
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.

294 6 Thermolysis of Metallopolymers and Their Precursors as a Way for Synthesis. . .



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
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[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]
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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)
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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,

348 6 Thermolysis of Metallopolymers and Their Precursors as a Way for Synthesis. . .



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
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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
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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

6.6 Thermolysis of Precursors in the Polymer Matrices 367



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.

6.7 Computer Modelling of the Kinetics of Nanoparticle Formation During. . . 371



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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