
473 

Criteria of Polymer Carbonization 
Yu. N. Sazanov and A. V. Gribanov 

Institute of Macromolecular Compounds, Russian Academy of Sciences, St. Petersburg, Russia 

Received December 29, 2008 

Abstract—The possibility of using numerical criteria of polymer carbonization was considered based of 
experimental data on the kinetics of thermal degradation and cross-linking of various polymers. The main 
methodological approaches to determining the parameters of thermochemical carbonization reactions and 
evaluating the prospects for predicting the properties of carbon materials on the basis of the existing 
carbonization criteria are assessed.  

ISSN 1070-4272, Russian Journal of Applied Chemistry, 2009, Vol. 82, No. 3, pp. 473–482. © Pleiades Publishing, Ltd., 2009. 
Original Russian Text © Yu.N. Sazanov, A.V. Gribanov, 2009, published in Zhurnal Prikladnoi Khimii, 2009, Vol. 82, No. 3, pp. 479–488. 

Attempts to find relationships in formation of 
polynuclear carbon compounds from heterocyclic 
polymers on the basis of experimental data on 
thermolysis of these polymers in many cases run into 
the lack of systematic studies in this field and/or of 
possibility of comparing the results of different 
experiments. We can agree with the statements made 
in some reviews [1–6] that the experimental data are 
insufficient for using a statistical approach to choose 
the most probable criteria for assessing the specific 
features of carbonization of organic compounds. 

Additive schemes. Attempts to calculate probable 
pathways of thermochemical transformations of 
polyaromatic structures are still on the level of 
discussions, even for the case of carbon-chain 
compounds. An interesting approach is to construct 
relationships based on homological criteria and 
structure. Such an attempt was made by Van Krevelen 
[7] for the polymer combustibility. For a series of 
synthetic and natural macromolecular compounds, the 
oxygen index (OI) was determined, which appeared to 
be comparable with the coke residue (CR) of the 
polymer on heating to 850°C. The correlation with 
these parameters is given by the formula 

OI×100 = 17.5 + 0.4CR.                       (1) 

The coke residue, in turn, depends on the unit cell 
structure of the polymer. Based on experimental data 
on OI and CR, a dependence allowing evaluation of 

the contribution made by the polymer unit structure to 
the carbonization was derived. The corresponding 
quantity was termed the carbon formation tendency 
(CFT), and the following formula was obtained: 
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where 1200 is the carbon equivalent; CFT, dimen-
sionless quantity characteristic of each monomer unit; 
and M, molecular weight of the unit. 

In Tables 1 and 2 we give as examples the CFT 
values for various monomer units and the OI and CR 
values obtained experimentally and calculated by Eqs. (1) 
and (2). 

Based on experimental data on the kinetics of 
thermal degradation and cross-linking of various 
polymers, the possibilities of using numerical criteria 
of polymer carbonization are considered. The main 
methodological approaches to determine the 
parameters of thermochemical carbonization reactions 
and evaluate the prospects for predicting the properties 
of carbon materials on the basis of the existing 
carbonization criteria are assessed.  

A contribution to the understanding of the polymer 
carbonization mechanism is made by numerous studies 
on determining various parameters of pyrolysis of low-
molecular-weight compounds [8–11]. In these studies, 
the mechanism of thermochemical reactions in a wide 

CR = 1200CFT
M

, (2) 
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Table 1. CFT values for varoius monomer units 
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a CFT corrections for groups directly linked to aromatic rings. 

Unit CFT Unit CFT 

CH–OH– 1/3  3 1/2 

 1  3 1/2 

 2  7 

 3  9 

 4  10 

 6  11 

 6  12 

 10  15 

 14 >CH2 and >CH–CH2– a –1 

 1 1/4 CH3
a –1 1/2 

 3 1/2 >C(CH3)2 
a –3 

 3 1/2 –CH(CH3)2 
a –4 
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temperature range is correlated with structural features 
of the organic compounds. 

(1) Nonaromatic hydrocarbons undergo almost 
100% degradation with the release of volatile carbon 
and hydrogen compounds. 

(2) Cyclization of all hydrocarbon chains with the 
formation of aromatic compounds or low-boiling 
degradation products occurs depending on the presence 
of side substituents. 

(3) Aromatic hydrocarbons undergo cyclization to 
bulky polycyclic aromatic and heterocyclic structures. 

As a rule, reactions of the second and third types 
occur with macromolecular compounds. 

Topological indices. The trends in formation of 
graphitizing carbon materials were studied on the basis 
of ample experimental data on pyrolysis of aromatic 
hydrocarbons: diphenyl, naphthalene, acenaphthene, 
stilbene, and durene [12–14]. Based on the data 
obtained, a formula was suggested for calculating the 
degree of graphitization from mutual approach of 
graphite networks, according to X-ray diffraction 
patterns of pyrolyzed hydrocarbons: 

in the maximally graphitized material, 0.335 nm; and 
d002, experimentally determined interplanar spacing. 

Formula (3) allows prediction of the capability of 
pitches, cokes, and certain organic compounds for 
graphitization.  

Proceeding with indexing of aromatic compounds, 
with a homologous series of 11 fused compounds 
(from benzene to benzperylene) as example, Rudkevich 
et al. suggested the information capacity index [15]. 
They found satisfactory correlations between this 
index and the melting and boiling points of these 
compounds. 

Another attempt to reveal certain structure–property 
relationships is the use of correlations between 
topological indices or indices of various molecules and 
the properties of compounds in homologous series. 
The topological method and procedures for finding 
specific criteria are described in [15–17]. 

Active attempts to find quantitative relationships 
between physicochemical and formal topological 
characteristics of organic compounds were made as 
applied to thermochemical transformations. 

In organic chemistry, the Wiener, Randic, and 
Balaban criteria were used for predicting the octane 
number of liquid fuel and yield of carbon black in 
incomplete combustion of hydrocarbons. In the latter 
case, a linear correlation based on a mathematical 

Table 2. Experimental and calculated [formulas (1), (2)] values of CR and OI  

Polymer 
CR OI 

experiment calculation experiment calculation by 
formula (1) 

calculation by 
formula (2) 

Polyoxymethylene     0 0 15.3 17.5 17.5 

Poly(methyl methacrylate)     0 0 17.3 17.5 17.5 

Polyethylene     0 0 17.4 17.5 17.5 

Polystyrene     0 0 18.3 17.5 17.5 

Cellulose     5 5 19.9 19.5 19.5 

Poly(ethylene terephthalate)     8 8 20.6 20.7 20.7 

Polycarbonate   24 24 29.4 27.5 27.5 

Poly(m-phenyleneisophthalimide)   35 30 29.8 31.5 29.5 

Poly(phenylene oxide)   28 30 30.5 28.9 29.5 

Phenol–formaldehyde resin   45 45 35.5 35.5 35.5 

Polybenzimidazole   70 67 41.5 45.5 43.6 

Carbon 100 100 56–64 57.5 57.5 

γ =
dmax − d002
dmax − dmin

, (3) 

where dmax is the interplanar spacing in the turbostratic 
structure, equal to 0.343 nm; dmin, interplanar spacing 
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combination of two indices, degree of unsaturation 
(measure of cyclicity of independent rings) and index 
of the sum of averaged distances [18], was obtained 
between the carbon black yield and structural 
characteristics of approximately 100 hydrocarbons of 
various classes. Sannikov et al. [19], when developing 
criteria for evaluating the graphitization ability of 
organic substances, performed modification of the 
Randic criterion (criterion A) on the basis of the 
previously considered [20] relationship between the 
structure of individual organic compounds and 
graphitization ability of carbon residues. 

The quantities A were calculated for 33 individual 
organic compounds isolated from pitches, belonging to 
the pyrene, anthracene, fluorene, tetracene, perylene, 
and coronene series. Comparison of the values 
obtained with the published data [21, 22] showed that 
the modified topological Randic criterion allows 
evaluation of the influence exerted on the 
graphitization ability of carbonization products of 
organic substances by physicochemical quantities such 
as oxidation and hydrogenation numbers, and also by 
the size and number of aromatic rings and certain 
substituents. 

It should be noted, however, that topological 
methods applicable and useful for calculation of 
certain relationships in homologous series of organic 
compounds are of little use for studying thermo-
chemical reactoins of macromolecular compounds. For 
example, Sannikov et al. [19], when discussing 
carbonization, proceeded from doubtful interpretation 
of this process as a system of condensation (poly-
merization and polycondensation) reactions.  

This approach does not take into account the whole 
complexity of thermochemical transformations of the 
initial, intermediate, and final carbonization products, 
characterized by superposition of high-temperature 
degradation and cross-linking reactions developing in 
time. 

The need for a certain comparative characteristic of 
the carbonization ability of organic compounds, mostly 
of aromatic structure, also arose from comparison of 
various products of petrochemical and coal-chemical 
synthesis (coals, oils, pitches, etc.) as starting products 
for preparing carbon materials. This trend can be seen 
in a number of papers dealing with comparative 
indexing of various fused aromatic compounds [13, 17, 
20–22]. In these studies, correlations are considered 
between certain physicochemical parameters of model 

compounds and the complexity (extent of fusion) of 
their composition, growing with an additive increase in 
the number of elementary units participating in 
formation of bulky carbon clusters. However, as seen 
from comparison with real carbonization products 
identified in the course of thermochemical transforma-
tions, topological indices do not reflect the physico-
chemical nature of carbon structures obtained by 
carbonization of polymers and can be used only for 
tentative estimation of the tendency of certain 
substances to carbonization. 

As for evaluation of the applicability of topological 
indices in organic chemistry, Rouvray [23], with 
references to a number of papers on topology of 
organic compounds, discusses certain limitations in 
applicability of topological indices to prediction of 
properties of organic compounds, because of problems 
with taking into account forces of intra- and inter-
molecular interaction forces. As noted in [24], 
topological indices are rather formal parameters for 
characterizing the properties of organic compounds. 
Certain monotonic trends in properties, observed in 
series of homologs, isomers, conglomerates, 
associates, clusters, and other sets, are expressed in 
many cases by chaotic arrangement of points in the 
topological index–property coordinates. Using 
mathematical manipula-tions, this disorder can be 
expressed in the form of linear correlations. This is 
done by taking logarithms (once or twice) or by 
introducing topological indices derived from the 
quantities taken previously. Such combinations of 
graphs and their separate elements are often 
constructed with certain arbitrary assumptions. For 
example, experimental check of [19] reveals certain 
discrepancies between the calculations made and the 
structure of certain organic compounds. 

However, despite these drawbacks, the use of 
topological indices for predicting the properties of 
unknown compounds and for revealing trends in 
certain processes in homologous series of unstudied 
compounds is of apparent sense. Firstly, these 
procedures are simpler and more versatile than 
quantum-chemical calculations. Secondly, in some 
cases the results obtained allow definite conclusions on 
whether it is appropriate to perform numerous labor-
consuming experiments. Certain published examples 
confirm this viewpoint, e.g., studies [25–27] giving 
much attention to the topology of branching and 
cyclicity of isomers of organic compounds, using the 
Wiener index.  
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fa =
(100 − VM)1200

1200C

Ci =
H + 1/8(O + N + S)

1/3C

RMYx = 0.2724 0.8
FCx

0.78
,

From the viewpoint of polymer carbonization, the 
conclusions made in the published papers give certain 
insight into the structural directions of thermochemical 
reactions. The cyclicity (branching) is defined as a 
quantity inversely proportional to the sum of 
topological distances in a molecule. Comparison of the 
topological indices for growing cyclic sequences in 
fused polycyclic compounds and polymers 
demonstrates regular increase in the π-electron energy. 
In other words, in the case of intrachain cyclization of 
polymers as, e.g., for polyacrylonitrile, this means an 
increase in electron delocalization over the chain and 
in the length of the polyconjugation chain.  

The progress of chemical topology led to the 
development of indices which, with certain 
assumptions, came into use for characterizing a series 
of cyclic compounds. Wiener, Randic, Balaban, and 
Hosoya indices, as well as the other quantities, take 
into account the geometric size of molecules. They are 
based on the matrices of the interatomic distances. 
Each index is applicable to compounds of a definite 
group. For example, the Wiener index W = 0.5∑dij is 
the half-sum of matrix elements of the shortest 
distances (edges) of a graph whose vertices are atoms 
of the molecule under consideration. 

The specificity of the above indices is associated 
with their limited use. With the index W, it is possible 
to obtain certain relationshios for acyclic graphs, but it 
is not applicable to cyclic and polycyclic graphs. In 
these cases, it is necessary to use other indices or 
combinations of indices, which complicates finding 
real structure–property relationships because of 
formalization of the initial postulates. Furthermore, the 
use of topological indices is justified when, first, 
intramolecular interaction in the solid phase is 
described by a certain additive relationship remaining 
unchanged with an increase in the molecular size; 
second, intermolecular interaction is characterized by 
an equivalent correlation between the forces of 
interatomic interactions in molecules constituting a 
common series; third, there are no “disorder” factors 
(steric hindrance, electrostatic effects, etc.) [28]. 
Therefore, the use of topological indices for structural 
analysis of macromolecular compounds and, the more 
so, for characterization of complex polyreaction 
processes such as thermochemical reactions of 
polymer carbonization is hardly promising today. 

Materials-science parameters. For more complex 
organic systems, in particular, macromolecular com-
pounds, the carbonization criteria are based, to a 

greater extent, on experimental data on the yields of 
volatile and solid thermal degradation products in 
comparison with the results of elemental analysis and 
molecular-weight characteristics. Such an approach 
was successfully used in studying carbonization of 
wood materials [29] by the Van Krevelen method [30] 
using the formula 

R/C = (9.9 + 3.1H/C + 3.75O/C + 1.5N/C – Mav/d)         
× (9.1 – 3.65H/C)–1, 

where R/C is the ring fusion parameter, or the number 
of carbon rings per carbon atom; Mav, weight of 
“averaged carbon atom” (statistical mean atom) 
constituting the coal molecule; this quantity takes into 
account the atomic ratio of the elements, i.e., Mav = 
12.01 + 1.008H/C + 16.0O/C + 14.008N/C + 
32.0064S/C; d is the true density of the coal organic 
matter; and N/C, O/C, and N/C are the atomic ratios of 
the elements according to elemental analysis. 

Examination of the thermal behavior of a series of 
wood samples revealed a significant growth of the ring 
fusion parameter with increasing temperature, and also 
an increase in the degree of carbonization (evaluated 
by the C/O and C/H ratios) with simultaneous increase 
in the true density of the samples. Such a definition is 
somewhat formalized, as it suggests a structure 
consisting of six-membered rings whose fusion leads 
to the formation of hexagonal network structures. 
However, a calculation of the degree of aromatization 
fa from the yield of volatiles VM by the formula 

and comparison of the data obtained with 
Veselovskii’s formula [10] 

demonstrated good agreement of the degrees of 
aromatization in the examined temperature range 
(300–700°C). 

One more index of carbonization of wood materials 
was suggested by Schnekel et al. [31] and was termed 
the relative mass yield (RMY). This index is 
determined from the yield of the carbonized mass and 
fixed carbon content in the carbon residue: 

where FCx is the fixed carbon content at the volatile 
component content equal to x. 
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The independence of the suggested carbonization 
index and carbon yield was checked and confirmed 
with more than 50 different kinds of wood materials 
using published data from 11 countries [31].  

An example of mathematical simulation of thermal 
decomposition of macromolecular compounds at 
intense heating is the consideration of the parameters 
of weakening of intermolecular interaction in a narrow 
temperature interval (about 20°C) [32]. This sup-
plement is of practical significance for use of poly-
meric items under extreme thermal conditoins. The 
suggested model allows calculation of heat-protecting 
coatings of aerospace apparatus, of laser-beam 
treatment processes, and of other processes accom-
panied by intense thermal impacts in coke chemistry, 
plasma chemistry, and solar power engineering. 

Along with these parameters suggested as 
independent carbonization criteria, which are of 
applied significance for separate kinds of macro-
molecular compounds, there is a series of varoius 
indirect parameters associated with the specific 
features of particular branches of industry and 
reflecting variation of certain materials-science 
parameters that can characterize to certain extent the 
carbonization process. Among them are heat and 
electrical conductivity, density, adsorption parameters, 
and other physicochemical properties of carbonized 
materials. 

Methods of formal kinetics. In connection with the 
development of thermal analysis methods, numerous 
papers dealing with application of the data obtained to 
characterization of thermal transformations of 
polymers have been publsihed. Some of these data are 
recorded directly in the course of experiments in the 
temperature–property (at nonisothermal heating mode) 
or time–property (at isothermal heating mode) 
coordinates. The most widely used parameters in 
thermal analysis are the sample weight change in the 
course of heating (thermogravimetric analysis) and 
variation of thermal characteristics (temperature, 
enthalpy; calorimetric analysis: DTA, DSC). There are 
also other complex methods of thermal analysis, but 
they do not alter the essence of the dualistic approach 
to interpretatoin of the results of thermal analysis. One 
of them directly uses the experimental quantities, e.g., 
the weight loss at a definite temperature or in a definite 
interval, or actual change in the temperature or 
enthalpy in the same coordinates. This approach can be 
conventionally termed the materials-science approach, 
as in practice it characterizes the new properties of a 

heat-treated material and can serve as a certain 
indicator for predicting the service conditions for items 
made of this material. 

Another approach is related to calculated data 
obtained by mathematical processing of the 
experimental results of thermal analysis. With this 
approach, it is possible to gain insight into the 
mechanism of thermochemical reactions yielding new 
compounds on the basis of very limited experimental 
data. Such an approach, however, requires much 
caution, especially in thermal analysis of complex 
organic and macromolecular compounds. It is well 
known that heat treatment of polymers initiates 
degradation reactions, often developing concurrently. 
With increasing temerature, the competition is 
enhanced, with each reaction being affected by 
numerous kinetic and diffusion factors altering the 
reaction course even at slight changes in any reaction 
conditions. Hence, it is hardly of any sense to speak of 
quantitative characteristics of thermochemical 
reactions for macromolecular compounds. 

In practice, conclusions on the realization of 
specific reaction mechanisms are frequently based on 
the results of mathematical processing of experimental 
TGA, DTA, or DSC curves. As a rule, the authors use 
such terms as activation energy, reaction order, 
exponential factor, and frequency factor. For example, 
calculations of the kinetic parameters from the TGA 
curve are initially based on a formal rate equation [33] 

–dx/dt = kxn, 

where x is the weight of the converted substance; n, 
reaction order; and k, specific rate constant of the 
reaction. 

The latter quantity as a function of temperature is 
described by the Arrhenius equation 

k = Ae–E/RT,                                (4) 

where A is the preexponential factor; E, activation 
energy; and R, universal gas constant. 

Using the parameters of these equations, the 
authors of many papers mentioned in monographs [34–
37] do not explain the kinetic parameters used. This 
particularly concerns the definition of the activation 
energy. It is unclear what is meant by the activation 
energy in a conglomerate of mutually superimposing 
and competing thermochemical reactions. Somewhat 
the term overall, or apparent, activation energy is used. 
This inconsistency in terminology apparently hides 
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poor understanding of thermochemical processes in 
polymers or serves as a certain formal criterion in 
comparison of data for different polymers. Unjustified 
efforts are made to define these parameters which have 
neither physical nor chemical sense. In calorimetric 
practice, determination of the activation energy is, as a 
rule, reasonable in analysis of thermal degradation of 
simple inorganic solids in which the activation energy 
is related to cleavage of a definite chemical bond. 

Calculations of formal kinetic parameters from the 
data of nonisothermal methods do not allow 
elucidation of the reaction mechanism and determina-
tion of the corresponding parameters at all, because of 
mathematical shortcomings of each of the three 
methods used for this purpose. As shown in [34], there 
are numerous modifications of kinetic equation (4) 
derived from the TGA curve and modified by the 
differential, integral, or approximative method. The 
Freeman–Carroll, Horowitz–Metzger, Coats–Redfern, 
Doyle, and Ozawa methods are still frequently used in 
thermal analysis of macromolecular compounds and 
polymeric materials, with the result being the same as 
40–50 years ago [38–43]. As a rule, the authors do not 
use the critical approach and do not follow the required 
rules for thermal analysts, formulated by Flynn [44] 
and still topical. 

(1) The experimental conditions of thermal analysis 
should be identical in calibrations and real 
experiments. 

(2) It is necessary to use the smallest samples that 
can be measured with the highest accuracy. 

(3) The heating rates (or temperatures) should be as 
low as possible. 

(4) For theoretical studies, it is necessary to vary 
each methodical factor (one after another). 

(5) For practical use of kinetic data, all the 
methodical factors should be the same. 

(6) To determine the transformation parameters 
from the degrees of conversion, it is necessary to use 
the data of isothermal experiments. 

(7) To determine a temperature parameter, it is 
necessary to use data for the same degree of 
conversion. 

(8) When comparing the kinetic parameters from 
different experiments, the initial sample weight should 
be constant. 

(9) The thermal history of the sample should be 
evaluated. 

With these rules observed, the use of too “simple” 
and formal methods for analysis of kinetic data will be 
avoided, and their use in chemical or physical 
interpretation of thermochemical reactions will be 
reasonably restricted. 

Neglecting these conditions and ignoring the main 
specific feature of thermochemical reactions of 
polymers, namely, superposition of competing 
reactions in the course of nonisothermal heating, will 
make the kinetic studies too formalistic and give rise to 
rather doubtful postulates, as it is reflected, e.g., in 
[38–40]. The dependence of the results of thermal 
analysis on the experimental conditions and initial 
structure of the samples, repeatedly indicated in papers 
dealing with thermal degradation of polymers, is 
clearly and convincingly seen from the primary results 
of thermal analysis, and determination of energetic and 
kinetic characteristics requires performing numerous 
experiments under comparable conditions. However, 
the sense of the physical or chemical interpretation of 
the activation energy still remains unclear. Numerous 
researchers adhere to this opinion [45, 46]. 

Fractal approach. Recently a fractal approach 
came into use in studying carbonization of various 
polymers and properties of carbon materials [47–50]. 
Application of relationships of fractal physics is based 
on mathematical postulates of non-Euclidean geometry 
describing bodies or objects with fractional (fractal) 
dimensionality. Methods of fractal geometry allow 
simulation of complex sizes of non-Euclidean objects 
whose images closely resemble those of natural 
objects. One of the most important properties of 
fractals is self-similarity, i.e., a small part of a fractal 
bears information on the fractal as a whole. This axiom 
attracted interest of chemists, especially of specialists 
in the field of macromolecular compounds for whom 
simulation of complex polymeric structures and their 
transformations in the course of chemical and physical 
processes is the starting point in elucidation of the 
mechanism by which a monomer transforms into a 
polymer. 

Major attention to using fractal analysis of 
macromolecules for determining characteristics of 
network polymers was given in reviews [48, 49]. The 
necessity for taking into account numerous factors 
affecting the formation of the polymer structure in the 
course of the synthesis is noted. Possible development 
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of micro-, meso-, and macrodefects in the course of 
service of polymeric items requires their evaluation 
and prediction of their appearance. Solution of such 
problems is complicated by the fact that the majority 
of polymers used are solids occurring in a 
thermodynamically nonequilibrium state. 

It is known that such systems can be only roughly 
described by methods of Euclidean geometry operating 
with integer dimensions. For accurate and reliable 
analysis of solid polymers, it is necessary to use the 
fractal approach, with obligatory use of three 
parameters: dimension of the enveloping space d, 
fractal Hausdorff dimension dλ, and spectral dimension 
ds characterizing the connectivity of the object. Note 
that extensive studies of formation and transformation 
of network polymers based on epoxides [48, 49] 
demonstrated the possibility of deriving real 
information on the structure and properties of these 
compounds. The ratio of forces of chemical nodes in 
the polymer network and of macromolecular contacts 
was elucidated. The fractal structure of amorphous 
polymers on the 0.3–5.0-nm scale provides supramo-
lecular local order. The fractal dimension of a chain 
segment between the chemical nodes or intermolecular 
contacts D characterizes different degrees of mobility 
of macromolecular segments. The quantity D is the 
relative measure of the mobility, independent of the 
macromolecular structure, and is determined by the 
known mechanisms of variation of the statistical 
rigidity. 

As a network polymer is a single giant macro-
molecule (fractal cluster), one of its characteristics 
(there are also other assumptions) is the density of 
network nodes (chemical cross-links) γs or molecular 
weight of the macromolecular segment between cross-
link points Ms, mutually related by 

The curing reaction additionally illustrates the 
advantage of fractal methods for calculating macro-
molecules of network polymers [48]. As it is assumed 
that formation of a network structure is turbulent since 
it occurs in a viscous medium, one of the main 
properties of turbulent flows, fractality, is used, which 
makes it necessary to take these factors into account.  

Without dwelling on all the aspects of applying 
fractal methodology to analysis of formation and 
properties of network epoxy polymers, let us note the 
overall applied effect of fractals on the polymer 
chemistry, according to [48, 49]. In connection with 
the multilevel primary and secondary structure of the 
polymer, the majority of different parameters 
characterizing the structure and properties of polymers 
can be correlated only empirically. If the same 
parameters will be characterized by uniform fractal 
dimension, it will become possible to obtain analytical 
dependences involving no fitting parameters. This is 
important for computer synthesis of the structure and 
for prediction of the properties and behavior of 
polymers in the course of service. The applicability of 
fractal methods to studying macromolecular com-
pounds, discussed in [49, 50], and a convincing 
example of using these methods for studying epoxy 
resins demonstrated practical significance of studying 
formation of cross-linked polymers and their 
mechanical and other materials-science characteristics. 
These data convince that the fractal approach is 
promising for formulating common criteria in 
characterization of numerous physical and chemical 
processes determining the structure and properties of 
polymeric materials. Apparently, the development of 
the above-mentioned methods will make it possible to 
design chemical, physical, and technological 
experiments taking into account multiprofile modeling 
in a common standard system. 

We can note the first experience in applying 
multifractal formalism to studying carbon fibers 
prepared from synthetic and natural polymers [51]. 
Multifractal parameters of the structure of carbon 
fibers prepared from polyacrylonitrile and hydrated 
cellulose were studied and correlated with the elastic 
and strength properties of these fibers. Electron 
microscopic examination revealed multifractality of 
carbon fibers, which allowed the objects under 
consideration to be characterized as a loose network 
structure with a minimal amount of network points. 
This fact allows calculation of the optimal content of 
fibrils providing the maximal strength of carbon fibers. 

where NA is the Avogadro number and ρ, polymer 
density. 

Using various procedures for calculating D for 
epoxy polymers, Novikov and Kozlov [48] found γs 
and concluded that the network polymer depending on 
γs can be either a rubber or a rigid-chain polymer. It is 
also emphasized that, as any geometric image is more 
primitive than a real polymeric molecule, the quantity 
D varies in a wide range depending on the mutual 
arrangement of rigid segments of the macromolecule 
and conformational fractal properties. 
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Novikov et al. [51] believe that materials should be 
subdivided into brittle-deformable and nonelastically 
deformable on the basis of their multifractal diagram 
and on the correlation between the Poisson coefficient 
and elongation of break of the fiber. 

A multifractal model of the failure of carbon fiber, 
based on using the Serpinskii set (one of parameters of 
fractal geometry), was suggested. A hypothesis that 
there are two types of failure, brittle and viscous, was 
put forward and substantiated by examples of 
correlation between the strength, elastic modulus, and 
fractal dimension of microregions in which the 
external energy pumped into the sample in the course 
of deformation is localized.  

Subdivision of fiber deformation into brittle 
(extension) and viscoelastic (shear) is associated with 
an increase in latent ordering in the structures of 
carbon fibers and a decrease in the structure 
uniformity. This fact correlates with the previously 
observed effects of formation of “carbon plastics” in 
coking of coals in the temperature interval 400–600°C 
where the regions of structural ordering were detected 
[52]. Along with coal, elements of spatial orientation 
were found in the step of initial carbonization in the 
same temperature range for acrylonitrile and its 
cocarbonizates with some cellulose derivatives [53–
55]. The occurrence of exo- and endothermic effects 
suggesting formation of mesogenic structures with 
vairous types of intra- and intermolecular orientation 
may be an object of application of fractal geometry for 
elucidation of the kinetics of transformation of a linear 
polymeric structure into three-dimensoinal formations 
of allotropic forms of carbon. 

Apparently, search for optimal conditions of polymer 
carbonization using fractal modeling will expand the 
use of mathematics in polymer chemistry toward 
practical predictions of ways of using thermochemical 
reactions for preparing carbon materials with preset 
properties. 

CONCLUSIONS 

(1) A two-level approach to quantitative evaluation 
of polymer carbonization, scientific and applied, was 
developed. The first approach allows evaluation of the 
carbonization mechanism, and the second approach, 
prediction of materials-science characteristics of 
carbonization products. 

(2) The carbonization criteria are determined using 
methods of material science, formal kinetics, topology, 
and fractal analysis. 

(3) Each of the methods considered has certain 
advantages and drawbacks. One of the drawbacks is 
kinetic formalism whose application to polymers is of 
neither physical nor chemical sense. 

(4) To date there is no common criterion of 
carbonization of macromolecular compounds. From 
the applied viewpoint, such parameter is hardly of any 
promise. 

REFERENCES 

  1. Mel’nichenko, V.M., Sladkov, A.M., and Nikulin, Yu.M., 
 Usp. Khimii, 1982, vol. 51, no. 2, p. 736. 
  2. Koton, M.M., Bessonov, M.I., and Sazanov, Yu.N., 
 Plast. Massy, 1981, no. 5, p. 22. 
  3. Bessonov, M.I., Koton, M.M., Kudryavtsev, V.V., and 
 Laius, L.A., Poliimidy  klass termostoikikh polimerov 
 (Polyimides: Resistant Polymers), Leningrad: Nauka, 
 1983. 
  4. Vygodskii, Ya.S., Doctoral Sci. (Chem.) Dissertation, 
 Moscow, 1980. 
  5. Sazanov, Yu.N., J. Therm. Anal., 1990, vol. 36, no. 1,  
 p. 361. 
  6. Burger, H., Fitzer, E., Heym, H., and Thermish, B., 
 Carbon, 1975, vol. 13, no. 1, p. 148. 
  7. Van Krevelen, D.W., Polymer, 1975, vol. 16, no. 8,      
 p. 615. 
  8. Madison, J.J. and Roberts, R.M., Ing. Eng. Chem., 1958, 
 vol. 50, p. 237. 
  9. Fitzer, E., Muller, K., Schaefer, W., Chemistry and 
 Physics of Carbonization, Walker, P.L., Ed., vol. 7. 
 New York:  Dekker, 1971, p. 237. 
10. Veselovskii, V.S., Ispytanie goryuchikh iskopaemykh 
 (Test of Inflammable Minerals), Moscow: Geologiya, 
 1963. 
11. Dine-Hart, R.A. and Wright, W.W., Makromol. Chem., 
 1971, vol. 143, p. 189. 
12. Kokurin, A.D., Khim. elektrotermiya i plazmokhimiya 
 (Chemical Electrothermy and Plasmochemistry), 1980, 
 p. 14. 
13. Kokurin, A.D., Zh. Vses. Khim. Obshch. im. 
 D.I.Mendeleeva, 1979, vol. 24, p. 594. 
14. Kokurin, A.D., Zh. Prikl. Khim., 1979, vol. 52, no. 9,   
 p. 2048.  
15. Rudkevich, M.I., Rudkevich, D.M., and Pyrin, A.M., 
 Koks, Khimiya, 1986, vol. 4, p. 3032. 
16. Chemical Applications of Topology and Graph Theory, 
 King, R.B., Ed., Amsterdam: Elsevier, 1983. 



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY   Vol.  82   No.  3   2009 

SAZANOV, GRIBANOV 482 

17. Randic, M., Tetrahedron, 1975, vol. 31, no. 11/12,       
 p. 1477. 
18. Hanson, M.P. and Rouvray, D.H., J. Phys. Chem., 1987, 
 vol. 91, no. 3, p. 2981. 
19. Sannikov, A.K., Komkova, I.L., and Balykin, V.P., 
 Khim. Tverd. Tela, 1989, no. 1, pp. 107. 
20. Mochida, I., Matsuoka, H., and Tujutsu, H., Carbon, 
 1980, vol. 19, no. 3, pp. 213. 
21. Rus’yanova, N.D., Okislitel’naya pererabotka kamen-
 nougol’noi smoly (Oxidozing Treatment of Coal Tar), 
 Moscow: Metallurgiya, 1974.  
22. Averina, M.V., Kondrat’ev, I.A., and Rozeman, I.M., 
 Khim. Tverd. Tela, 1974, no. 2, p. 117. 
23. Rouvray, D.H., J. Mol. Struct., 1989, vol. 185, p. 187. 
24. Primenenie teorii grafov v khimii (Application of Graph 
 Theory in Chemistry), Zefirov, N.S. and Kuchano-      
 va, S.I., Eds., Novosibirsk: Nauka, 1988. 
25. Bonchev, D.G., Doctoral Sci. (Chem.) Dissertation, 
 Moscow, 1984. 
26. Balaban, A.T., Motoc, D., Bonchev, D., and Mekenjan, D., 
 Top. Curr. Chem., 1983, vol. 114, p. 105. 
27. Tzinajstic, N., Chem. Graph Theory, vol. 2. Ch. 4. CRS 
 Press, 1983, p. 105. 
28. Kirby, E.C., J. Molec. Struct. (Theochem), 1989, vol. 185, 
 p. 39. 
29. Levin, E.D., Teoreticheskie osnovy proizvodstva 
 drevesnogo uglya (Theoretical Bases of Charcoal 
 Industry), Moscow: Lesn. Prom-st’, 1980. 
30. Van Krevelen, D.W., Coal, Amsterdam: Elsevier, 1961. 
31. Schnekel, Y., Temmerman, M., Van, Belle, J.F., Van 
 Ker, and Kove, R., Energy Sources. P.A. Recovery, 
 Utilization, Enviromental Effects, 1999, vol. 21, no. 10, 
 p. 935. 
32. Shlenskii, O.F. and Polyakov, A.A., Dokl. Akad. Nauk, 
 1994, vol. 339, no. 4, p. 507. 
33. Sestak, J., Talanta, 1966, vol. 13, p. 567.  
34. Wendlandt, W.W., Thermal Methods of Analysis, New 
 York: Wiley-Sans, 1974. 
35. Turi, E.A., Thermal Characterization of Polymeric 
 Materials, New York: Acad. Press, 1981. 
36. Sazanov, Yu.N., Termicheskii analiz organicheskikh 
 soedinenii (Thermal Analysis of Organic Compounds), 
 Leningrad: Nauka, 1991. 

37. Wunderlich, B., Thermal Analysis of Polymeric 
 Materials, London: Springer, 2005. 
38. Gevorkyan, E.T., Barkova, L.V., and Gevorkyan, G.Kh., 
 Vysokomolekulyar Soedineniya A, 1975, vol. 17,         
 p. 1627. 
39. Barkova, L.V., Gevorkyan, E.T., and Tyurina, M.V., 
 Elektrotekhnika, 1995, no. 2, p. 28. 
40. Barkova, L.V., Gevorkyan, E.T., and Tyurina, M.V., 
 Elektrotekhnika, 1994, no. 9, pp. 53. 
41. Sefain, M.Z., Fade, M.N., El-Wakil, N.A., and El-
 Salaman, M.S.A., Polym. Stab., 1995, vol. 50, pp. 195. 
42. Pielichowski, K., Solid State Ionics, 1997, vol. 104,      
 p. 123. 
43. D’Almeida, A.L.F.S., Bazzeto, D.W., Calado, V., and 
 d’Almeida, J.R.M., J. Therm, Anal. Calor., 2008, vol. 91, 
 no. 2, p. 405. 
44. Flynn, J.H., J. Therm. Anal., 1988, vol. 34, p. 367. 
45. Karpukhin, O.N., Bystritskaya, U.V., Nepovinnykh, V.I., 
 et al., Plast. Massy, 2008, vol. 7, p. 21. 
46. Koptelov, I.F. and Karyazov, S.V., Plast. Massy, 2008, 
 no. 7, p. 24. 
47. Kozlov, G.V. and Novikov, V.U., Sinergetika i 
 fraktal’nyi analiz setchatykh polimerov (Synergetics and 
 Fractal Analysis of Net Polymers), Moscow: Klassika, 
 1998. 
48. Novikov, V.U. and Kozlov, G.V., Usp. Khim., 2000, 
 vol. 69, no. 4, p. 378. 
49. Novikov, V.U. and Kozlov, G.V., Usp. Khim., 2000, 
 vol. 69, no. 6, p. 572. 
50. Novikov, V.U., Kozitskii, V.V., and Ivanova, V.S., 
 Zavod. Lab., 1998, vol. 64, no. 11, p. 33. 
51. Novikov, V.U., Kobets, L.P., and Deev, I.S., Plast. 
 Massy, 2004, no. 2, p. 15. 
52. Strukturnaya khimiya ugleroda i uglei (Structural 
 Chemistry of Carbons), Kasatochkina, V.I., Moscow: 
 Nauka, 1969. 
53. Sazanov, Yu.N., Novoselova, A.V., Fedorova, G.N., et 
 al., Zh. Prikl. Khim., 2007, vol. 80, no. 12, p. 2046. 
54. Gribanov, A.V. and Sazanov, Yu.N., Zh. Prikl. Khim., 
 2008, vol. 81, no. 6, p. 881. 
55. Gubanova, G.N., Grigor’ev, A.I., Sazanov, Yu.N., et al., 
 Zh. Prikl. Khim., 2008, vol. 81, no. 6, p. 971. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


