid protein helix

fiber via the body rotation, thus generating hydrodynamic force driving the cell directionally.

Basal body of a flagella is a miniature electromotor, due to which bacterial cell is able to develop

very high speed, 100 μm/s, i.e. more than 50 lengths of the cell body per second. The driving force

takes energy from ionic gradient on the inner membrane of the bacterial cell – transmembrane

potential of hydrogen or sodium ions.
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Method of molecular engineering of biological molecules can be applied to

fabricate templates having a great affinity to a certain metal ions, for example, to

Au(III) [84, 85]. Introduction of a histidine fragment into flagellate protein caused a

controlled deposition of Au(0) nanoparticles of 5 nm in diameter due to formation

of Au(I) complex with structured amino and imidazole groups. Native flagella

Desulfovibrio desulfuricans shows high affinity to Pd(II) complexes due to

nitrogen-containing ligands, and protein fibers are completely coated by Pd

(0) nanoparticles, whereas attempts to synthesize Au(0) under the same conditions

failed [81]. Genetic manipulation with peptide sequence of RP437CysFliC coli

allows production of RP437CysFliC line with addition of up to 12 added cysteine

residuals per flagella monomer. Presence of cysteine thiol groups causes

immobilizing of Au(0) nanoparticles on the surface of bacterial flagella fibers.

Flagella-bound nanoparticles are in the range 20–50 nm, most suitable for catalytic

applications of gold nanocomposites.

In this aspect it is also important that formation of Au-S complexes, as is known,

increases catalytic activity of these systems [86].

One of the important properties of bacteria is their ability to reduce or oxidize

trace elements, including toxic metals and radionuclides, which can be efficiently

applied for in situ bioremediation of metal-polluted soils and water and for extrac-

tion of precious metals from dilute spent solutions [87]. To the early works in this

field belong bioutilization of Pd(II) from solutions in form of Pd(0) [88] with usage

of sulfate-reducing bacteria. D. Desulfuricans demonstrates bioreducing activity

with respect to ions of the considered metals in the medium of liquid wastes and in

sewage in spent car catalysts [65, 89]. Processes of reduction are implemented in

electrobioreactors, containing bacterial cells immobilized on external surface of

Pd-Ag electrode. Hydrogen is formed electrochemically and its transport goes

through membrane of the electrode. The similar scheme was used for bioselective

Fig. 7.6 Different types

of bacterial surface layers

(S layers) with a diagonal

(p1, p2), square (p4), or

hexagonal (p3, p6)

symmetry [53]
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utilization of Au(0), Pd(0), and Cu(II): firstly Au(III) was reduced by native

biomass D. Desulfuricans, then Pd was extracted by pre- palladinized mass (see

below), and at last, Cu(II) was deposited in hydroxide and sulfates compounds

using gas emission from bacterial culture [90].

Living cells show high ability to bioreduction. It follows from this that some

enzymes remain active at low pH (2–3). At the same time, bioextraction of Pd from

wastes (scrap) of electronic devices was ineffective, because they, as a rule, contain

a great amount of Cu2+ ions (25 wt% or more), which inhibit hydrogenase (see

below) [90]. But if bacterial cells, which were subjected to pre-palladinizing are

used, Pd(0) seeds can be catalysts for further chemical reduction of Pd(II) from

Cu2+ containing solutions. In this case extraction is not enzymatic, but autocatalytic

growth of Pd(0) clusters proceeds on cells. The same is true for E. coli [91],
however, bacterial cultures C. necator and Cupriavidus metalliduran reduced Pd

without pre- palladinizing [92].

Biomineralization can be caused by dissimilating reduction of metals. For

example, for oxygenless respiration Fe(III) as electron acceptor exudates Fe

(II) which, in turn, inspires formation of mineral phases such as magnetite, vivianite

or siderite [93]. Other products of microbiological activity can include manganese

oxide, silicates, phosphates, etc. Direct transformation of impurities in heavy metals

and radionuclides in nanometer mineral phases are enzymatic reduction of U

(VI) to U(IV) [94, 95], and also Au(III), Ag(I), Tc(VII), Cr(VI), Se(VI)/(IV) and

Pd(II) ions [96].

7.1.3 Fermentative Synthesis in the Formation
of Nanoparticles

The main problems in usage of biological systems are caused by difficulties in

control over fineness of particles and their morphological characteristics, difficul-

ties with obtaining biological material, etc. Therefore, approaches of fermentative

methods of synthesis of metal nanoparticles are developed. For example, water

solution of AuCl4 was subjected to reduction with purified sulfite reductase

ferment, extracted from Fusarium oxysporum fungous [97].

Formation and stabilizing of nanoparticles was performed in situ in presence of

phytochelatin peptide.3 Similarly nitroreductase was extracted from Fusarium
oxysporum, which catalyzed silver nitrate reduction to silver nanoparticles

[98]. Active center of this ferment, as in the case of the abovementioned sulfite

3 The general structure of phytochelatin is (γ-Glu-Cys)n-Gly, n¼ 2–11. In Greek “phyto” means it

presents in plants and “chelatin” is its ability to form chelate complexes with many metals

including Cd2+, Pb2+, Zn2+, Sb3+, Ag+, Ni2+, Hg2+, HAsO4
2�, Cu2+, Sn2+, SeO3

2�, Au+, Bi3+,
Te4+, W6+ ions.
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reductase is NADPH.4 As is assumed, for catalytic formation of nanoparticles

reduction of α-NADPH до α-NADP+ is needed to Au(II) in intermediate processes

and then of metal gold [97].

Hydrogenase activity of D. desulfuricans and Escherichia coli is found in biosyn-
thesis of Pd(0) [88, 99] and Au(0) [68] nanoparticles. Though reduction of Au(III) is

partly suppressed by Cu(II) ions, which are known as inhibitors of periplasmic, not

cytoplasmic hydrogenases, finally a mechanism of biochemical ways of formation

and growth of Au(0) nanoparticles stays unknown. Role of various hydrogenases in

reduction of Pd(II) is studied in detail also in the case ofDesulfovibrio fructosivorans
[100]. It is assumed that enzymes serve sources of electrons for the reduction process

and nucleation and growth centers of particles (see Table 7.2 [16, 27, 101–111]).

7.2 Sol-Gel Process as a Way of Production of Template-
Synthesized Bionanocomposites

Bioglass® glass ceramics was first used in biopractice in early 1970s [112]. For the

first time encapsulation of active ferments in sol-gel matrix was fulfilled in 1990 by

mixing of biomolecules with sol-gel precursors [113], and just in several years

many different hybrid bioceramic materials of this type were designed. Presently

incorporation of bioactive substances into ceramic gel is widely used technique for

4Nicotinamide adenine dinucleotide phosphate is frequently naturally occurred co-ferment of

some dehydrogenases, ferments, which catalyze oxidizing-reducing reactions in living cells.

NADP accepts hydrogen and electrons of oxidized compound and serves a carrier of them.

In chloroplasts of vegetable cells NADP reduces in light reactions of photosynthesis and then

supplies with hydrogen synthesis of carbohydrates in dark reactions.
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Table 7.2 Biosynthesis of nanocomposites

Nanoparticles Organism

Size (nm) and shape

of nanoparticles

Reaction

conditions References

Bacteria

Ag(0) Pseudomonas
stutzeri

35–46, >200 AgNO3 [101]

Ag(0) Lactobacillus sp. 20–50, >100,

15 and 500

AgNO3 [102]

Au(0) Rhodopseudomonas
capsulata

10–20 HAuCl4, extracel-

lular reduction

[60]

Au(0) Escherichia coli,
Desulfovibrio
desulfuricans

20–50 2 мМ HAuCl4,

periplasmic space,

cell surface, extra-

cellular reduction

[68]

Au(0) Shewanella
oneidensis

<10 HAuCl4 3H2O,

Intracellular

reduction

[63]

Au(0) Bacillus subtilis 5–25 AuCl [106]

Au (0) Shewanella algae 10–20 Au(III), anaerobic

conditions

[107]

Au(0) Lactobacillus strains
(buttermilk)

25–50, >100 HAuCl4 [102]

Au(0) Thermomonospora,
actinomycetes

7–12 Extracellular

reduction

[16]

Au(0) Rodococcus
actinomycetes

Intracellular

reduction

[110]

Yeast

Ag(0) MKY3 strain 2–3 Ag+, Extracellular

reduction

[103]

Fungus

Ag(0) Verticillium sp. 2–20 Extracellular

reduction on the

cell wall

[104]

Ag(0) Fusarium
oxysporum

2–50 Extracellular

reduction

[105]

Au(0) Colletotrichum sp. 8–20 HAuCl4 [27]

Au(0) Verticillium sp. 2–20, 25 Au(III),

intracellularly

[108]

Au(0) Fusarium
oxysporum

20–40 Extracellular

reduction

[109]

Au(0) Rhizopus oryzae 50–70, triangular,

hexagonal,

pentagonal,

spherical,

nanowires,

nanorods

HAuCl4 3H20,

Extracellular

reduction

[61]

Au(0) Fusarium
oxysporum

7–20 HAuCl4, Sulfite

reductase in vitro
[97]

(continued)
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formation of bionanocomposites. Bioceramics is ideal material, because it has high

rigidity, mechanical strength for fracture and impact strength. Inorganic matrices

include silicon, titanium, zirconium oxides, TiO2–cellulose composites, etc. These

composites can be obtained also by dry method, like xerogels and ground powders.

Based on these materials biosensors and ferment electrodes can be developed,

encapsulating agents for drug delivery, adsorbents for pharmacy and cosmetic

industry, photocatalysts for air and water cleaning, etc. Bioinorganic and hybrid

nanostructures combine optical, electronic, and mechanical properties of inorganic

materials and low cost of natural biomaterials, and are already used potentially not

only in biomedical applications, but also as optical [114–118], magnetic [119, 120],

catalytic and other materials [121].

Organic polymers are widely used materials for transplantation of soft tissues,

though they do not have biological activity, they are most often bio-tolerant.

Moderate temperatures and soft conditions of hydrolysis and condensation-

polymerization of monomer alkoxides of metals and metalloids allow trapping of

protein molecules without their denaturation. High stability of thus incorporated

biomolecules, inertia and high Ssp of the matrix, its porosity facilitate heteroge-

nization procedure, without need of covalent bonding of the matrix, and make

attractive sol-gel variants for immobilizing proteins, including whole cells [122].

One more widely used among considered approaches in biomedical applications is

coating of a surface of metal implants (more often Ti6Al4V) alloys with organic

polymer, which has a great importance for integration into a bone and binding with

it. Finding a mechanism of biocompatibility and effect of dynamics of physiological

processes has an important place in structuring of the implant/host interface. Though

titanium alloys show perfect corrosion resistant properties, metal ions can be released

in physiological medium, and this can have an adverse effect on organism, especially

in the case of vanadium ions.

Here were confine to analysis of the main approaches and listing of the obtained

materials.

Table 7.2 (continued)

Nanoparticles Organism

Size (nm) and shape

of nanoparticles

Reaction

conditions References

Au-Ag сплав Fusarium
oxysporum

8–14 Extracellular

reduction

[111]

Plants

Ag(0) Pelargonium
graveolens
(экстракт листьев)

16–40 10�3 M aqua solu-

tion, AgNO3

[36]

Ag(0) Dalbergia sissoo 5–55, spherical AgNO3 [26]

Au(0) Dalbergia sissoo 50–80, spherical,

triangular,

hexagonal

HAuCl4 3H2O [26]
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7.2.1 Biomedical Nanocomposites

Bionanocomposites consisting of ceramics and resolved polymeric implant are

promising for successful regeneration of bone tissue [123]. One of typical examples

is nanocomposite material based on glass ceramics and nanofiber degraded polymer

of poly(lactic acid) (PLA) [124, 125].

This method can be used for encapsulation into mesostructured microspheres

and cells [126]. Examples of post-synthetic modifying of ceramics (after aerosol

drying and surfactant removal) are rare. This way is mainly used for development of

multifunctioning vector for diagnostics and therapy, producing of incorporated

drugs such as ibuprofen [127], triclosan, doxorubicin [128], alendronate,

zoledronate [123], etc. and biocomponents (phospholipidsliposomes, transmem-

brane proteins) [129, 130].

Proteins, such as copper-zinc superoxide dismutase, myoglobin, hemoglobin,

and bacterio-rhodopsin are encapsulated in porous silica gel matrix prepared by

sol-gel synthesis, which strongly holds these molecules without loss of their

fermentative activity and without change in their spectral properties [131]. The

matrices provide transport of small molecules to reaction center and transport of

reaction products, strongly hold protein molecules in pores. The same way was

applied for heterogenization of glucose oxidase and peroxidase used as active solid

phase elements in glucose sensor.

The same way is applied to bind antibodies for potential use in medicine, immune

chromatography, immune sensing, etc. For example, sol-gel captured immunoglob-

ulins preserve their ability to bind external antigens (2,4-dinitrophenylhydrazine)

from solution. Atrazine binding properties of a sol-gel matrix doped with 10 %

PEO and including monoclonal anti-atrazine antibodies are studied in detail

[132]. This matrix “recognized” in solution and bound widely used atrazine herbi-

cides. It is important that there was neither leaching of antibodies, nor non-specific

physical sorption of atrazine by ceramic matrix. At that, there was no decrease in

activity, at least, during 2 months, while activity in a solution decreased under these

conditions to 40 %. Antibodies encapsulated in these particles can be used as sensors

for recognizing of specific antigens [131]. There are examples [133] of the first

successful attempts to capture catalyst antibodies by sol-gel matrix and their usage:

antibodies 14D9 contained in these matrices catalyze different reactions including

hydrolysis of cyclic acetals, ketals, epoxides, etc. Peroxidase trapped by silica

particles shows high stability as compared to non-immobilized ferments at change

in temperature and pH. Encapsulation of ferments in silica gel nanoparticles allows

compensation of ferment deficiency in living systems, and their usage in medicine

without hazard of allergy or proteolytic reaction with almost negligible leaching. It

should be stressed that there are some more advantages of these materials: high

thermal and pH stability, prevention of leaching of captured proteins, fermentative

reaction, which is suitable for spectral control (both in pores and in matrix), conve-

nient storage, a possibility of re-usage, etc. Moreover, these systems provide control

over morphology and sizes of particles.
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Lipidic bilayered vesicles with interior water cells are widely used as models of

biomembranes in supramolecular chemistry. They are often used as nanocapsules

for drugs delivery or for transfection of genetic structures of nucleic acids,

ferments, they are candidates for designing of supramolecular devices.

Sol-gel technique is realized for immobilising of ferments acting as bioreactors

[134], for this chemically active end groups of ferments and active bonds of ceramic

dopants, for example, -Sn-Cl are used. The process of immobilizing and synthesis

of these materials can be presented by the following Scheme 7.2:

By this mechanism, for example, alkoholdehydrogenase is immobilised inside

nanotubes of template synthesized TiO2, which (cofactor NAD+, phosphate buffer,

pH8) is active in ethanol oxidization. Since that nanotubes are open from both ends,

this configuration makes it possible to use them as a flow nanoreactor. There are

numerous similar examples including covalent binding of antibodies for function-

ing of sol-gel films (Fig. 7.7) [135–141].

At the same time this causes formation of particles with uncontrolled sizes,

because distribution of molecules captured by ceramic matrix is far from uniform,

and kinetics of the catalyzed reactions does not obey to Michaelis-Menten

laws [142].

Scheme 7.2 Covalent binding of enzyme molecule with the TiO2 surface

Fig. 7.7 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 873 K (3)
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Usage of polysaccharides as templates in sol-gel processes allows control over

organized hybrid nanocomposites [143–145]. Formation of 3D fiber net [143] of a

composite is due to hydrogen bonds formed between hydroxyl of macromolecules

and products of TEOS hydrolysis. These materials are used in many fields as

protective coatings, food package or structural composites as is shown in some

examples in the Table 7.3. Biopolymers frommarine mollusks can be fixed on silica

gel obtained from different sources (silicic acid, sodium silicate, silicon alkoxide)

forming hybrid materials. Carbohydrate polysaccharides (arabinogalactane, cellu-

lose derivatives, etc.) containing active hydro- and carboxyl groups are capable to

bind magnetite nanoparticles. Magnetitodextranes, dextranferrites, carboxymethyl-

dextraneferrit obtained are used as biocompatible magnetic carriers, immune-

magnetic sorbents, preparations for immune-magnetic separations of antigens.

Moreover, ferroarabinogalactane possesses membrane-acting properties and is

immune-response modulating agent [146, 147]. Although carbohydrates reveal

weaker stabilizing effect than proteins but they have quite a number advantages.

Thus, they do not denaturate at high temperatures and pH as well as in organic

solvents.

Nanocomposite materials based on TiO2 and poly-ε- caprolactone (PCL),

containing 6, 12 and 24 wt% TiO2, obtained in sol-gel process [148] have bioactive

properties. Polymer is incorporated in the net due to hydrogen bonds between

carboxyl groups and functional groups of inorganic matrix (see also Sect. 6.3).

Kinetics of ampicillin desorption shows that the studied material releases high

doses of antibiotic during first hours, and then slower release of the drug provides

supplying dose to the end of experiment. When adding poly-N,N- dimethyla-

minoethyl methacrylate, soluble structures and insoluble composites form. In the

insoluble ones there are about 70–75 % links of polymer amine absorbed on the

surface of sol particles, while for the soluble ones the main fraction of the links is in

loops [149, 150]. Thus, a net of polymer amine is formed bound to silica particles.

This is confirmed by the examples of oligomer amines [151], synthetic oligopro-

pylamines similar to those found in diatoms.

As in the case of traditional nanocomposites, hybrid thin films obtained by

aerosol technique [152] by integration of (bio)organic component in microspheres

at one stage form organic-inorganic materials of two types: class I (weak interaction

between components) and class II are materials with strong interaction between

components.

There are interesting biocomposites based on mixed oxides, for example

SiO2 -ZrO2 or SiO2-CaO-P2O5 in one matrix [153]. Bioactive materials based on

calcium phosphates (hydroxyapatite and tri-calcium phosphate, see Sect. 7.3) and

glass/ceramic glasses are widely used in dentistry and orthopaedics. The first of them,

silica gel glasses considered as promising substitutes for bones and regenerated tissue

matrix, because they have high compatibility with tissue (rigid and soft), osteo-

conductivity (they are carriers for regeneratingmaterial, which in-grows into implant),

osteo-induction (ability to stimulate regeneration of bone tissue).

Among different types of bioactive glasses, sol-gel derivatives have been devel-

oped relatively recently [154, 155]. Comparison of sol-gel glasses with their
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metal-derivatives analogues in a wide range of concentrations (up to high content of

SiO2) makes it possible to optimize solubility and bioactivity. Sol-gel glasses can be

used as powders, coatings, porous foams, and they can show good ability to formation

of bone tissue in vivo [156–159]. In this view sol-gel approach has some technological

advantages [160]. This method followed by electrospinning was used to prepare

bioactive glasses shaped as nanofibers [161]. Diameter of these fibers is extremely

small (10–100 nm) as compared with the fibers produced by spinning form melt

(usually 10–100 μm). For rehabilitation medicine a new composite biomaterial is

developed [162], which consists of nanofibers and reconstructed collagen matrices

(Fig. 7.8). The process is carried out as follows. Sol-gel derivative of bioactive

composite (58SiO238CaO4P2O5) was transformed by electrospinning into nanometer

fibers with average fiber diameter 320 nm, which were consequently treated with

hydrazine and collagen, the main organic component of bone matrix, and as a result a

stitched nanocomposite was produced shaped as a thin membrane.

Bioactivity of nanocomposite in vitrowas estimated by incubation period in SBF

medium5 [163]. There are a lot of similar examples (see, for example, [164–173]).

For biomedical application also hybrid material is used based on poly

(2-hydroxyethylmethacrylate) (pHEMA) and silica gel, which is obtained by

sol-gel synthesis and shows some bioactivity, for example, in proliferation

[174–177]. Amount of inorganic precursor (TEOS) is taken so that in a mixture

with organic monomer fraction of silica gel would be 30 wt%. There is strong

interaction between phases, which inhibits interphase separation: thermal stability

of pHEMA improves, silica gel content has effect on decomposition temperature

and has no effect on Tg of pHEMA; swelling decreases as silica gel content

decreases (10–30 wt%), while increase in the latter content causes increase in

in vitro bioactivity, which advances formation of apatite on a surface of modified

Fig. 7.8 Morphology

of bioactive collagen-

glassfibrillar nanocomposite

[162]

5 SBF is artificial surrounding tissues liquid which contains ions (рН¼ 7.4, 142 mM Na+, 5 mM

K+, 1.5 mMMg2+, 2.5 mM Ca2+, 125 mM Cl�, 27 mMHCO3
�, 1 mMHPO4

2�, 0.5 mM SO4
2�) in

concentrations close to human plasma (in a typical experiment 50 mg of microporous composite

was placed in biological activity at 37 �С up to 7 without renewing) [163].
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hydro gel soaked with biological liquid SBF. As it was noted, bioactive

nanocomposites can be used for frames structuring in engineering of bone tissue

[170, 172, 174, 175, 178–180].

The similar example is Ampicillin-β-lactam antibiotic active against gram-

positive and gram-negative bacteria, including the form of bound at the stage of

sol-gel synthesis, which is widely used for treatment of infections [181, 182]

(Fig. 7.9).

The main part of application of hybrid mesoporous particles relates to

multifunctional vectors. Thus, aerosol particles are important as biomedical carriers

[130] in pharmacy, preparation of ointments, etc.

7.2.2 Biocomposites as Means for Drug Transfer

Reconstruction of damaged tissue, artificial substrate for cell growth, locally acting

system for drug transfer are the most widely spread application fields of

bionanocomposites. Nanoparticles used for multifunctional vectors of drugs

(MVD) should have hydrophilic surface. As a rule, their size should not exceed

60 nm. Loading of drugs is a simple thermodynamic absorption process: precise

amount of mesoporous microspheres is added to a drug solution and stirred from 5 to

20 min to 24–28 h. Amount of bound solution depends on a carrier structure and on

force of interphase interaction between a matrix and drug molecules. In order to

increase circulation time of these particles in blood flow, they are coated by hydro-

philic elements, often PEGs. This, on one side, prevents their coagulation, and on the

other hand, this eliminates or minimizes absorption of proteins on them, and makes a

particle “invisible” for cells of immune system. For example, local transport of anti-

microbial drugs in periodontal pocket has advantages caused by delivery of more

drugs to a target with minimal damage for the organ [183]. Supplying of desirable

Fig. 7.9 Survival rate of gram positive (a, b) and gram negative (b) adherent bacteria on SiO2

nanosol coatings with embedded colloidal silver and chlorohexidine after 2 (a) and 24 h (a, b) S
Staphylococcus, P Pseudomonas aeruginosa, K Klebsiella pneumonia [171]
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constant drug concentration, a decreases in systematic level of the drug, and decrease

in potential harm are also reached by MVD means. Oxides used for MVD should

form strong ion-covalent interaction between oxide matrix and phosphonated form of

a drug or they should form biocompatible apatite-like phase.

There is increasing interest to mesoporous silica gel materials (such as MCM-41

and SBA-15) for their usage as MVD and controlled release of a drug. Their

advantages are non-toxic originality, suitable diameters of pores and high specific

surfaces, abundant with Si-OH bonds. Moreover, these systems show prolonged

action though their capacity to drugs is relatively low, and they typically have

irregular volume morphology, which is not ideal for MVD. In this connection there

is an interest in hollow silica gel spheres formed on interface boundary in oil/water

emulsion. To form particles with stable lamellar mesostructure, close to spherical,

silica can be integrated in interlayer areas of multilamellar vesicle. Linear

polysiloxane colloids such as templates formed in situ during emulsion polymeri-

zation are coated with cross-linked polysilsesquioxane shell at gel formation of

trimethoxymethylsilane, hollow particles form by extraction of soluble core by a

solvent. Colors as functional molecules were encapsulated by a silicon net and

hollow particles. Hybrid particles with core-shell structure were obtained by coat-

ing of surfaces of monodisperse polystyrene beads by homogeneous coating made

of silica.

In other variant, loading of a drug is done by mesoporous microspheres. This

way provides release of a bound drug up to 50–70 %. Two-stage release of a drug is

determined by absorption of the drug by two mechanisms (centers): molecules of

the drug are absorbed on exterior surface of microspheres or in pores, the first are

released fast, the second ones more slowly. Mesoporous silica gel material (powder

or thin films) under biologic conditions can be degraded during several hours,

destruction rate depends on content, porosity, calcination temperature and causes

loss in activity of a drug [184, 185].

New type of organic-inorganic hybrids includes organic part of biological origin

bound to inorganic nano-object [186–191]. In biomedical applications [192–196]

intercalated systems are widely used (Sect. 6.3). Simplicity of synthesis, versatility,

biodegrading and biocompatibility of layered dihydroxides (LDHs) are especially

interesting for production of bionanocomposites [197, 198]. For example, combi-

nation of alginate and maize protein (zein) provides new matrices for MVD [199],

which can directly encapsulate a drug, for example, ibuprofen (IBU). These MVDs

were tested for controlled extraction of ibuprofen used as a model drug under

conditions of transport through gastrointestinal tract. Velocity of transfer of encap-

sulated drug decreases with increase in zein content, probably, due to hydrophobic

character of this polymer. Ibuprofen is intercalated in [Mg2Al]Cl by ion-exchange

reaction. The procedure of obtaining of alginate-zein drugs is shown schematically

in Fig. 7.10.

Controlled kinetics of ibuprofen extraction from alginate-zein biocomposite

beads can be useful for different kinds of therapy. Simplicity of zein production

as a film and a possibility of usage of small-sized LDHs provide broadening of this

approach for immobilizing of different drugs.
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From the chemical point of view, all multifunctional vectors based on silicon

dioxide (pure SiO2, organically modified SiO2, SiO2-ZrO2, SiO2-CaO-P2O5 mixed

oxides) are often synthesized in presence of template agents [200–209]. The SiO2 –

ZrO2 mesoporous microparticles containing ZrO2 between 0 and 20 mol % were far

more stable in relevant biological conditions, than pure silica gel. Moreover,

interesting properties were found in presence of zirconyl caused by complex

formation of drugs with zirconium and by hydrophilic/hydrophobic character of

the drugs (using for example hydrophobic zoledronate, containing imidazole ring or

hydrophilic alendronate with propyl chain and terminal amino-group).

As regards loading of a drug, there is a common tendency: independently of a

type of absorbed drug its absorption is increased as content of zirconium oxide in

silica gel matrix increases. However, in composites with the highest zirconium

oxide concentration (20 mol %) there are lower textural characteristics (surface

area, volume and size of pores). Loading of a drug is more efficient (by 3.5 times) in

the case of hydrophilic forms (alendronate), than for hydrophobic drugs

(zolendronate). This result can be explained by hydrophilic neighboring of micro-

particle surface provided by Si-OH and Zr-OH groups. On the other hand, hydro-

philic/hydrophobic character of drugs can impact the process of its release. At the

same time the process of alendronate release is its fast release followed by slower

more controlled process, profile of alendronate release is more sigmoid and can be

factorized into three phases: delay phase, explosion phase and saturation phase.

Fig. 7.10 Scheme of the general procedure employed for the preparation of the alginate–zein

beads entrapping the LDH-IBU hybrid [199]
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This profile is caused by hydrophobic property of zolendronate, which impedes

diffusion of water physiological medium into pores causing the delay phase.

Immediately after release of a part of zolendronate hydrophilic/hydrophobic bal-

ance of a surface is distorted thus providing diffusion of a solvent into pores, and

normal character of a drug release is accompanied by the explosion phase and

saturation. It is interesting to note that amount of released drug is far lower

(especially in the case of zolendronate) in the cases when drugs are strongly

bound to the surface (mixed silicon and zirconium oxides), than in the case of a

simple absorption (pure silica gel). Another way of control over drug release is by

aggregation of liposomes with mesoporous microparticles (Fig. 7.11).

This biomimetric approach bringing to cell-like structure or “protcells” is one of

elegant ways of development of contemporary multiplatform for biocompatible

drug delivery. It is based on ability of membranes in a cell to control metabolism

and, in particular, hinder diffusion of ions and charged hydrophilic molecules.

These studies are based on electrostatic interactions under conditions of pH neutral

medium between microparticles based on silicon oxide, which can be anionic in the

case of non-modified silica gel or cationic in the case of silica gel modified with

amines.

7.2.3 Biomineralization and Bioconcentration

Sol-gel processes is a widely spread way of formation of bionanocomposite

materials by the methods similar to polymer sol-gel synthesis [210]. The main

synthetic approaches developed for production of hybrid nanocomposites and

discussed in detail above, are the common methods for sol-gel mineralization,

Fig. 7.11 The proposed cellular uptake mechanism of drug-LDH nanohybrids: internalization of

the nanohybrid via clathrin-mediated endocytosis, transport and release of the drug in the lyso-

some and LDH externalization via exocytosis
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including mechanism of switching of biologically active macromolecules at the

stage of formation of ceramics, glasses, and other inorganic composites (see, for

example [211–214]). Many of these methods are taken from living nature and are

used for realization of different bioprocesses, biosorption, biomineralization, dur-

ing formation of natural composite materials with hybrid structure, for example,

bone, boron-silicate glasses and diatoms, etc. [215]. Almost all metals take part in

biomineralization, however, the best studied are the processes with participation of

Si, Mg, Ca, Sr, Ba, and also Mn, Fe ions [216–220].

Laws of biomineralization processes are best of all studied for condensation of

silicic acid in presence of water soluble polymers [149, 221–223]. Condensation of

monomer silicic acid proceeds via intermediate formations of organic-silicon

nanoparticles in presence of poly(allylamine) [224], poly-(1-vinylimidazol)

[225]. In nature these processes happen under impact of biosiliconized organisms,

diatoms and sponges, which produce more than 20 % of photo-synthetic oxygen.

Diatoms are one-cell organisms with silicon exoframe, they can accumulate a great

amount of silicon and use it as silica for structuring important elements of their

organisms (Fig. 7.12) [226]. However, the main stages of structuring of silicon

claps: capturing of silicic acid from environment, its storage in cytoplasm and

transport of silica deposit to vesicle, formation of micro- and nanostructured video-

specific claps are not understood. It is known that important role in biosynthesis of

the claps play polymer ampholytes, silaffins, which are proteins with polyamine (3–

20 nitrogen atoms) links and phosphate groups [227, 228].

Polyamines have been found in diatoms in free form, they were also extracted

from silicon sponges, which stimulated studies of synthesis of new silica and

composite materials and biomimetric modeling of processes in living nature.

Depending on initial configuration of polylysine (PLys) (α-spiral or β-sheet),
silica nets are formed with different pore sizes consisting of aggregated spherical

nanoparticles with diameter 200 nm. In the poly(allylaminehydrochloride)/phos-

phate – TMOS system silica also forms as a result of extraction of polymer phase in

water solution [229–231].

Fig. 7.12 Diatom valve view for Actinoptychus spec. (a) and Eucampia zodiacus (b) [226]
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In-cell concentration of soluble forms of silica in diatoms is from 19 to 340 mM,

which exceeds significantly equilibrium concentration in solution (2–3 mM). Silica

is bound with organic substances, most probably, in form of spherical particles in

special silicon transport vesicles (STV), their size is about 30–40 nm [232, 233,

229]. However, it is not excluded that silicic acid presents in cytoplasm in form of

soluble complexes of oligo-silicates with polymers, though it is unknown how high

can be concentrations of silica in cytoplasm to do no harm to cells.

An organic matrix (template) controls nucleation processes, growth and forma-

tion of inorganic materials with perfect morphology during bioconcentration –
biomineralization; on this basis a complex hierarchical structure of composites is

developed with unusual chemical and physical properties [234]. Consequently, study

of biomineralization includes solution (or, at first approach, at least understanding) of

two problems: how strictly organized inorganic materials form (morphogenesis) and

how these processes can be reproduced in biomimetic systems (morphosynthesis or

mineralization in situ). There are five main stages of morphogenesis of diatoms

[235–238]: formation of silica spheres of 30–50 nm in diameter (in STV); delivery of

silica in STV to silicaleme and release of silica to SDV; beginning of silica deposition

[239]; pore formation [240].

Understanding of morphogenesis of diatoms brought to discovery of new pro-

teins, silaffins, which can take part in biomineralization process in SDV. Most

probably, morphogenesis of porous silica structures with silaffines and polyamines

has a mechanism similar to synthesis of mesoporous structures with usage of

surface-active substances and block-copolymers [237, 241, 242]. Therefore,

organic-silicon nanoparticles are a synthetic model of vesicles responsible for

storage and transport of silica precursors in cytoplasm of diatoms, variations of

composition of a stabilizing polymer and of conditions for further condensation

provide a possibility for production of silica close to biogenic by composition.

Molecular recognition and molecular tectonics are very important aspects of

biomineralization, however, genetic grounds of evolution of biomineralogic picture

remain unknown, as is an answer to the principal question: how morphogenetic

compatibility is implemented on the biology-inorganic chemistry interface. Most

often this form of biominerals is predeterminated by spatial structure, as a result of

some conformation or location of a cell. Rubber-like ormosil with dispersed Ca2+

ions can be obtained in sol-gel process, this composite can replace soft tissues. This

relates to SiO2-PMMA composites with incorporated Ca2+ ions, which show

biological activity [243]. It is shown that silanol groups formed in ormosils are

dominating as a factor, which controls biological activity, while the effect of

dissolved Ca2+ ions is secondary. Moreover, in bioaggregation processes can be

also included [244] such relatively complex particles as BaTiO3, SrTiO3, NaNbO3,

perovskites with AВО3-type, synthetic analogues of which were considered in -

Chapter 5. It is assumed [245] that fine mono-disperse precursors of high temper-

ature superconducting ceramics, etc. can be obtained with the help of bacteria.

General problems of sol-gel synthesis applied to formation of organized matter

include four approaches [246]: formation of self-aggregated organic matrices

(transcription syntheses); cooperative assembling of ensembles, template and
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building blocks (synergetic syntheses); morphosynthesis, in which organized

non-linear chemical neighboring, reaction fields (static, reconstructing, transiting),

and their combination (integrated synthesis) are used for generation of models. This

strategy (reaction ensemble! replication!metamorphism) is similar to general

scheme of mineralization. It can be illustrated on examples of template-directed

syntheses of ordered mesoforms and organic clays, micro-framework structures,

also with usage of bacterial templates. Especially clear this appears in reproduction

of hierarchic macro-structured ordered silicates, which can be shown on example of

Bacillus subtilis multicell fibers as scaled organic templates [246].

7.3 Intercalation Processes in Development
of “Green” Nanobiocomposites

Principle of action of many biosensors and transportation means is based on surface

recognition of biosystems. Nanoparticles present a variety of places for selective

binding with biomolecules. By development of this surface nanoparticles can be

organized for surface recognition of biomolecules and cellular structures. The

recent review [247] reports on progress in the field, which deals with interaction

between nanoparticle and bimacromolecule (on the example of interaction with

proteins, DNA) (Fig. 7.13).

Efficient and selective interactions with biomacromolecules depend on area

of receptor contacts and dynamically organized structures with high binding

Fig. 7.13 Schematic presentation of nanoparticle interactions with proteins, DNA, and cells [247]
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ability [248]. However, recognition of biomolecular structures is very difficult

because of their large dimensions and complexity of the surface topology [249].

Among potential nanofillers, MMT nanoclays are widely used in producing of

bionanocomposites due to their availability and deeply studied intercalation chem-

istry (see Chapter 5) [250]. A vast variety of modern hybrid and biohybrid materials

based on clays, including those that contain living entities or their fragments, are

produced. Bionanocomposites show not only improved structural characteristics,

but also act as useful functional materials for ecological and biomedical purposes

and other application areas. Thus, bio-objects and their components easily broaden

interlayer distance of, for example, MMT (0.98 nm) to 1.10 nm (alcohols), poly-

ethylene glycol (Mw¼ 1,000) to 1.11 nm, cellulose acetate butyrate to 1.13 nm,

starch to 1.21 nm, glucose to 1.25 nm, etc.

In saponite L-DOPA zwitterions are vertical in interlayer distance as a mono-

layer of partially superimposed formations [251]. Besides, clays are ecologic and

their antimicrobial properties are widely accepted in pharmaceutics, cosmetics, and

food industry [252, 253]. Layered silicates from smectite family [254–258] or fiber

clays, such as sepiolites are used as inorganic reinforcing components in new

materials like native bone and tissues [259]. The ways of formation of biohybrid

materials based on layered silicates are similar to synthetic polymers and can be

presented on the example of hemoglobin intercalation in organically modified

magadiite (Fig. 7.14). Preliminary intercalation of ammonium tetra-butyl widens

interlayer gallery of clay (to 2.56 nm), thus facilitating access of a bulk protein

molecule [140].

The most widespread types of intercalated polysaccharides, cells, microorgan-

isms, proteins, and ferments are shown in Table 7.4.

Magnesium silicate modified by aminopropyl with intercalated DNA is exfoli-

ated in water solutions due to protonation of amino groups with formation of

Fig. 7.14 Haemoglobin intercalated in organically modified magadiite [140]
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ordered meso-lamellar (a) and individual DNA molecules coated by super-thin

disperse nanosheets formed due to exfoliation of the silicate by the scheme

(Fig. 7.15) [260]:

However, intercalation of bio-structures is associated with some specific fea-

tures. Thus, topography of light sensitive protein of bacteriorhodopsin in a purple

membrane lied in 2D crystal and forming a layered composite during intercalation

polymerization of methacrylate is analyzed in situ (Fig. 7.16) [261]. At that a

polymer film can be subjected to additional cross-linking. This approach can be

used for production of optically transparent biocomposites, because molecules of

the purple membrane captured into the polymerized system are characterized by

stability of structure and chemical composition and preserve their photochromic

functionality.

Table 7.4 Intercallated biohybrids (polysaccharides, cells, microorganisms) for various applica-

tions [386–394]

Precursors

Polysaccharides,

proteins, cells,

microorganisms Properties Application References

MMT,

cloisite,

caolin,

hectorite

Starch, its

derivatives

Barrier properties (for

gases, water vapors),

mechanical stability

Food packing [386]

MMT Chitosan Adsorption and anion

exchange properties

Anionic

decontamination

[387]

Sepiolite Chitosan Anion exchange proper-

ties, mechanical stability

Potentiometric

sensors

[388]

Wollastonite Silk fibroin Bioactivity, nontoxic for

cells, enhanced mechani-

cal properties, barrier

properties (for gases, water

vapors)

Tissue

engineering

[389]

Cloisite-Na Gelatin Barrier properties (for

gases, water vapors)

Food packing [390]

Laponite Polyphenol

oxidase

Sensitivity towards citrus

flavonoid, prolonged cata-

lytic activity

Amperometric

biosensors

[391]

Sepiolite Lipasa High stability, recycling Fermentative

reactor for bio-

diesel fuel

[392]

Bentonite Algae Ulva sp. High biomass loading,

easy regeneration, reuse

Biosorbent for

uranium

(VI) recovery

from water

[393]

Sepiolite Influenza virus Protection against antigen

activity, increase the

immune response

Intranasal or

intramuscular

vaccines

[394]
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Fig. 7.15 Reassembly of aminopropyl-modified magnesium silicate organoclay layers by asso-

ciation with DNA leading to an ordered mesolamellar nanocomposite (a) or to an ultrathin

organoclay covering on individual DNA molecules with dispersed nanosheets formed during

exfoliation (b) [260]

Fig. 7.16 A thin film

consisting of an ordered

lamellar stack of purple

membrane sheets

containing transmembrane

bacteriorhodopsin protein

molecules and intercalated

monomer [261]
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7.3.1 Biodegrading “Green” Bionanocomposites

One of the interesting research directions is production of biodegrading

nanocomposites for preparing a frame for a tissue construction, therapy of

periodontal bone defects and ridge augmentation, drug delivery (Fig. 7.17) [262].

Commercial starch, chitosan, cellulose, polylactide, poly(hydroxybutyrate) are

used as biopolymers for thermoplastic matrices. The most often used biodegraded

polymer for biomedical applications is poly(lactic) acid (PLA), because it can be

obtained under controlled conditions, consequently, with predictable properties,

such as elasticity modulus, ultimate strength, and rate of biodegradation [192, 195,

263–269]. Besides, PLA has high biocompatibility in vivo and ability to bone tissue
regeneration (osteoconductivity) [270–272]. Stereoisomers and most interesting

transformations of lactic acid including polymerization are shown in the scheme

(Fig. 7.18).

Though PLA has good mechanical and physical properties, including biocom-

patibility and biodegradation, it does not have some fundamental characteristics of

biomaterials. For example, in tissue engineering PLA not only should stimulate and

support tissue growth, but in the process the growth and degradation rates of the

tissue should be correlated. To some degree these properties can be controlled by

OMMT introduction (Fig. 7.19) [262].

Nanobiocomposites of the PLA containing 3–5 % of organically modified MMT

(OMMT) are obtained by mixing in a melt in two different mixers, mini-twin-rotor

extruder, and in a mixer with inner dispensers bringing to different degree of

dispersion, characterizing rheology of the melt. The obtained PLA/OMMT samples

had percolation nets in the melt [273].

Fig. 7.17 A general scheme of synthesis of bionanocomposites based on biodegradable polymers

[262]
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The main mechanism of PLA degradation includes alcoholysis/acidolysis inside,

and molecular ether bond of polylactide ether groups in a chain [274]:

H O CH
CH3

CH3

CH O
O

CH

CH3

OH
+ O

O

CH3
HC

~ ~

CH3 CHO CO

Fig. 7.19 Biodegradation ability of neat PLA (1) and biocomposite modified with 4 % OMMT

(2) [262]

Fig. 7.18 Stereoisomers of lactic acid, and the schemes of lactic dimer, high-molecular-weight

PLA and diastereoisometric forms of lactides
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Traces of metals, which can present in a polymer (for example, like impurities or

remnants of catalysts), such as Sn, Zn, Al, and Fe catalyze reactions of in/inter-

molecular alcoholysis/acidolysis and depolymerization at high temperatures: the

more selective is a catalyst, the less efficient is its depolymerization effect at high

temperatures. Though this concerns, mostly PLA, the similar behavior can be

expected for other biopolymers [275–277]. Decomposition of plastified PLA filled

with Na-MMT in nitrogen shows that an increase in a filler content causes a

significant decrease of thermal stability: temperature of the maximal decomposition

rate (according to TGA data) decreases continuously from 370 to 325 �С with

increase in MMT concentration from 1 to 10 wt% [278, 279]. Biocomposites based

on PLA also have flame-retardant properties [280, 281]. Modifying impact of

organically modified clays on different physical and biological properties appears

also in other “green” nanobiocomposites obtained from renewable sources, for

example, polyethers: polyhydroxyalkanoates (PHAs), poly(3-hydroxobutyrate),

copolymer poly(3-hydroxobutyrate-co-70 % 4-hydroxobutyrate [P(3HB-co-70 %

4HB)], etc. [253]. These materials are future candidates to biodegrading composites,

they attract keen attention for medical applications, because they have properties

which are not typical for known synthetic polymers, such as biocompatibility and

biodegradation [282]. Mostly, lactides were used for studying of flame-protective

properties of plastics from renewable sources: clay/polyether bionanocomposites

[283, 284].

For qualitative measurements of antimicrobial activity of the nanocomposites

gram-positive (Staphylococcus aureus) and gram-negative (E. coli) bacteria were

used and antimicrobial properties of different PLA composites were studied using

the disc-diffusion method by diameter of composite-inhibited zone against these

bacteria. The poly(3-hydroxybutyrate) copolymer (P(3HB-co-4HB)) has shown a

discernible microbial-inhibiting zone related to incorporated nano-clays. However,

other poly(hydroxyalkanoate) composites did not show any activity even being

incorporated in clays, maybe due to their special morphology. Most probably,

antimicrobial properties of biocomposites reinforced by modified clay can be caused

by antimicrobial activity of their substitutes, quaternary ammonium groups. These

groups carrying alkyl chains can destroy bacterial cell membranes suppressing their

metabolic activity and causing lysis of a bacterial cell with time [252]. Increase in

clay concentration appears in stronger antimicrobial activity of the composites.

According to [285], higher specific surface can be reached by increase in clay

concentration on which more bacteria can be adsorbed. Stability of gram-negative

bacteria against the composites can be explained by special features of the bacterial

cellular structures. Biocomposites based on P(3HB-co-4HB) will be applied in

medicine and pharmaceutics due to their biodegradation and biocompatibility.

Thus, it seems promising usage of P(3HB-co-4HB) nanocomposites in view of

in vitro decomposition for biomedical applications.

Laminar clays, such as kaolin contain 2D lamellas bound via intercalation

(or intermediary) layer. Lamellas should, first of all, exfoliate or chemically

separate; they work as nanofillers and should disperse in a polymer matrix. Organic

clays based on smectites and less on sepiolites were intensely studied for production
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of pesticide composites, which diminish loss of bioactivity caused by volatility or

photodegradation of insecticides and herbicides bound with organic clays. Another

important application is removal of pollutions, in particular, those having

organophilic properties.

New tends in syntheses based on organic clays are related to usage of non-toxic

modifiers of biological origin, for example, lecithin or various biopolymers instead

of traditional quaternary ammonium surfactants. This approach is applied not only

for environmental protection, but also for biomedical purposes. Usage of these

nanostructural hybrids can be practically important for development of frames for

tissue engineering or as adjuvants for vaccines. The future abilities of natural

two-layer aluminum silicate halloysite (with clay nanotubes) mean a possibility

of filling halloysite nanotubes with active ingredients, which will provide their

usage in cosmetics, scent disguise, agriculture, medicine and other areas.

As is known, synthetic apatites have high affinity to host tissues and biological

activity, they bring to increase in compatibility of materials due to their chemical and

structural similarity to the natural apatite crystals. Nanometer apatite crystals in

mineral basis of bone tissue provide highermetabolic activity than synthetic apatites.

Synthesis of apatite crystals is well described with usage of vast variety of methods,

including solid phase chemical reactions, for example, mechanical-chemical from

the mixture Ca(OH)2-P2O5 and CaO-Ca(OH)2-P2O5 CaO and CaHPO4 [286–290].

We shall consider a composite consisting of gelatin-poly-D, L-lactide-hydroxy-

apatite nanofibermade in situ by hydrothermal mineralization [291, 292]. Nanofibers

of hydroxyapatite (HA) are uniformly distributed in gel in a polymer matrix. There

are ion interactions between Са2+ НA ions and negatively charged gel functional

groups in the nanocomposite. Besides, HA plays important role of a bridge binding

the polymer gel and poly-, D,L-lactide in the nanocomposite, due to which dense net

forms. When the polymer is removed from the composite, pure HA crystals remain.

The Fig. 7.20 shows three-phase model linking two polymer chains with inorganic

Fig. 7.20 The schematic model of interactional bonding between Са2+ in HA nanofibers and

negative charged functional groups in gel and PDLLA molecular chains [292]
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nanofiber based on experimental results and explaining improvement of mechanical

properties of the composite [293, 294].

Colloid apatite nanospheres of 2–5 nm in diameter are obtained in presence of

PAA polyelectrolyte used as structurally directing agent for synthesis of calcium-

deficient apatite. PAA-superpressant is a substance supressing nucleation and

growth of apatite crystals during in situ wet chemical synthesis, widely used for

production of micro and nanocrystalline apatite [295, 296] and biometric formation

of its particles [297, 298].

We shall also highlight glass filler with bioactive composition with average size

320 nm generated by electrospinning process. Nanofibers with different concentra-

tions (to 35 %) are uniformly distributed in PLA solution. The following drying and

thermal pressing were used to produce dense nanocomposites, which induce fast

formation of artificial hydroxycarbonate apatite layer from physiological solution.

As nanofiber concentration increased from 5 to 25 %, bioactivity in vitro improved

under artificial conditions (osteoblast response was estimated in terms of cell

growth, differentiation (fitness) and mineralization).

The purpose of the future investigations in this direction is development of

nanostructured, multifunctional and bio-induced hybrid materials including usage

of new synthesis methods, giving of predetermined physical and mechanical prop-

erties in combination with calculated and other theoretical studies.

7.3.2 Nanocomposites Based on Polysaccharides

Polysaccharides are polymer hydrocarbon structures consisting of repeated links

bound by glycoside bond, which present one of the most widely spread group of

natural polymers (cellulose, starch, dextran, and chitin). Their usage in develop-

ment of nanostructured hybrid materials has recently increased, because natural

polysaccharides can be promising and available substitutes for non-degrading poly-

mers due to their biodegradation, biocompatibility and availability. Hybrid

nanocomposites based on polysaccharides are used for immobilizing of ferments

without loss of their activity and increase in stability [233, 299, 300].

Nanocomposite based on natural montmorillonite (MMT – Cloisite) and

pullulan (exopolysaccharide of microbial origin, Mn @200,000) is approbated as

a suitable candidate for replacement of synthetic polymers and oxygen-barrier

coatings and for production of highly wetted surfaces of new coatings [301]. In

particular, oxygen barrier and wettability of US sounded pullulan composite, as

well as of bionanocomposite coatings based on it, depends on volume concentration

of a filler and is compatible with theoretically predicted (Table 7.5).

Cellulose consisting of repeated links of d-glucose structural blocks is a highly

functioning, linear, rigid-linked homopolymer characterized by its hydrophility,

chirality, biodegradation, wide possibilities of chemical modification, and formation

of various semi-crystalline fiber morphology. According to the data of review [302],

nanometer cellulose fiber materials (i.e. microfiber and bacterial cellulose) are
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promising for production of bionanocomposites, because cellulose is abundant, has

high strength and hardness, light weight and is characterized by biodegradation.

High-strength nanocomposites are produced [303] using sheets of bacterial cellu-

lose, impregnated by phenol resin and compressed at 100 MPa. Amiloid fibers are

one of the widespread important self-assembled molecular nanobiomaterials

(nanowires, layered materials, gels, etc.) obtained by the bottom-up strategy [304].

Many companies produce and use biocomposites beginning from wood powder

to vegetable fibers (such as Ananase rectifolius, Cocos nucifera L., Agave sp. and
Corchorus sp.), for example, as components of seats, doors, panels, or in interior

parts or in car boots: in Mercedes-BenzA-Class car there are 27 components

consisting of vegetable fibers [305]. Information about synthesis, structure and

properties of these modified natural materials is very expansive (see, for example,

[306–308]). We shall just note that nanocellulose, nanostructural materials

(such as halloysite clay nanotubes, modified betonites and montmorillonites)

are examples of commercialized organic-inorganic hybrid bionanomaterials

[309, 310]. Nanocomposites based on cellulose acetate, commercial organic clay

(Cloisite30B), triethyl-acetate with different contents of antimicrobial agents (thy-

mol and cinnamaldehyde) are cast from solution. Antimicrobial activity depends on

content of ether oils in a nanocomposite, significant impact on antimicrobial

activity also has organic clay [311]. Significant plasticizing effect was observed

on thymol and cinnamaldehyde in cellulose nanocomposite. At last, active

nanocomposites have shown a significant antimicrobial activity with respect to

L. innocua, which was higher for the nanocomposite containing cinnamaldehyde,

than in that containing thymol. Besides, the nanocomposite containing thymol

showed higher antimicrobial activity than acetate cellulose films without nanofiller.

Presence of a surfactant, organic clay, can contribute to increase in antimicrobial

activity of cellulose acetate, propionate and butyrate. Cellulose acetate is most

interesting for its biodegradation in combination with high optical transparency and

high hardness, and with ability to obtain cast films [312].

Table 7.5 Volume fraction of filler and oxygen permeability coefficients of coated PET and

bionanocomposite coatings [301]

Filler volume fraction

P0O2 [mL · μm ·m�2 · (24 h)�1 · atm�1]

Total Coating

0.017 883.24 142.32

0.046 659.76 83.25

0.073 476.06 50.98

0.098 332.15 31.79

0.123 228.01 20.27

0.145 163.66 13.93

0.167 139.08 11.65

0.188 154.29 13.06

0.207 209.28 18.37
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Nanofibers of bacterial cellulose (BC) are used as strong biotemplates for simple

one-staged production of new nanocomposites: Au—bacterial cellulose fiber. The

BC nanofibers are uniformly coated with Au nanoparticles from water suspension

with usage of poly(ethylenimine) as reducing and binding by hydrogen bonds agent

[313]. The possible mechanism of formation of Au-BC nanocomposites with

different thickness of Au shell is proposed. The Au-BC nanocomposites are prom-

ising carriers for immobilizing ferments and for production of biosensors.

Starch grains are partially crystalline and consist mainly of two polysaccharides,

glucopyranose homopolymers: (a) amylose and (b) amylopectin (Fig. 7.21). Pro-

cesses of starch conversions are: acid hydrolysis, oxidization, dextrinization or

pyro-conversion, and fermentative hydrolysis.

Into interplanar distance of MMT only linear polymer, amilose, can penetrate,

oppositely to huge globules of branched amylopectin. At that increment of tearing

load and edge wetting angle is higher for exfoliated than for intercalated

nanocomposite, which is caused with higher degree of interaction of biomacro-

molecules with MMT particles in it (Fig. 7.22) [314–317].

Nanocomposites based on starch plasticized with glycerin are obtained during

intense stirring using MMT natural smectite clay, kaolinite, hectorite or modified

(by quaternary amines of fat acids of hydrated tall oil) hectorite. In all cases clay

additions increase Young modulus and shear modulus. MMT and non-modified

hectorite provide far higher increase in these parameters, than do kaolinite and

treated hectorite, whose particles have lower aspect ratio and higher specific surface

than MMT. Impact of a type of mineral on mechanical properties of a composite

shows that highly hydrophylic starch molecules cannot interact with clay, and its

particles cannot disperse properly [318–321].

Young modulus increases linearly with increase in intergallery space (Fig. 7.23).

Great gallery space allows large starch molecules to diffuse between layers and

thus promotes more interphase interactions, which causes more intense strength-

ening effect [318].

Dynamic rheological properties of starch mixtures depend on their types (wheat,

potato, and wax starch grains), and on origin of clays modified by different

Cloisite -C: CNa+, C30B, C10A and C15A used during gelatining of starch
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Fig. 7.21 Chemical structure of (a) amylose, (b) amylopectin
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[322]. The composite obtained by combination of wheat starch and CNa + (heated

to 95 �C) has shown the highest modulus [323] (Table 7.6, Fig. 7.24). This behavior

is caused by two factors: interaction between clay and amilose destroys during

gelatining, and gel-like material forms. However, position of diffraction maxima

does not change, which points to the fact that the clay plates remains in a pack

Fig. 7.22 Scheme of intercalation in the starch/clay nanocomposite [319]

Fig. 7.23 Correlation

between Young’s modulus

and gallery spacing (Δd ) of
nanocomposites with 5 wt%

of various clays [318]

Table 7.6 Mechanical properties of different starches and clays [323]

Sample

Young modulus,

MPa

Stress at peak,

MPa

Strain at break,

%

Wheat starch 28.3� 1.8 2.24� 0.04 31.7� 1.5

Wheat starch + 3 wt% MMT-Na 35.6� 0.6 2.32� 0.08 27.3� 0.6

Wheat starch + 6 wt% MMT-Na 39.2� 1.4 1.90� 0.06 21.0� 0.8

Wheat starch + 3 wt% SEP-Na-

sepiolite

45.3� 1.8 2.91� 0.06 36.5� 2.1

Wheat starch + 6 wt% Na-sepiolite 67.3� 2.3 2.99� 0.04 31.0� 1.0
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configuration, and interaction with starch molecules is only at the surface

level [324].

In turn, the starch/clay mixtures are prepared in different ways. However, the

most important procedures (casting, intense stirring, extrusion) relate to two dif-

ferent mechanisms of clay and starch mixing [317], as in synthetic polymers. Most

often for this is used an extruder, since it provides a combination of shear and

tensile flows. However, this instrumentation in combination with calendaring or

blow molding can bring additional tension during extrusion. By this way clay

nanoparticles can also be oriented in a certain direction [325].

Under conditions of intense mechanical impact in rotor-pulsation device

nanocomposites are obtained based on maize starch and Na-montmorillonite (bio-

polymer:glycerine:MMT¼ 69:27.5:3.5) [326]. Interlayer distance is expanded

from 1.28 to 1.84 nm (Fig. 7.25). This provides conditions for decomposition of

the crystal structure of the clay mineral and formation of single plates (paste

dispersion) and its distribution in biopolymer.

Fig. 7.24 Dependence of physical-mechanical properties of starch/clay composite on the

fraction of clay (■ – starch/MMT; ~ – starch/nonmodified hectorite; • – starch/modified hectorite;

▼ – starch/caolinite) [324]

Fig. 7.25 Diffractograms

of: (1) MMT, (2) starch/
MMT nanocomposites

[326]
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Aspect ratio of clay is also important factor for formation of mechanical

properties. In order to reach percolation level, higher aspect ratio is needed, lower

critical lengths and lower concentration of nanoparticles. Moreover, the higher

degree of interlamellar exfoliation (d ), the higher is elasticity modulus. A degree

of intercalation/exfoliation depends on chemical modification of clay and its com-

patibility with starch molecules.

Chitosan (Ch) is multifunctional polymer based on polysaccharides including

active hydroxyl and highly reactive amino groups. It is considered as optimal

starting material for absorption [327–329]. Scheme of chitosan integration between

layers of oxidized graphite can be presented as (Scheme 7.3):

We do not consider here a range of nanocomposites based on other polysaccha-

rides, including those of dextran range (reserve polysaccharides of yeast and

bacteria formed by remains of glucose are used as substitutes for blood plasma), etc.

7.3.3 Biomedical Application of Hybrid Nanocomposites

The considered nanocomposites are important in medicine (drugs), genetic engi-

neering (DNA, RNA), biotechnologies, (proteins, individual cells), and in food

industry [330–333].

Lipidic bi-layer vesicles are well known materials, which are intensely used as

supramolecular ensembles for structuring molecular devices, widely known are

liposomes coated with ceramics, so called “cerasomes” [334]. Cerasomes are novel

organic-inorganic hybrids consisting of liposomal membrane with ceramic surface.

Cerasomes were obtained from organoalkoxysilane pro-amphiphiles (1 and 2 in

Fig. 7.26) under conditions of sol-gel reaction [335]. Diameter of nanoparticles is

70—300 nm and 20—100 nm for 1 and 2, respectively (see above Fig. 7.26). The

results show that neither cerasome-plasmid complex responsible for transfection

(~70 nm), nor cerasomes without DNA (60–70 nm) are toxic. Different additional

functionalities (magnetic, luminescent, sensor) can be assigned to a capsule shell by

integration of nano-Fe3O4, q-CdS, etc. [336, 337].

Scheme 7.3 Intercalation of chitosan into interlayer space of graphite oxide [329]
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Magnetic resonance tomography, hyperthermia, controlled drug delivery

[129, 338], regeneration of bone tissue, prosthodontic treatment are accessed

with usage of additional specific chemical agents: Fe2O3 magnetite for tomography

and hyperthermia, functioning of organic silicates (binding agents) for drug deliv-

ery, for biomodifiers. One of promising applications of bionanocomposites is

clinical Nuclear Magnetic Resonance Imaging (MRI). Antineoplastic chemother-

apeutical drugs (chemical, biological, genetic, radiological) cause a metabolic

imbalance of nucleic acids, impede biosynthesis processes and DNA functions,

suppress haemopoiesis, digestion, are cardio- neuro- and nephro-toxic. The prob-

lem of development of the target drug delivery systems to a tumor cells (see

Sect. 7.2.2), including magnetic carriers, is very urgent. Fixation and deposition

of drugs in a tumor zone allows a significant decrease in therapeutic dose of a

medicine and reduction to minimum of toxic-allergic reactions of an organism

[339, 340] as compared to non-target delivery. To the methods of passive immune

therapy in oncology belongs also usage of monoclonal antibodies, whose effi-

ciency is comparable with chemotherapy at lower level of toxicity. A special place

has development of magnetically controlled drugs of chemotherapeutical, diag-

nostic and hyperthermal activity. Two mechanisms are known by which a cell

becomes multidrugresistant: increase in drugeffluxpumps through a cell membrane

and increase in anti-apoptosis ways. Usage of nanotechnologies for TDDS devel-

opment allowed researchers to overcome limitations of antineoplastic drugs due to

increase in solubility of drugs and decrease in toxicity for healthy cells. Encapsu-

lation of drugs in nanoparticles makes it possible to avoid drugefflux thus increas-

ing intercellular concentration of a drug. SiRNA (small interfering RNA

participating in suppression of genetic expression at the stage of transcription

Fig. 7.26 Structure of lipids 1 and 2 and TEM microphotographs of liposomes formed with lipid

1 in water at 12.5 μM
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and translation) can disturb work of signal cellular paths blocking genetic expres-

sion and inhibiting anti-apoptosis ways with respect to tumor therapy. Usage of

nano-carriers for delivery of siRNA simplifies both kidney purification and deg-

radation of protected siRNA chains, increasing their half-lifetime in blood.

Co-delivery of drugs and siRNA together in one system can be more efficient in

overcoming of cancer cell resistance, than is treatment of cancer cells by separate

systems carrying either siRNA or drugs. Progress in nanometer systems of

co-delivery in overcoming of cellular resistance to many drugs is analyzed in a

latest review [341].

Clinical implementation of tomography in the early 1980s revolutionized diag-

nostics. Development of MRI accelerated designing of contrast agents. Character-

istics of contrast agents and methods of their detection widely vary [342]. Thus,

dendrimers are involved in biomedical studies as diverse platform for production of

nanomaterials with required properties [343]. Hybrid superparamagnetic

nanocomposites are used in tomography for localization and diagnostics of brain

and cardiac infarction, liver damages or tumors, where nanoparticles have a ten-

dency to accumulation in high concentrations due to a difference in tissue compo-

sitions and/or endocytosis and channel processes [344]. For MRI usually

superparamagnetic contrast agents are used, which consist of nanoparticles having

a maghemite/magnetite core, encapsulated into polysaccharides of dextran family

with trademark superparamagnetic iron oxides (SPIOs), available at market. Col-

loid nanocomposites are also known as ultrafine superparamagnetic iron oxides

(USPIO) due to extremely small hydrodynamic sizes (20–30 nm) coated with

dextran, trademark Sinerem®. Significant efforts are made for development of

new synthetic ways of development of contrasting agents with improved properties.

For example, biocompatible hybrid magnetic dispersions are obtained from Fe

nanoparticles (12 nm) by continuous laser pyrolysis of Fe(CO)5 vapor

[345]. A new one-pot way for production of USPIO contrasting agents by thermal

decomposition of iron (III) precursors has been developed [346, 347] involving

magnetic nanoparticles (10 nm) with covalent coating of polyethylene glycol

modified by terminal monocarboxylic groups. Hydrodynamic size of this particle

is 20 nm. MRI experiments performed on rats have shown that these particles have

good biocompatibility and can potentially be used as contrasting agents. Also

hybrid magnetic nanoparticles were tested for MRI [348], which were obtained

by thermal decomposition of iron (III) acetylacetonate in hot organic solution and

then modified by 2,3-dimercaptosuccinic acid (particle sizes vary from 4 to 12 nm).

Moreover, this material with conjugated ligand of a shell has shown a perfect

selectivity in cancer diagnostics with tumor selective antibodies Herceptin.

Magnetic particles encapsulated in liposomes (magnetoliposomes6) [349] are

used as MRI contrasting agents ([350] and references therein). We shall consider

6Advantage of magnetic liposomes as compared to USPIOs is in that various biomedical functions

can be provided by conjugation with biological ligands [349].
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some reviews on composites based on magnetic nanoparticles,7 [351–358]

concerning their synthesis, properties, functioning and applications, including

biology [359–362]. As an example we shall describe synthesis of magnetic chitosan

(Chm). Pure chitosan, 2 g, was dissolved in 400 ml of acetic acid solution. Than

0.75 g of magnetic particles were added of the chitosan solution and the mixture for

subjected to ultrasonic treatment for 30 min. Then glutaraldehyde was added

(as linking agent) to the mixture solution for chitosan linking, in order to prevent

high degree of chitosan swelling in water solution. Adsorption of synthetic color by

adsorbents is considered as a simple and economic method of its elimination from

water and water deposits.

Magnetic Hyperthermia is a form of local hyperthermia with a purpose to heat

very local part of a body. More than 50 years ago local magnetic hyperthermia with

usage of fine magnetic particles was described [363]. Being exposed to alternate

magnetic field these particles can act as a local source of heat in some place of a

human body, a target.

A response of magnetite nanoparticles dispersed is compared in two different

media: water solutions and 2 % agarose gel modeling bone-like thermal properties

[364, 365]. A significant decrease in thermal effect was observed in the case of

agarose gel, because Brownian motion in it is impeded. Thermal effect of Fe2O3

-SiO2 and non-capsulated Fe2O3, immersed in agarose is similar for both cases,

which points to preserving of magnetic properties of magnemite nanoparticles at

encapsulation into mesoporous microspheres.

In the recent years a hope appears to realizing of efficient method of medical

treatment of cancer. Heating of magnetic oxide particles with low electric conduc-

tivity in external alternate magnetic field proceeds due to loss of paired spins in a

particle during re-magnetization, or due to friction losses if particles rotate in a

medium with a certain viscosity. Induction heating of magnetic oxide particles

(by eddy current) is insignificant due to low electric conductivity [366]. Acceptabil-

ity of magnetic nanoparticles coated with dextran for hyperthermia of mouth cavity

[367] is tested in combination with genetic therapy and hyperthermia with usage of

cation liposomes, i.e. liposomes filled with magnetic nanoparticles [368]. Hybrid

nanocomposites with bimodal antineoplastic functionality are prepared [369] on the

basis of iron and porphyrin oxides nanoparticles and are active in combined medical

treatment by photodynamic therapy and hyperthermia.

A significant role in structuring of ensembles based on biomodified

nanoparticles play specific bimolecular interactions [370–373]. Thus, DNA can

be used for assembling of gold nanoparticles in dimers, trimers or higher

7 In the last decade technique of preparation of magnetic microspheres has been developed and

optimized, including in situ formation of core-shell structures, different types of emulsion poly-

merization, linking, etc. Most often low-dimensional magnetic particles are coated during sus-

pension polymerization. However, these particles have a wide distribution by shape and sizes of

magnetic fractions. Commercial magnetic microspheres are obtained by deposition of magnetic

nanoparticles into porous polymeric latex and insulating them by a polymer layer. Though this

method is laborious and time consuming, the obtained nanocomposites have high homogeneity

and high saturation magnetization, and they meet biotechnological demands [351–358].
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aggregates. Similarly, gold nanoparticles with chemosorbed antibodies [372, 373]

or disulfide biotin analogues [389] can be linked by introduction of bivalent

antigens and streptavidin, respectively, for formation of aggregated structures of

nanoparticles.

Ensemble of nanoparticles provides access to spatial-dependent modulation of

optical, electronic and magnetic properties of the ensembles for biological appli-

cations. For example, nanoparticle-protein ensemble can be used for control of

interparticle space [374] and morphology by choice of respective protein size, its

shape and charge. Thus, two types of proteins, cytochrome C and chymotrypsin

(ChT) used for structuring composites (Fig. 7.27) show different behaviors on the

surface of carboxylate functioned Au nanoparticles. ChT is developed on surface of

a nanoparticle and works as linear polymer, while CC preserves its native confor-

mation on the surface of the nanoparticle, this behavior remains in a solid state

(Fig. 7.27c).

Brief analysis of the problem explains interest to action of molecular mecha-

nisms in bionanocomposites expressed not only by biologists, but also chemists,

specialists in synthesis of novel materials. A possibility of using organic-inorganic

nanoparticles for synthesis of new composite biomaterials of different morphol-

ogies has been studied in detail. Stabilization of the obtained permolecular struc-

tures is realized due to multiple hydrogen, and often donor-acceptor bonds with

participation of surface groups and donor atoms of organic polymers. Encapsulated

ceramic nanoparticles can be used as biosensor devices and for development of

vaccines, etc. The most important sides of this problem concern biomineralization

of mixed-valent poly-cored structures and clusters in biology (especially iron-oxo,

molybdenum-oxo, and manganese-oxo structures), the way of small molecules

activation with their participation, biosorption, environment control, biomedicine

[375]. Special attention of researchers is focused on biosensors with optical,

electrochemical and magnetic detection systems. Magnetic properties are used in

nuclear magnetic resonance and hyperthermia. Different kinds of nanocapsules are

applied for drug delivery. In our opinion, usage of hybrid nanoparticles and

Fig. 7.27 (a) Mixed monolayer gold nanoparticles featuring a hydrophobic interior with carbox-

ylate end groups. (b) Schematic depiction of protein electrostatic surfaces (c) Protein–particle
assembly of gold nanoparticles with chymotrypsin and cytochrome C [374]
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nanocomposites in biocatalytic processes, one of mainstreams of development of

bionanocomposites.

Graphene is the newest uni-atomic 2D graphite carbon system, ascending star in

materials science and physics of condensed matters [376]. It was noted on the

example of chitosan immobilizing in interlayer distance of low-layered graphene

oxide, that this material is promising also for biological application.

Combination of metal nanoparticles with biomolecules can provide electronic or

optical transformation of a biological phenomenon for development of new

biosensors [377].

Due to ability of biomaterials to complementary recognition, functioning of

nanoparticles with biomolecules can bring to specific interaction nanoparticle—

biomolecule, i.e. to self-assembling and complex architecture. Variation of chem-

ical properties of a biomolecule can be used for control over interaction of a

modified nanoparticle with environment. Thus, a break of a bind between a

bioorganic molecule and functioned surface of a gold nanoparticle can be electro-

chemically controlled, because during electric reduction of a derivative flavine

more stable hydrogen binds are created (Fig. 7.28) [378].

Development of integrated materials based on biomolecules and inorganic

nanoobjects and incorporation of these systems in functional devices is a basis of

nanobiotechnology (Fig. 7.29) [22].

Thus, substantial progress has been made in this direction, however much

remains to be learned. There is no general methodology for construction of

bionanocomposites hierarchically organized in terms of structure and functions

and true understanding of mechanism of their operating, etc.

Fig. 7.28 The

electrochemically

controlled recognition of

flavin by a pyridinediamide-

functionalized nanoparticle

[378]
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Future research will be devoted to the development of novel nano-structured,

bio-inspired hybrid materials with predetermined physical and bio-mimetic prop-

erties, including the use of novel methods of synthesis, the improvement of

mechanical behavior, accompanied by the application of simulation and other

theoretical studies.

References

1. S. Mann, Angew. Chem. Int. Ed. 47, 5306 (2008)

2. S. Mann, Nat. Mater. 8, 781 (2009)

3. A.J. Patil, S. Mann, J. Mater. Chem. 18, 4605 (2008)

4. A.M. Collins, N.J.V. Skaer, T. Cheysens, D. Knight, C. Bertram, H.I. Roach, R.O.C. Oreffo,

S. Von-Aulock, T. Baris, J. Skinner, S. Mann, Adv. Mater. 21, 75 (2009)

5. T.P.J. Knowles, T.W. Oppenheim, A.K. Buell, D.Y. Chirgadze, M.E. Welland, Nat.

Nanotechnol. 5, 204 (2010)

6. A. Singh, S. Hede, M. Sastry, Small 3, 466 (2007)
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227. N. Kröger, R. Deutzmann, M. Sumper, Science 286, 1129 (1999)
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Conclusions and Future Prospects

The performed survey has shown that metal-polymer hybrid nanocomposites is an

intensely developed field of chemistry and materials science, which possesses its

objects and investigation methods. Information in this field is accumulated contin-

uously collecting the facts, which seemed odd before and completing logical

structuring of new ways of production of nanocomposite materials with high

marketing potential.

The considered vast factual material makes a reader sure that chemistry is a great

deal of art at all stages of development and preparation of a material: processes

easily “realized” on paper encounter a lot of submarine ridges, which should be

taken into account and overcome on the way of development of a nanometer

material.

How we see development of this direction and some of its branches?

A special attention will be drawn to metrological following of new

nanomaterials: development of fine methods of monitoring, analysis, increase in

sensitivity, precision of methods, increase in their express performance, reliability

of new instrumentation comprising contemporary electronic basis of components.

Intellectual materials of new generation will be developed, which are sensitive to

exterior impacts, adapted to remote control over their physical-chemical properties

(electric, magnetic, and acoustic fields, temperature, illumination, pressure, laser

and radioactive irradiation). Magnetic elastomers, metamaterials, magnetic

nanostructural materials, which are used as permanent magnets, magnetic conduc-

tors, holding or bracketing elements, which can repeat roughness and curvature of

ferromagnetic surfaces they are contacting with, should be designed in future. The

composites with magnetically induced effect of plasticity (shape memory effect),

which displace the effect of magnetic field on dielectric permeability and Young

modulus of magnetic elastomers, will be developed.

The promising way will be further development of nanomaterials for stealth

and hydro-acoustic technologies for design of electronic security means, first of all,

for lowering detection in wide frequency range of electromagnetic radiation, for

ultrasonic flow meters, electromagnetic and hydro-acoustic metamaterials, in spite
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of the fact that a versatile specification of radio-absorbing materials is being

developed and even produced. Most probably, such characteristics as maximum

absolute value of reflection coefficient will improve within a working range of

wavelengths, as well as thickness and weight of a unit area absorber, and para-

meters of acoustic waves in piezoelectric structures. In order to widen a working

range of these devices, multilayered structures will be used, structures containing

diffraction lattices, frequency selective surfaces, active loaded dipoles, and

honeycombed and cellular structures. Principally new classes of nanocomposite

materials will arrive, which will allow achievement of substantial success in

development of thin, light wideband devices, improvement of acoustic and

electro-physical properties and the effect of external electric fields on them.

Fundamental ideas of nanoparticles assembling into planar ensembles will be

realized, including assembling of chemically inert nanomaterials, which involves

condensation of Langmuir and SAS mixed monolayers, substrate-induced assem-

blage of different nanoparticles in gels (soft assemblage). In this case “one-step”

technique provides high compatibility with content and size of the nanoparticles

and regulated packing dense of ensemble of nanoparticles on extended surfaces.

Great advantages should be expected in integrated metal-polymer biocomposites,

materials produced by sol–gel method, intercalation technologies, reduction tech-

nique, and thermolysis, which have already been mentioned in conclusions of other

chapters. One of the most important properties of metal nanoparticles and their

composites is their ability to enhance local optical electromagnetic near-fields

and concentrate electromagnetic irradiation in subvalent zones. Overcoming of

fundamental diffraction limit in optics opens broad prospects in nano-optoelectronics

for development of ultra-small lasers and optoelectronic devices, and in

bio-optoelectronics of sensor molecules and photo modified biological cells.

Nevertheless, till now, as a rule, it is impossible to recognize correlations between

content, structural features, and properties of metal polymer nanocomposites, which

in many respects restrains scientifically grounded approach to structuring of these

materials and prediction of their promising properties.
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Small angle X-ray scattering (SAXS),
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Sonochemistry, 122

Specific conductivity, 236
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Spin coating, 166, 355
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SPIOs. See Superparamagnetic iron oxides

(SPIOs)
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SPR. See Surface plasmon resonance (SPR)

Spray-pyrolysis, 3, 180, 305–308, 310

Squalane, 146

Stabilization
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self-regulated, 7, 324
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diamond-like, 287
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exfoliated, 223, 225, 233, 262
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Keggin, 33
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perovskite, 183
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plant-mediated, 391
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transcription, 416
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Temperature
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Terpenoids, 393

Tetramethoxysilane (TMOS), 144, 157,

167, 173, 218, 409, 415

TGDMA. See Triethylene glycol
dimethacrylate (TGDMA)
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158, 162, 165, 166, 169, 172–174,

185, 186, 192, 193, 195, 259,

408–410

Triethylene glycol dimethacrylate (TGDMA),

155, 156, 174

Turbidity, 189
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Wide-angle X-ray scattering (WAXS), 209, 210
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quantum, 103, 109

radiation-chemical, 8, 97, 113–121

Young modulus, 427, 428

Z

Zeldovich, Ya.B., 294
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