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Chemical physics of decomposition of energetic materials.

Problems and prospects
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Abstract. The review is concerned with analysis of the results
obtained in the kinetic and mechanistic studies on decomposition
of energetic materials (explosives, powders and solid propellants).
Itis shown that the state-of-the art in this field is inadequate to the
potential of modern chemical kinetics and chemical physics.
Unsolved problems are outlined and ways of their solution are
proposed. The bibliography includes 235 references.

1. Introduction

The kinetic and mechanistic studies of decomposition of energetic
materials (explosives, solid propellants and powders; hereafter,
EMs) are first of all necessary for solving practical problems.
Design of novel EMs, establishment of safe conditions for their
synthesis, storage life calculations and control of the stability,
combustion and detonation of EMs require knowledge of the
mechanism of thermal decomposition and quantitative data for
the description of the process over a wide temperature interval and
for different states of aggregation. Studies on the kinetics and
mechanism of thermal decomposition are necessary to solve not
only technical problems but also some fundamental problems of
chemical physics, e.g., establishment of interrelations between the
structure and reactivity of EMs, development of theoretical
concepts of solid-phase reactions, understanding of the mecha-
nism of combustion and detonation of EMs, efc.

Intensive research on the kinetics and mechanism of decom-
position of explosives and powders began in the 1950s. Inves-
tigations on thermal decomposition of particular classes of
explosives and model compounds, viz., aliphatic nitro com-
pounds,! secondary nitramines,>~# nitro esters,>> ammonium
perchlorate,®7 efc., have been well documented. The results of
thermal decomposition studies of the explosives mentioned above
and some other compounds (organic difluoroamino compounds,
furazans, furoxans, tetrazoles, ammonium nitrate and metal
nitrates, hydrazinium and hydroxyammonium salts, metal per-
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chlorates, nitric acid and perchloric acid) were summarised in a
monograph.8

High demand for preparation of solid propellants and other
polymeric materials including polymeric composite materials
(PCMs) for civil purposes gave an impetus to studies on the
physical chemistry of polymers. Considerable advances in this
field were made by researchers belonging to the scientific schools
headed by V A Kargin, N M Emanuel and N S Enikolopov; the
most important results were reported earlier.” 13

In regard to design of solid propellants, studies on decom-
position of explosives and powders were followed by investiga-
tions of destruction of polymer networks that are also widely used
in national economy. The authors of monographs ® !5 also ana-
lysed the results of kinetic and mechanistic studies of molecular
destruction of various classes of unfilled polymers (mostly linear
carbochain polymers) exposed to heat treatment, various kinds of
radiation, mechannical load and corrosive media and formulated
the physical and chemical principles of stabilisaiton of these
compounds. Studies of destruction processes showed that distinc-
tions between linear polymers and polymer networks cause
marked differences in character of molecular destruction of these
compounds.!6-31

In writing this review the author tried to present a critical
analysis of the results obtained in the kinetic and mechanistic
studies of decomposition of EMs in order to reveal unsolved
problems and to compare the state-of-the-art in this field and the
potential of modern chemical kinetics and chemical physics. Such
a critical assessment for EMs has not been reported as yet, though
it would be useful for outlining prospects for the development of
this branch of chemical physics and for formulating and planning
further research of decomposition of EMs.

I1. Kinetics and mechanism of decomposition of
explosives and oxidisers

1. Explosives and model compounds

A chemical reaction can be characterised both qualitatively by
dividing into elementary stages (mechanism) and quantitatively
by determining the corresponding rate constants; therefore,
interrelations between the kinetics and mechanism are of great
importance. At present, the mechanism of a complex chemical
reaction is usually established using experimental data on the
composition of the reaction system obtained from thermochem-
ical measurements, while the rate constants for elementary stages
of the process are determined from the results of measurements of
changes in the concentrations of the starting compounds, inter-
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mediates and end products in the course of reaction. Usually, the
reaction kinetics and mechanisms are studied in relation to the
reactant concentrations and state of aggregation, temperature and
other external factors. A combination of this approach and
modern physicochemical methods (EPR, IR and NMR spectro-
scopy, gas-phase electron diffraction, gas-phase neutron diffrac-
tion, positron annihilation, ezc.) has been successfully employed
in, e.g., studies on thermal destruction and oxidation of linear
carbochain polymers.®- 13

To date, hundreds of explosives and model compounds
belonging to various chemical classes have been studied. Usually,
the mechanisms of their decomposition are multistage. A charac-
teristic example is provided by the decomposition of 1,1,1-trinitro-
ethane vapours, which involves the following elementary
stages:!-8

CH3;C(NO,y); —» CH3;C(NO,), + NO;, )
CH;C(NOy); —> CH;CO + NO + NO;, 2
CH3C(NO,), + NO, —» CH3CO + NO + 2NO,, 3)
CH;C(NO,), + NO —»> CH;C(NO)(NO,),, @)
CH3C(NO)(NO;), —» CH5CN + NO, + NO;, ©)
CH;CO —» CH; + CO, (©6)
CH;CO + NO, —» CH;COO + NO, )
CH3;C00 —»> CHj + CO,, ®)
CH;COO + RH —» CH;COOH + R, )
CH;CO0 + CH; —» CH3;COOCH;3, (10)
CH; + NO> —»> CH;3NO,, (11
CH; + NO> —» CH;0 + NO, (12)
CH; + NO —»> CH;NO, (13)
CH3;NO —»> HCN + H,0, (14
CH3NO + 2NO —» CH; + N, + NO3, (15)
CH3;NO + NO, —» CH3NO, + NO, (16)
CH;O0 + RH —> CH;OH + R, (17)
CH;0 + NO, —»> CH;ONO,, (18)
CH;0 + NO, —» CH,0 + HNO,, (19)
CH;0 + NO —» CH;0NO, (20)
CH;0 + NO —» CH-0 + HNO, @n
2HNO —» H,0 + N0, (22)
CH,0 + NO; —» H,0 + NO + CO,. (23)

However, the actual decomposition mechanism of 1,1,1-
trinitroethane vapours is more complex than that described by
Eqns (1)—(23). For instance, Eqn (23) is unbalanced and seem-
ingly describes several stages simultaneously. A number of com-
pounds treated as end reaction products in Eqns (1)—(23) (they
are given in bold) differ only slightly in stability from the starting
compound (similarly to NO3 and HNO) and react with other
components of the reaction system (e.g., CH3OH reacts with NO3
and HNO,). According to Refs 1 and 8, at least twenty-six
reactions are needed to schematically describe the decomposition
of CH3NO, up to ignition, the primary stage being a homolysis of
the C—N bond. However, there is no consensus of opinion
concerning the decomposition mechanism of even such a simple
compound as nitromethane.?? It was established that at temper-
atures below 700 °C the initial stage of the reaction involves
cleavage of the C—N bond accompanied by rearrangement of
CH;3NO; to give methyl nitrite and by decomposition of the last-
mentioned compound.33-35

Decomposition of explosives is usually a complex process that
involves at least several tens of elementary stages. Therefore,

determination of the true rate constants for all these stages is a
complicated task. The compositions of explosives, oxidisers of
solid propellants and powders also contain carbon, hydrogen,
oxygen and nitrogen and chlorine or fluorine (more rarely; the
oxidation states of nitrogen and chlorine can vary over a wide
range). The decomposition mechanisms of these compounds are
hardly simpler than the destruction and oxidation mechanisms of
carbochain polymers. Because of this, studies on decomposition
of explosives, oxidisers of solid propellants and powders should be
a priori carried out using modern methods. Up to date, almost all
studies on thermal decomposition of explosives (with few excep-
tions) are carried out by sufficiently sensitive and simple methods
of formal kinetics.® Abroad, research in recent ten to fifteen years
has been carried out using improved methods of isotope mixing,
pulsed laser irradiation, mass spectrometry with modulation of
gas beam, fast IR spectroscopy and other dynamical methods of
detection of products, which allows the temporal evolution of
chemical compounds in the gas phase to be followed.*

Studies on the kinetics of thermal decomposition of explosives
and model compounds using gas manometric technique involve
determination of the pressure of gaseous compounds in the course
of a reaction performed in a closed volume. The degree of
decomposition of explosives (1) is calculated as the ratio of the
current pressure of gases p(f) to the pressure corresponding to
complete cessation of the increase in the pressure in the course of
decomposition (p.),

_r)
D

The decomposition of 1,1,1-trinitroethane [see Eqns (1)—(23)]
is characterised by a ~35: ~25: ~40 ratio (in per cent with
respect to the total number of stages) between the reaction stages
accompanied by an increase in, a decrease in and constancy of the
number of moles of gases. This ratio remains nearly the same for
other explosives.! ~8 Therefore, the major drawback of the mano-
metric technique is that it introduces an element of uncertainty
and provides incomplete kinetic data. This method cannot in
principle provide information on the stages proceeding without
changing the number of moles of gases. Generally, it can be used
to obtain generalised information on the stages accompanied by
changes in the number of moles of gases because usually the
kinetic curves of decomposition of explosives are described by
relatively simple reaction equations (first-order reaction or first-
order autocatalysis equations) containing one or two empirical
rate constants. Often, a certain equation can describe only a
portion of rather than the whole kinetic curve. The temperature
interval for kinetic studies of thermal decomposition of explosives
is usually no wider than 40—50 °C. The complete gas evolution,
AV, is related to the pressure p., and is expressed in units of
reduced volume (volume of gaseous products evolved under
normal conditions per 1 gramme of explosive under study).
Usually, the parameter AV, is only determined at elevated
temperatures in spite of the fact that the AV, value considerably
increases with temperature. The dependence of AV, on temper-
ature and changes in the composition of gaseous products in the
course of reaction introduce errors in the determination of the rate
constants, activation energy, E,, and pre-exponent, ko, in the
Arrhenius equation. By and large, the method is characterised by
low accuracy so that determination of the activation energy with
an error of at most 4 kJ mol~! in a temperature interval of 40 °C
requires a series of 10— 12 runs.3¢

Solving some practical problems at least requires knowledge
of the true rate constant for the initial stage of a complex reaction
(kin). Usually, it is believed that ki, can be determined using
methods of formal kinetics provided that the rate of the overall
reaction is limited by the first step 3¢ or that the ki, value much
exceeds the rate constants for the subsequent stages. Thus, to
determine kj,, one should know all the rate constants for the
subsequent stages. If the manometric technique is employed, it is
also necessary that the initial stage of the reaction be accompanied

n
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by a change in the number of moles of gases and irreversible. Yet
another necessary condition is the absence of competing concur-
rent reactions. However, these conditions are far from being
met.%37-38% For instance, the primary stages of the decomposition
of 1,5- and 2,5-disubstituted tetrazoles proceed without evolution
of gas.37-3% Decomposition of some nitro derivatives of cyclic
compounds containing strained bonds also involves no formation
of gaseous products in the first step. A conventional assumption
that the experimental rate constant (kexp) equals the rate constant
for the primary (limiting) step of a successive reaction is qualita-
tive in character. To assess feasibility of this assumption, infor-
mation on the kinetics and mechanisms of further steps is
required, because the accuracy depends on the number of stages
and on the corresponding rate constants. However, relations
between kexp and the rate constants for elementary stages were
established only for relatively simple reactions.?”-3° An example is
provided by the decomposition of 1,5-disubstituted tetrazoles,
which involves a reversible formation and decomposition of
azidoazomethines:3”

kexp = k]kz(k,l + kz)fl,

where ki, k_; and k» are the rate constants for the direct and
reverse formation of azidoazomethine from tetrazole and for the
decomposition of azidoazomethine with evolution of N», respec-
tively. The rate constants for a concurrent decomposition channel
involving no intermediate formation can also contribute to kexp.37
The rate constant, keyp, for the radical-chain decomposition of
2,4,6-trinitrotoluene can be expressed as the sum:3°

kexp = arky + askikoks' + azkiks(koks) =1,

where ki, k>, k3 and ks are the rate constants for the chain
initiation, propagation, transfer and termination steps, respec-
tively, and a;, a» and a3 are constants.

The primary step of decomposition of explosives can be
directly studied in the gas phase by suppressing secondary
reactions. Detection of gaseous products of primary decomposi-
tion in the condensed phase is a much more complicated task
compared to gas-phase studies, because diffusion even through
thin layers of explosives takes a finite time, which is responsible for
a finite degree of conversion with respect to secondary reactions.*
It is believed 8 that the possibility of changing gas-phase reaction
conditions over a wide range allows the first monomolecular stage
of a complex decomposition reaction to be distinguished and its
kinetic characteristics to be determined by the manometric tech-
nique. This approach was employed in studies of gas-phase
decomposition of nitroaromatic compounds. However, the radi-
cal-chain mechanism of these reactions was not proved, the
amounts of inhibitors (I., NO, , NO) introduced were comparable
with the amounts of compounds under study and the kinetic chain
length was not determined. Clearly, the assumption mentioned
above is inapplicable to those explosives for which the primary
step of decomposition is due to competition between a number of
reactions proceeding by a radical or molecular mechanism.

Often, the molecules of energetic compounds contain a
number of (different-type) active reaction centres. These atomic
groups interact with one another and compete in the initial stages
of thermal decomposition reactions. In this connection the most
reactive centre must be determined. The interaction of atomic
groups causes the electron density to be redistributed between
them as a result of the donor—acceptor interaction, which
manifests itself in specific properties of complex energetic com-
pounds (structural elasticity and conformational mobility of
atomic groups), electron density redistribution in the transition
state of a chemical reaction, efc.*%-4! Extensive literature on
manifestation of the mutual influence of atomic groups in various
complex organic molecules is available. Combining a number of
experimental methods (IR and Raman spectroscopy, X-ray dif-
fraction and neutron diffraction, measurements of dipole
moments, efc.) allows reliable information on the structural

features of complex molecules and intramolecular dynamics to
be obtained. Unfortunately, interrelations between different char-
acteristics are still poorly studied. Because of this, many correla-
tions can only be applied to structurally similar compounds.*?

At present, a number of stubborn problems related to the
presence of and donor-acceptor interaction between several
reaction centres in the molecules of explosives can be solved only
experimentally.3®43 For instance, the decomposition of com-
pounds RN(NO»)CH>C(NO»),X begins with homolysis of the
C—NO; bond (X = NO,) and the N—NO; bond (X = F).3¢ The
inductive effect of substituents causes a decrease in the bond
dissociation energies by 4—8 kJ mol—!. Experiments showed that
at least in those cases where the molecules of explosives contain
unstable functional groups some rate constants for the subsequent
stages of decomposition are comparable with ki, in magnitude.
This can lead to the formation of rather stable products which can
still undergo further decomposition.** This phenomenon called a
stepwise (two-stage) decomposition has long been known;** 46
recently, it again attracted considerable attention.3¢-43.47

A few studies concerned with comparison of the kinetic
parameters of decomposition obtained by methods of formal
kinetics and by direct analytical techniques have been reported.
For instance, liquid chromatography and UV spectroscopic
studies of decomposition of trinitrophenylmethylnitramine (1)
showed 40 that the concentration of this compound decreases
down to zero before the evolution of gaseous products ceases
(Table 1). The composition of gaseous products changes in the
course of the process, viz., the NO> content passes through a
maximum and decreases down to zero nearly simultaneously with
full consumption of compound 1, which decomposes into three
condensed compounds, N-methyltrinitroaniline (2), trinitroani-
zole (3) and picric acid (4). It seems likely that the primary step of
decomposition is characterised by three rate constants, the ratios
between them being varied with temperature because the fraction
of compound 2 in the condensed phase increases as temperature
increases. Products 2 and 3 undergo a slow decomposition to give
compound 4, so the exact rate constants for the primary step of
decomposition of compound 1 can be determined by studying not
only the kinetics of comsumption of 1 but also the kinetics of
accumulation of the condensed products 2—4. Thus, the true rate
constant, ki, for the initial stage of decomposition of explosives
cannot be determined using methods of formal kinetics.4¢
Changes in the ratios between the rates of particular stages of
1,1,1-trinitroethane decomposition are also indicated by the
dependence of the composition of decomposition products on
the degree of decomposition 7 (Fig. 1).

Table 1. Composition of reaction system (in moles of product per mole of
starting compound) for thermal decomposition of trinitrophenylmethyl-
nitramine at 433 K.4¢

t /min Gaseous Content of system’s components
products @

1 2 3 4
25 — 0.832 0.030 0.073 0.037

40 0.450 (0.021) - — - —

50 0.667 (0.018) - 0.039 0.230 —
55 - 0.494 0.045 0.265 0.094
70 1.118 (0.031) — — 0.295 0.113
90 1.550 (0.021) 0.227 0.072 0.412 0.131

110 1.808 (0.016) — — 0.503 —
145 2.030 (0.004) 0.029 0.065 0.525 0.160

200 2.149 (0.001) — — — —
300 — 0.019 0.047 0.478 0.204

400 2.280 (0.000) — — 0.463 —
1440 2.674 0 0.031 0.110 0.524

#NOx is given in parentheses.
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Figure 1. Yield of decomposition products of 1,1,1-trinitroethane at
443 K plotted vs. degree of decomposition;!-8
CH3NO: (1), CH30NO; (2), CH3CO2H (3), CH3NO (4).

Usually, calorimetric or gravimetric methods of studies on the
kinetics of complex chemical reactions are also inappropriate for
the determination of true rate constants. Indeed, the decomposi-
tion of explosives involves both exothermic and endothermic
stages that can strongly differ from one another in thermal effects.
Generally, different elementary stages of a complex reaction are
accompanied by different changes in the mass of the condensed
phase. Despite the fact that methods of formal kinetics do not
allow the true rate constants for thermal decomposition to be
determined, they can be useful for comparing the stability of
functional groups with strongly different reactivities.*

However, often the activation parameters (E, and ko) deter-
mined using methods of formal kinetics differ even for the same
compound.*3 49 Scatter of data can be explained by inadequacy
of procedures employed that makes it impossible to distinguish
between the initial steps and catalytic stages and between different
phase states of a compound under study and by the influence of
side effects on the decomposition. Large scatter of data can be a
reason for incorrect conclusions concerning the influence of the
structure on the stability of explosives. For instance, the nitramine
N —N bonds are only slightly influenced by the inductive effect of
substituents; in this case, the geometry of the nitramine group is of
great importance, namely, the N—N bond dissociation energy,
D(N-N), is 169.5 kJ mol—! for planar nitramine groups and
157.5 kJ mol~! for pyramidal ones. Different degree of structural
distortion of pyramidal nitramine group caused by steric strain
results in different degree of conjugation between nitrogen atoms
in this group, which in turn influences the N— N bond length and,
hence, strength. Since it is this bond whose cleavage is the primary
step of the decomposition of nitramines, a change in the N—N
bond length affects the activation energy, E,, for the initial stage
of the reaction. It was found that the £, value increases rather than
decreases as the N—N bond elongates.*-3° Thus, it does not
always happen that the results obtained by methods of formal
kinetics permit estimation of the thermal stability ratios of related
compounds.

Usually, it is appropriate to generalise the results of kinetic
studies of various classes of explosives and to reveal relations
between the reactivity, structure and physical characteristics of
explosives using the Hammett— Taft equations that relate differ-
ent rate constants to one another.>! =33 Correlations between the
activation energy, E,, for decomposition of nitro compounds and
their structural characteristics were established using home-made
codes.> 3> These correlations are to some extent useful for
systematisation of experimental data on the rate constants; how-
ever, detailed analysis of the reactivity problem can be performed

only for groups of related reactions. Moreover, interpretation of
the physical meaning of the correlation coefficients is arbitrary. In
addition, because we don’t know with certainty whether the
experimental rate constant for decomposition, kexp, is the true
rate constant for the primary elementary step, the scientific value
of the relations between the structure of explosives and their
reactivities characterised by methods of formal kinetics seems to
be doubtful.

In solving a number of practically important problems one
should know the rate constants for not only initial stages of
decomposition. Determination of all the rate constants for multi-
stage reactions is a complicated task. The situation is simplified if
the case in point is a study on in-service explosives because
decomposition of related explosives involves a number of identical
stages. Knowledge of the rate constants for many elementary
stages of decomposition of explosives is also necessary to solve
other problems.’>>7 Obtaining detailed kinetic information
requires the use of modern methods that allow one to monitor
changes in the reactant concentrations directly in the reaction
system, to establish position of the reaction centre, to obtain
information on transient structures, etc.58~62

However, these techniques are scarcely employed in the
decomposition studies of explosives. Because of this, neither the
mechanisms of nor rate constants for elementary stages are known
even for in-service explosives. In this case, the decomposition of
cyclic nitramines near the melting temperature was studied in
most detail.®3 Generally, thermal decomposition of 1,3,5-trinitro-
1,3,5-triazacyclohexane in the liquid phase can follow four reac-
tion paths in the primary stage. These are HNO; release (30%),
N—N bond cleavage (10%), formation of a mononitroso
compound in the reaction of the explosive with NO (35%) and,
finally, autocatalysis of the decomposition of the explosive (or the
mononitroso compound) with the end product containing amide
groups (25%). A similar composition of products was observed
for the decomposition of molten 1,3,5,7-tetranitro-1,3,5,7-tetra-
azacyclooctane, but the decomposition mechanism of this com-
pound was not established because of the lack of quantitative
data.* In addition to the reactions considered above there is a
number of examples that suggest unreliability of at least particular
stages of the decomposition mechanism of explosives and model
compounds.># This can likely be explained by the fact that the
mechanism of a complex decomposition reaction of an explosive is
usually studied in isolation from the studies on the kinetics of
elementary stages of the reaction. For instance, compounds 2 and
3 were not included®%* in the scheme of decomposition of
compound 1, though they were experimentally detected among
the decomposition products.*6

Reliability of a reaction mechanism can be established by
performing a complex study on the kinetics of elementary stages
and by comparing the experimental and calculated kinetic curves
plotted for intermediates and end reaction products. In this case,
computer simulation can offer considerable advantages (Fig. 2).

Data on the elementary stages and corresponding rate con-
stants for decomposition of explosives in the condensed phase are
scarce and less reliable compared to similar data for the gas
phase.?# 8 For instance, no well-substantiated chemical schemes
of liquid-phase decomposition of some classes of explosives are
available and there is no consensus of opinion of the reasons for
the fact that some nitro compounds decompose in the liquid phase
faster than in the gas phase.3®-%° It should be kept in mind that
passage from the gas phase to the liquid phase can be accompa-
nied by a change in the reaction mechanism.? 4 Here, even if the
elementary reactions remain unchanged, physics of reactions in
the condensed phase is significantly different from physics of gas-
phase reactions. Namely, the ratios between the rates of compet-
ing processes, the limiting stages and the physical meaning of the
kinetic constants are often changed. Studies on the decomposition
kinetics in the condensed phase are complicated by the appearance
of the gas phase. Differences between the mechanisms of decom-
position in different phases and ignoring the distribution of
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Figure 2. Nitromethane decomposition graph obtained by computer
simulation.??

H>CO

reaction products and sometimes reactants between phases cause
the reaction kinetics to be dependent on the ratio of the mass, m, of
the sample to the volume, V, of the reaction vessel. The influence
of experimental conditions on the results of studies carried out
using methods of formal kinetics has been the subject of a wide but
unsuccessful speculation.

Many explosives are polar compounds. A reason for a
possible change in the decomposition mechanism of explosives
on going from the gas phase to the liquid phase is intermolecular
interaction. Recently, supramolecular chemistry has been inten-
sively developed. The subject of this branch of science is physical
chemistry of systems that are (i) more complex than single
molecules and (ii) connected to one another through intermolec-
ular (non-covalent) interactions.® Supramolecular systems can be
characterised by the spatial arrangement and architecture (supra-
molecular structure) of their components and by types of the
intermolecular interactions responsible for interconnection of the
components. Liquids whose molecules contain centres of inter-
molecular interactions can form hydrogen, dipole—dipole and
other strong bonds with energies ranging between 10 and
60 kJ mol—!. Association of liquid molecules is a consequence of
the formation of labile intermolecular bonds, the equilibrium
concentration of which increases as temperature decreases. Asso-
ciation of molecules can influence their reactivities ®7 due to (i) a
change in the structure of valence electron shells, (ii) such a mutual
arrangement of the molecules, which favours (or precludes) a
chemical reaction and (iii) a decrease in the molecular mobility.
The higher the concentration of intermolecular bonds, the greater
the decrease in the molecular mobility in the system on the time
scale comparable with the lifetimes of the labile bonds.

Molten trinitrotoluene contains both free molecules and
trimolecular associates.®® Intramolecular oxidation of a CHj
group proceeds via transformation of a transient cyclic complex,
resulting in 4,6-dinitroanthranyl. In the associate a CH3 group of
one trinitrotoluene molecule is oxidised owing to NO; groups of
other molecules in the associate, which are reduced to give azoxy
and azo compounds. On going from vapour-phase decomposition
to liquid-phase decomposition a number of high-melting ther-
mally stable explosives (nitropyrroles, nitro derivatives of pyri-
dine, pyrazole and triazole, furazans, benzofuroxans and
pyridofuroxans) exhibit a dramatic decrease in E, (by up to
125 kJ mol—') and in thermal stability (by 50— 140 °C). This can
be explained by the formation of associates, which allows the
radical mechanism of decomposition to be replaced by the
molecular mechanism.% IR spectroscopic studies revealed self-
association in dimethylnitramine 7° and nitroglycerine.”! At room

temperature, nitroglycerine monomers, dimers, trimers and tet-
ramers are in 1:1:4:5.5 ratio.

Despite the fact that association of molecules can affect their
reactivities (and, hence, should be taken into account in the kinetic
and mechanistic studies of decomposition of explosives), the role
of molecular association in the course of decomposition of
explosives is still to be clarified. Based on indirect data (feasibility
of Trouton’s rule), it was assumed?® that association has no effect
on thermal decomposition of explosives, because no association
possibly takes place at corresponding elevated temperatures.
However, this assumption does not simplify the situation because
data obtained at elevated temperatures cannot be used for
stability prediction of explosives under the working and storage
conditions if uncorrected for molecular association. Self-associa-
tion of the molecules of explosives both at low and at elevated
temperatures has not been studied in detail as yet, though this
phenomenon and formation of clusters of associates can be
directly quantitatively studied by IR and NMR spectroscopy. If
inhomogeneity of a system is due to the presence of associates, an
exchange between the associated and non-associated states must
affect the transverse magnetisation decay. NMR spectroscopy
allows the rate of magnetisation exchange between nuclear spin
subsystems with different mobilities and/or different resonance
frequencies to be evaluated.”? This technique can be used in the
kinetic studies of complex chemical processes involving transi-
tions from high-populated ground states to less populated but
kinetically more active states.”> To follow structural changes in
molecular and supramolecular systems on the picosecond and
shorter time scales, a number of multidimensional nonlinear
coherent NMR, IR, Raman and EPR spectroscopic techniques
were developed. 062,74, 75

According to modern concepts,’® multistaginess of the mech-
anism of a chemical reaction, which involves reversible, concur-
rent and successive stages and catalysis by gaseous or condensed
products, causes the appearance of spatial and temporal dissipa-
tive structures (DS). In the former case the distribution of
reactants and, hence, the rates of elementary stages and of the
overall process is nonuniform in space, the nonuniformity being
microheterogeneous in character. In this case, traditional methods
of kinetic studies providing volume-averaged values of measured
parameters are inapplicable and local methods should be devel-
oped. A rather high spatial resolution (a few nanometres) can be
obtained in spin diffusion studies.” 77

In the case of temporal DS the concentration of intermediates
and the corresponding rates of formation are characterised by
oscillations, which can be either regular of chaotic in character.
The discovery of oscillations of the heat release rate in studies 7® of
thermal decomposition of moist nitrocellulose (Fig. 3) was fol-
lowed by observations of this phenomenon in the course of
decomposition of explosives in the presence of water and in the
decomposition of aqueous HNOj solutions.”®-80

a b
/I min—1 g—1 do /T min—1 g—1

dr

40
dr
8

400 800 1200 ¢/min t /min
Figure 3. Heat release rate, dQ/d¢, plotted vs. time for decomposition of
nitrocellulose at 423 K (a) and total oscillation profile (b);”°

open system (I); mV~—!'=0.5x10"3gcm—3, humidity 1% (2);
mV—1=0.5%x10"3 g cm—3, humidity 23% (3).
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Detailed studies on the stability of a reaction system require
methods that permit the determination of the concentrations of
intermediates in the course of reaction and provide a reasonably
high temporal (for monitoring) or spatial resolution. A calori-
metric technique 7839 allows the sum of the rates of the changes in
the enthalpies due to the occurrence of chemical and physical
processes rather than the reactant concentrations to be measured,
so oscillations of the total rate of heat release (absorption) can be
significantly different from oscillations of the concentrations of
intermediates. When using manometric technique, the pressure of
gaseous products of decomposition of explosives is usually
measured manually in relatively long time intervals (as a rule,
tens and hundreds of minutes). Therefore, small pressure oscil-
lations remain undetected in the course of decomposition, though
the method permits detection of dramatic changes in pressure in
the case of low-frequency, large-amplitude oscillations.

Stability studies of reaction systems are of importance for
both elucidation of reaction mechanism and determination of true
rate constants for elementary stages of decomposition. If an
attempt to describe a self-oscillation reaction using a kinetic
model based on a hypothetical mechanism fails, either the reaction
mechanism involves no appropriate stages or some constants for
the stages under study are incorrect. In this connection theoretical
methods 8! ~#3 seems to be promising. For instance, oscillations in
the course of decomposition of aqueous HNOj solutions cannot
be explained in the framework of the mechanism proposed in
Ref. 8. Reversibility of HNO;3; decomposition has not been
experimentally proved as yet. Probably, the following reactions
proceed at rather high temperatures

HNO3; + NO — HNO + NOs,
2HNO — H,0 + N0,

therefore, the overall decomposition of HNOj is irreversible. The
rate constants calculated ® from the data of calorimetric experi-
ments do not correspond to clementary stages because the
calculation procedure ignores the presence of HNO3; monohy-
drates and trihydrates in aqueous HNOs; solutions and the
enthalpy changes upon the formation of hydrates.®* The need of
determination of the rate constants for elementary stages of
decomposition of HNO3 and nitrogen oxides is also due to the
fact that these compounds are intermediates of decomposition of
many explosives.

Experiments showed that solid-phase thermal decomposition
of explosives is a spatially inhomogeneous process.® 8 Corre-
sponding studies of liquid-phase thermal decomposition have not
been reported so far. NMR spectroscopy is an efficient method of
DS studies in the condensed phase, which allows the appearance
of microheterogeneous species to be detected and their size and
concentration to be determined.””-86-87

Information on the mechanisms of solid-phase decomposition
of explosives and oxidisers of solid propellants and corresponding
rate constants for elementary stages is scarce. It was repeatedly
pointed out that the determination of low degrees of conversion (a
few tenths of a per cent) in studies of solid-phase decomposition is
precluded by the fact that some products remain solid and cannot
thus be determined gravimetrically and manometrically. For
instance, it was established #® that the pressure of gaseous decom-
position products in microcavities of ammonium perchlorate
crystals reaches 2—3 MPa. It is assumed # that accumulation of
gaseous products in a crystal having cavities filled with gas leads to
the formation of two zones differing in reactivity, namely, a near-
surface zone (here, the compound is under tension) and an internal
zone where the compound is under uniform compression.

It was proposed to characterise the effect of the lattice of
molecular crystals on the reactivity of explosives by the ratio of the
apparent rate constants for gas-phase ?° (or liquid-phase °') and
solid-phase [kexp (s)] decomposition, or the so-called retardation
effect of the crystal lattice.?®°! This effect ignores both the
concentration and type of defects. Studies®*-°! were carried out

without evaluation of crystal defectivenesses; the kexp,s) values
obtained were low (up to nearly 10~ 12 s~ 1) and not corrected for
dissolution of gases in the explosives under consideration and for
the absence of quasi-stationary concentrations of intermediates
(this is of importance at low degrees of decomposition), so the
parameters kexp,(s) seem to be determined with a low accuracy. In
addition, no proofs were presented that the reaction mechanism
remains unchanged on going from the gas-phase to the solid-
phase reaction, though such a change is possible.?- -6 In partic-
ular, mention may be made that the energy barrier to intercon-
version of 1,3,5-trinitro-1,3,5-triazacyclohexane conformers in
the gas phase is low (6 to 20 kJ mol—!) and the results of kinetic
measurements of gas-phase decomposition of this compound
correspond to the dynamically averaged structure.?> Based on
comparison of similar experimental data with the conclusions
drawn using an approximate theory that ignores many essential
factors, it was concluded ® that the decomposition of all plastic
crystals and compounds with the melting temperatures below
100 °C proceeds as a homogeneous bulk reaction.® This conclu-
sion seems to be not proved and the criteria for reaction homoge-
neity (plasticity of crystals and 7y, < 100 °C) lack substantiation.

2. Decomposition of explosives under fast initiation
Recently, considerable progress has been made in studies of pre-
explosion phenomena under fast initiation of explosives ?3~°7 due
to the use of equipment with submicrosecond and nanosecond
time resolutions. The results obtained using fast pulse radiolysis
and flash photolysis techniques allowed conclusions about the
mechanism of an elementary act of explosive decomposition of
metal azides and a chain nature of the process to be drawn.* The
decomposition of metal azides involves the following stages: hole
localisation on a cationic vacany, reconstruction of a reactive site
via a chemical reaction resulting in the formation of a quasi-local
hole state in the valence band, hole delocalisation from the
reconstructed reactive site, generation of charge carriers by impact
ionisation by ‘hot’ holes and recovery of the local state in the
forbidden band, which provides conditions for repetition of this
sequence of stages. Propagation velocity measurements for explo-
sive decomposition of a silver azide whisker were reported.®> The
results obtained (~ 1500 m s—') were associated with the prop-
agation velocity of the diffusion front of holes generated in the
course of decomposition.

Pre-explosive phenomena in secondary explosives studied
taking 1,3,5-trinitro-1,3,5-triazacyclohexane as an example are
characterised by a larger number of stages compared to similar
phenomena in metal azides.?® Initiation of an explosive involves a
destruction stage, which is necessary for subsequent efficient
supply of energy and is local in character. Energy dissipation
occurs in the so-called hot spots. Dislocations or associations of
dislocations play an important role in the hot spot nucleation
stage. A key feature of this stage are electronic excitations. Local
narrowing of the forbidden band near dislocations on compres-
sion of explosives dramatically increases the probability of elec-
tronic excitation and cleavage of the N—NO, bond.* %3

The decomposition kinetics of explosives under fast initiation
was studied by direct detection of gaseous decomposition prod-
ucts on the millisecond time scale using time-resolved mass
spectrometers with a performance of up to a hundred of scans
per second.”® More than ten neutral and ionised particles (NO;,
NO, HCN, CN, etc.) were detected near the surface of the sample
40 ps after application of a 20 ns pulse of an excimer (KrF) laser
with a fluence of 5J cm~—2 to a 1,3,5-trinitro-1,3,5-triazacyclo-
hexane single crystal.’® Photon emission in the near UV and
visible regions, delayed by 200 ns to 1.2 us relative to the laser
pulse was also detected. An increase in the laser fluence was
accompanied by the appearance of long-lived excited neutral
species identified as NO.

In discussing the results of studies on laser-initiated decom-
position of explosives it was hypothesised that optical breakdown
can compete with chemical decomposition of explosives. Mani-
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festation of a particular mechanism is governed by the porosity,
dispersion and reactivity of explosives. The problem of extraction
of kinetic information from the data obtained under fast initiation
of decomposition is still to be solved. In this connection time-
resolved magnetic resonance spectroscopy based on detection of
the nuclear polarisation of diamagnetic reaction products offers
great prospects for research on the spin dynamics and chemical
kinetics of short-lived radical species in photochemical reac-
tions.”

3. Ammonium perchlorate

Among oxidisers of solid propellants, ammonium perchlorate
(AP) has undoubtedly been studied in most detail. Nearly a
thousand of publications concerned with the properties of this
compound have been reported (see, e.g., Ref. 7 and references
cited therein). The results of studies carried out in the 1960s and
1970s changed our concepts of the mechanism of AP decomposi-
tion, though researchers still have contradictory opinions of some
important issues.®%9°~101 In particular, it was established that the
primary act of solid-phase decomposition of AP involves transfer
of a proton followed by the formation of ammonia and perchloric
acid.

The topographical features of thermal decomposition of AP
were studied by optical microscopy.®® Note that optical micro-
scopy has a limited spatial resolution, which prevents structural
elements smaller than 0.2 um from being observed. The decom-
position was accompanied by the appearance of spherical mobile
‘nuclei’ at depths greater than 5 pm (below dislocation outcrops),
which grew until a size of nearly 1 pm. As time passed, the nuclei
formed an ellipsoidal decomposition centre elongated along the
(010) crystallographic direction. The number of decomposition
centres in the crystal can vary over a wide range (from one or two
to several tens), being (probably) dependent on uncontrollable
factors influencing the sample in the course of preparation; the
defectiveness of AP crystals on the nanolevel was not assessed
prior to the experiments.

Based on the results of studies on the topographical features of
AP decomposition,® a dislocation-chain mechanism (DCM) of
reaction was proposed.® According to this mechanism, disloca-
tions can be generated in the course of reaction under the action of
mechanical stress produced on accumulation of gaseous decom-
position products in the bulk of the crystal and the motion of
dislocations favours the decomposition reaction owing to rear-
rangement of the AP lattice. This is a phenomenological concept,
because experimental data®® provide no unambiguous proof of
the effect of dislocations on the decomposition of AP crystals. For
instance, a substantial increase in the starting dislocation density
(from 10% to 10 cm —2) affects only slightly the induction period in
the curves of relative mass change in the course of thermal
destruction, which becomes nearly three times shorter; however,
the change in the dislocation density has no effect on the accel-
eration stage (Fig. 4).

Preliminary deformation of a crystal to saturate it with
dislocations is accompanied by a nearly 105 kJ mol~! increase
rather than a decrease in the activation energy for the formation of
a decomposition centre. As a result, the induction period of the
formation of decomposition centres increases by a factor of nearly
25 even at 230 °C. The increase in the activation energy can be
explained by the fact that the formation of a potential nucleation
centre in the crystal lattice involves polygonisation and interaction
between the newly formed dislocations and is followed by vacancy
diffusion from the deformation zone towards the dislocations.$®
Thus, contrary to the basic principles of the DCM concept, the
newly formed dislocations are inactive. It is believed that ellipsoi-
dal shape of reaction centres is an argument in favour of the
mechanism proposed.®® [This shape is associated with the fact that
the motion and generation of dislocations along the (010) direc-
tion occur much easier than in perpendicular directions due to
anisotropy of mechanical properties of AP crystals.] For instance,

Amfmg (%)
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Figure 4. Relative mass change, Am/mo, of ammonium perchlorate
crystal in the primary stage of decomposition at 503 K plotted vs. time at
different dislocation densities.®8

Initial dislocation density: 10 (1), 10° (2), 10* (3), 103 (4), 10> cm 2 (3).

it was found that the mechanical characteristics of an AP crystal
under tensile stress along the (100) and (001) axes are better than
the those of the same AP crystal under tensile stress along the
(010) axis. However, it is known that the action of both external
forces and the pressure of gases filling microcracks 92 cause the
microcracks to grow along the direction perpendicular to the force
direction. In other words, growth of the reaction centre along the
(010) direction is caused by the forces acting along the (100) and
(001) axes. We can agree with the authors of Ref. 100 who said
that the available data are insufficient to establish the growth
mechanism of an AP decomposition centre. It seems likely that the
DCM concept underestimates the role of point defects and over-
estimates the role of dislocations in the AP decomposition. It
should be noted that the starting AP crystals had pores up to
100 nm in diameter, but their prehistory was unknown and the
pore size distribution and its evolution in the course of AP
decomposition were not characterised.

To gain a better insight into the role of defects in the
decomposition of AP and other solid explosives and oxidisers,
the formation of vacancy pores of size 1 — 10 nm and the evolution
of the pore size distribution should be studied using, e.g., 'H, 1N
or 'Xe NMR spectroscopy (see Refs 103—105). For instance,
14N NMR spectroscopy can be lifted to a level of high usefulness
in chemistry and materials science.!0°

The results of studies on AP decomposition indicate an
important role played by the kinetic and diffusion factors,
exchange with the environment and peculiarities of the crystal
structure of AP in localisation of thermal decomposition reaction.
A study on topokinetic regularities of low-temperature decom-
position of AP crystals as functions of the concentration of
additives and temperature suggested that the nucleation rate of
decomposition centres is governed by the content of ClO3—
impurity ions and by the concentration of free protons, while the
growth rate of decomposition centres is nearly independent of the
presence of additives.!'® A mechanism of the formation and
growth of the AP decomposition centres was proposed.®® It is
assumed that the appearance of spatial and spatial-temporal DS is
promoted by the phenomena caused by the pressure of gaseous
reaction products. The equation for the reaction front velocity
(um min—!) obtained using a simplest model with allowance for
diffusion of perchloric acid has the form

12
u~ 1012-4exp(— 8000) .

RT

The results of calculations were found to be similar to the observed
‘slow’ rates.
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4. Hezanitrohexaazaisowurtzitane

Recently, hezanitrohexaazaisowurtzitane (HNIW) first obtained
in the USA in 1987 has been the subject of intensive research. This
energetic compound belongs to cage-type polynitramines and is of
practical interest as a high explosive and a component of solid
propellants.1% The cage structure of HNIW is responsible for high
density and enthalpy of formation (AH; = 416 kJ mol—!) and for
structural strain. X-Ray diffraction, spectroscopic and quantum-
chemical studies revealed 17 violation of the close packing princi-
ple in the nitramine crystals. A feature of the polynitramine
molecules is the possibility of orbital interaction between the
lone electron pairs of amine nitrogens. The variety of interactions
of the lone electron pairs in the molecules of conformers is in
excellent agreement with the diversity of polymorphs of cyclic and
cage-type nitramines. Crystals of the e-phase are characterised by
the highest density (d = 2.062 g cm—3).

The mechanism of thermal decomposition of HNIW has not
been established as yet. Data on the kinetics and composition of
gaseous decomposition products are contradictory.'%8-112 The
kinetic parameters of HNIW decomposition exhibit a large scatter
(Fig. 5). Solid-phase thermal decomposition of a-, B-, y- and
e-polymorphs and liquid-phase thermal decomposition of e-mod-
ification were studied in detail by thermogravimetry, manometric
technique, IR spectroscopy and optical microscopy.!%% 109 It was
shown that decomposition of crystalline HNIW is a pure solid-
phase process characterised by self-acceleration due to nucleation
and growth of reaction centres. Decomposition follows the phase
transitions oo — v, f — y and € — . The € — y transition occurs in
the temperature range 180—220 °C and is endothermic in charac-
ter.!9 The thermal stability of HNIW depends on the initial
polymorph state and changes as follows: o < <y <e&. The
kinetic parameters of decomposition of particular samples are
governed by the size, size distribution and crystal morphology.
The molecule of a solid product of e-HNIW decomposition at
temperatures below 210 °C contains one of the six nitro groups.
The solid product is comprised of transparent microporous
particles whose sizes correspond to the sizes of the initial crystals.
Heating of the solid product to 600 °C results in a solid residue
with a network structure composed mainly of carbon and nitrogen
atoms.
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Figure 5. Temperature dependences of the rate constants for decompo-
sition of HNIW.

Rate constants for the leading stage of combustion (open circles) calcu-
lated using the Zel’dovich combustion model for a first-order reaction '%¢
(1); rate constants determined from changes in the vNO, vibrational
intensity in the IR spectrum'!® (2) and rate constants for mass
change 103:110 (3)—(5).

5. Nitrocellulose

Nitrocellulose has a rather complex structure. This is a polymer
characterised by some distribution trinitrate, dinitrate and mono-
nitrate units along the polymer chain. Nitro groups can be bonded
to both primary and secondary carbon atoms of the monomer
unit. A method of assessing structural inhomogeneities in nitro-
cellulose was developed.!!3

Decomposition of nitrocellulose involves a number of con-
certed and successive reactions, namely, initial cleavage of the
O—NO; bond, redox interaction between nitrogen oxide (nitro-
gen dioxide) and macroradicals that are formed in the decom-
position of nitrocellulose, hydrolysis of nitrate and glycoside
groups, etc. However, the mechanism of decomposition has not
been completely established as yet. In the early studies carried out
in the 1950s and 1960s, the decomposition of nitrocellulose was
studied by methods of formal kinetics, viz., using the complete gas
evolution, loss of the sample mass and formation of the so-called
‘condensing’ and ‘hardly condensing’ gases.!!#~117 The composi-
tion of gaseous products in the initial stage of nitrocellulose
decomposition was assessed indirectly;!'%117 it is inconsistent
with the results of more recent mass spectrometric studies.!'® It
should be noted that the authors of Refs 116 and 117 pointed that
their conclusions about the mechanism of nitrocellulose decom-
position are tentative and that the numerical data (E, and ko
values) cannot be used in calculating the kinetic parameters of
particular stages. The results of IR spectroscopic study of nitro-
cellulose decomposition are available;''® however, the reactivity
ratios of the primary and secondary ONO; groups in the dinitrate
and trinitrate units was not reported.

The mechanism of decomposition was detailed and the rate
constant for the primary step determined in Refs 120-—122.
Thermal decomposition of nitrocellulose with a nitration degree
of 2.7 was studied '2° by UV and IR spectroscopy, gravimetric and
photometric methods, gas chromatography and gel permeation
chromatography (GPC). It was shown that the reaction begins
with cleavage of the O —NO; bond at a secondary carbon atom in
the trinitrate unit. The temperature dependence of the rate
constant for loss of secondary nitrate groups in the trinitrate unit
(according to IR spectroscopy data) in a system with running
medium and the temperature dependence of the rate constant for
NO and NO; formation (according to UV spectroscopy data) in a
closed system (at mV—! < 5x 10~% g cm—3) are described by an
Arrhenius equation with the same parameters (E, =
149 kJ mol—! and k¢ = 13.9 s—!). The kinetics and mechanism
of subsequent transformations of nitrocellulose are to a great
extent determined by conditions for removal of gaseous products.
An EPR study of thermal decomposition of nitrocellulose in inert
runnimg medium '?! revealed accumulation of free iminoxyl
radicals in the primary step. This indicates that the decomposition
mechanism involves a stage of formation of a nitroso compound,
which subsequently isomerises into an oxime, which then readily
decomposes to give an iminoxyl radical.

The average number of breaks of the nitrocellulose polymer
chain in the course of decomposition was determined !?3 assuming
a constant molecular mass. Changes in the molecular mass
distribution (MMD) in the course of nitrocellulose decomposition
were determined more recently.!2% 122 The conditions for removal
of gaseous products from the reaction volume affect the character
of the changes in the MMD in the course of thermal decomposi-
tion of nitrocellulose. In the system with running medium the
MMD becomes narrower due to breakdown of chains with large
molecular masses. Terminal macroradicals thus produced
undergo partial recombination within the same cage. However,
by and large the molecular mass of nitrocellulose decreases due to
evolution of gaseous products. In a closed system, the MMD is
broadened (Fig. 6) because of production of middle-type macro-
radicals that recombine to give macromolecules with the molec-
ular masses exceeding that of the starting nitrocellulose.
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Figure 6. Changes in the MMD of macromolecules in the course of
thermal decomposition of nitrocellulose in closed system at
mV—1=0.02gcm 3and T = 373 K.122

Duration of decomposition /h: 0 (1), 48 (2), 104 (3), 612 (4), 1096 (5); M is
the molecular mass of nitrocellulose.

II1. Polymer networks as binders for solid
propellants

A solid propellant can be treated as a composite material
composed of a polymeric binder (10 mass % —20 mass %),
which is usually based on a sparse polymer network containing
distributed oxidiser and metal particles of preset dispersion. The
compositions of solid propellants depend on the requirements
imposed on the specific momentum, stress—strain behaviour,
burning rate and the dependence on pressure. A promising way
is to prepare binders possessing improved adhesive properties (see
Ref. 124).f

1. Structure of polymer networks
A polymer network can be considered as a system comprised of
two subsystems, i.e., molecules and the free volume. Each sub-
system has a complex multilevel structure.'* The chemical level of
the structure of polymer networks is governed by the structure of
the monomer unit. Abstracting of the chemical composition of
polymer networks, the topological level of their structure charac-
terises the connectivity of the network structure. The topological
structure of a polymer network is characterised by the MMDs of
its elements, viz., chain fragments between cross-link points,
dangled chains attached to the network through one end, loops
formed through end attachment to the initial point of the same
chain and free chains. In addition to stable chemical branchings,
polymer networks contain labile physical nodes (‘entanglements’).
The nature of the nodes of physical network and its role in the
macromolecular  dynamics has been comprehensively
reviewed.126:127

The properties of a material are strongly affected by self-
organisation on the supramolecular level.!?® This level of struc-
tural organisation of polymer networks is characterised by the
presence of both highly cross-linked and sparser domains of size of
a few nanometres and more. The formation of microheteroge-
neous domains in polymer networks can be due to various reasons
including diffusion and kinetic factors.

The most important operating characteristics of polymer
networks including stability and stress—strain characteristics
depend not only on the chemical, topological and supramolecular

TIn contrast to solid propellants, binders for PCMs are usually linear
polymers containing 30 mass % —40 mass % of reinforcing fibres (or
mineral filler), antipyrene and other additives.!> The main operating
characteristics of PCMs are improved strength, rigidity, impact strength
and incombustibilty. The properties of PCMs depend on particular field of
applications.!? 13 For instance, aviation PCMs must have a heat resistance
of 300-400 °C and be stable at 500—520 °C.!>> For fundamentals of
preparation of PCMs with preset properties, see a monograph.'3

levels of the molecular subsystem but also on the structure of the
free volume subsystem. The pore distribution in polymer net-
works and in other materials with pore sizes from a few tenths of
nanometre to a few nanometres can be characterised using
positron annihilation method or NMR spectroscopy with hyper-
polarised '?°Xe or water as probes.!2%- 131

Some characteristics of the topological structure, viz., the
density of cross-links and the average molecular mass of the
chain fragments between cross-link points are related to the elastic
modulus of a network polymer by a known relation. Direct
methods of studies of the supramolecular design of polymers
including polymer networks are unavailable as yet. Attempts to
construct supramolecular models of linear polymers were
reported.® Inequality of traditional concepts of the non-crystalline
phase of linear polymers as a high-molecular-mass homogeneous
liquid disturbed by fluctuations to the task of relevant description
of the phase has been exemplified 132 and a framework-micelle
model of structural organisation of this phase proposed. QSPR
studies of glassy polymers are carried out using principles of
synergetics of nonequilibrium systems and fractal analysis.!33 The
model of the polymer structure includes a sparse matrix with
cross-links represented by entanglements comprised of close-
packed segments (the entanglements form a cluster network).

The effect of fillers on polymers manifests itself in variations of
the physicomechanical, structural, thermodynamic and chemical
properties of binders.!3 134135 Adsorption bonds are formed
between the polymeric binder and disperse filler. These bonds
are intermediate between the intermolecular and chemical bonds
in strength. Filler particles act as polyfuntional nodes; the amount
of the ‘bound’ binder can exceed 40% of the total mass of the
binder. A decrease in the molecular mobility of elastomers upon
introduction of fillers can be detected by NMR spectro-
scopy.!3> 136 An NMR-based method of determination of the
network structure of filled elastomers135 allows the total concen-
trations of physical nodes and chemical cross-link points, the
fraction of polymer in nearly immobile adsorbed layer at the
filler — polymer interface and the fraction of topological nodes that
are formed by the polymer chains present between filler particles
(Fig. 7) to be determined.

The molecular mass distribution is an important structural
characteristic of polymer networks. Methods of determination of
the MMDs of linear polymers are based on analysis of the

n 5
104 -
103 - 4
-
102 -
AN
\\
2 h
p————AI ‘
1 I 1 1
0.1 0.2 Qv

Figure 7. Number, n, of repeating units in the chain fragments between
cross-link points plotted vs. filling degree, ¢y, in polydimethylsiloxane—
aerosil mixtures.!33

Total number of units (/); contribution of obstacles created by filler (2);
contribution of physical nodes (3); contribution of adsorption sites (4);
contribution of cross-links ().




1130

L P Smirnov

properties of dilute polymer solutions. The MMDs of many
insoluble polymers cannot be evaluated using these techniques.
Methods based on the degradation of those polymers 37 appeared
to be impracticable because they are time-consuming and destruc-
tive in character. In this connection recently attempts have been
undertaken at using the relaxation properties of polymers for
MMD evaluation because the relaxation time spectrum is related
to MMD, 16~ 19. 138141

Investigations of the kinetics and mechanism of decomposi-
tion of polymer networks and solid propellants based on them are
necessary to solve two problems, namely, service life assessment
and control of items made of these materials and mathematical
modelling of corresponding combustion processes. The service life
of the items mentioned above usually depends on the stress — strain
properties of polymer networks and solid propellants. Its deter-
mination requires knowledge of kinetic data and information on
the mechanism responsible for changes in the topological and
supramolecular structures of polymer networks and on adhesive
properties of solid propellants. Mathematical modelling of com-
bustion of solid propellants requires information on the kinetics
and mechanism of thermal decomposition of these compounds.

2. Molecular degradation of polymer networks

Polymer degradation is governed by the chemical and physical
transformations of these materials under action of temperature,
mechanical stress, aggressive media (water, acids, alkali, oxygen,
ozone, etc.), various kinds of radiation (photoemission, radio-
activity, laser radiation, cosmic rays).” 14> In practice, polymeric
materials are subject to a number of factors simultaneously.
Complexity of studies on the chemical degradation processes is
due to diversity of the mechanisms and reactive particles (radicals,
ions, unstable molecules) responsible for the development of these
processes. The key role in the degradation of linear polymers is
played by the radical and radical-chain mechanisms. Ionic mech-
anisms are of importance for the degradation in acid-base media
and in the presence of strong oxidisers; molecular mechanisms are
less-common.’

Thermal degradation mechanism of polymer networks is to a
great extent similar to the degradation mechanism of correspond-
ing linear polymers. For instance, a radical-chain degradation
mechanism of polymer networks and the degradation mechanism
of linear polymers involve the same elementary stages, viz., chain
initiation, propagation, transfer and termination. The molecular
mechanism of degradation of polymer networks usually involves a
relatively small number of elementary stages. Therefore, studies
on the degradation kinetics and the determination of true rate
constants for the elementary stages can be performed using
methods of formal kinetics. Mathematical formalism developed
to analyse the kinetic curves in the case of radical-chain mecha-
nism of degradation of linear polymers '3 can with some varia-
tions be applied to polymer networks. When analysing kinetic
data for molecular mechanism of degradation, one should take
into account that every act of evolution of volatile products
(change in the mass of the sample) requires two acts of degrada-
tion of chain fragments between cross-link points.

Usually, thermal degradation of polymer networks is studied
by simpler methods, namely, thermogravimetry and differential
thermal analysis in the dynamic heating regime 4% 14 rather than
methods of formal kinetics. Often, assuming a simple one-step
degradation mechanism, the thermal stability is characterised by
the empirical parameters determined from the experimental data,
viz., the degradation onset temperature, maximum mass loss rate
temperature and integrated decomposition temperature rather
than the activation energy E,.

The results obtained in studies of the temporal dependence of
the charactetistics of the topological structure (e.g., density of
cross-links, MMD of chain fragments between cross-link points)
can be used for the determination of true rate constants for
degradation. In this case, account must be taken of the fact that
the chain scission and cross-linking can occur simultaneously.

Mechanical stress is an important factor affecting the rates of
chemical reactions of polymers.!> 142 Often, it is responsible for
changes in the reactivities of strained macromolecules, that is,
stress influences the kinetics of those reactions that involve
structural rearrangements in the reaction centre.!> If these
changes are similar in character to spontaneous structural changes
occurring in the course of reaction, the process is accelerated.
Otherwise, retardation occurs. Tensile stress causes activation of
C—H bonds in the reactions accompanied by proton abstrac-
tion.! If the hybridisation of a main-chain atom changes, the rate
constant, k,, for an elementary stage under stress and the rate
constant, k, for the same elementary stage in the absence of stress
are related as follows

ke = kexplya(RT)~ 1],

where the coefficient y, or the reaction sensitivity to stress, can be
considered as the product of two independent coefficients,
v = 7af. The coefficient y, depends on the energy capacity of the
strained structural fragment and on the extent of structural
changes in this fragment in the transition state; the sign of the
coefficient y, depends on the type of stress (tensile or compressive)
and on the type of the hybridisation change (sp> — sp? or
sp? — sp?). The coefficient B depends on the nonuniformity of
stress distribution over the system of bonds. Under tensile stress,
chemical reactions accompanied by the sp> — sp? rehybridisation
of two neighbouring carbon atoms (e.g., addition to the main-
chain double bond) are characterised by acceleration of the
addition of all reactants to the trans-C = C-bond; in the case of
addition to the cis-isomer, this is only valid for those reagents that
have the reaction coordinate 67 > 0.68. At 67 < 0.68, tensile
stress has a retardation effect on the reaction. Compressive stress
causes the opposite effect.

The reaction rate sensitivity to mechanical stress can be used
to study the reaction mechanism and to determine the constants
for elementary reactions.'#? The influence of stress on the reaction
kinetics is detected not only in the case of external mechanical
stress but also in the presence of internal structural strain in, e.g.,
polymeric composites, swelled polymer networks, efc.

3. Kinetic regularities of decomposition of cross-linked
polymers

Kinetic regularities of decomposition of cross-linked polymers
have been studied in most detail taking polyurethanes (PUs) as
examples.!0~2426.27 Sparse PUs have, on the one hand, a number
of valuable service properties typical of elastomers and, on the
other hand, a significant drawback, because they are readily
degradable at elevated temperatures.

Thermal decomposition of linear PU and model low-molec-
ular-mass urethanes has been the subject of extensive literature. In
studies of the degradation of linear PUs the emphasis was placed
on analysis of reaction products. Only a few publications concern
the degradation kinetics. It was established that the most unstable
structural unit of linear PU is the urethane group, which can
dissociate into initial alcohol and isocyanate or decompose via
formation and subsequent decomposition of an intermediate
cyclic complex following a molecular or quasi-ionic mecha-
nism. 46~ 148 Degradation of linear PUs and low-molecular-mass
urethanes results in the same products,'®~ 131 but the data on the
degradation kinetics of linear PU are nonsystematic, namely, the
Arrhenius equation parameters were usually determined from the
rate constants measured at three or four temperatures while the
effect of the chemical structure on the thermal stability was
characterised using the results obtained only at one temperature.

Calorimetric and gravimetric studies of the degradation
kinetics of sparse PUs showed that the parameters, E, and ko, of
the process depend on the sample synthesis conditions (temper-
ature, presence of catalyst, solvent).?%-21.26.27.152 This can be
explained as follows. Polyurethanes are synthetised in the pres-
ence of a catalyst at relatively low temperatures. The process is
accompanied by association of reactants, which results in the
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formation of nonequilibrium network structures containing sys-
tems of strained bonds. Studies on the evolution of structural
characteristics of PU networks in the course of PU degradation
became possible owing to the use of modern methods of determi-
nation of the sol fraction MMD,?!-27 the MMD of chain frag-
ments between cross-link points 10-29 and the microheterogeneity
of the sparse polymer networks.??

The MMD evolution of the sol fraction in the course of
thermal degradation of sparse PU networks was studied by
GPC.21-27 The sol fraction has a trimodal molecular mass distri-
bution with two peaks at M =~ 300 and 600 corresponding to the
low-molecular-mass fraction and a peak with a maximum at
M ~ 10* corresponding to the ‘polymeric’ fraction (Fig. 8). It
was shown that the urethane groups near cross-link points are the
most probable chain scission sites and that the MMD of the
‘polymeric peak’ of the sol fraction characterises the MMD of the
chain fragments between cross-link points in the PU network. The
results of computer simulation 27- 133 showed that the reactivity of
the most stable (urethane) functional group depends on its
position in the polymer chain. The formation of a cross-link
point of a network based on 1,1,1-trimethylolpropane causes a
strong deformation of the neighbouring urethane groups. Steric
hindrances to arrangement of three bulky diisocyanate units in the
cross-link point lead to the formation of urethane groups with less
stable strained bonds compared to the urethane groups in the
linear chain fragments. Thus, the primary step of degradation of
cross-linked PUs mainly involves breakdown of the urethane
groups near the cross-link points.
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Figure 8. Molecular mass distribution of sol fraction for in vacuo thermal

destruction of cross-linked polyurethane at 393 K.21-27

The amount of the sol fraction in the initial sample was 2.89 mass % and
the initial density of cross-links was 2.13 x 10* cm—3. Duration of destruc-
tion, days: 0 (1), 8 (2), 15 (3), 35 (4); M is the molecular mass of the sol
fraction.

A theory was developed, which relates the molecular mobility
of the chain fragments between cross-link points in sparse polymer
networks to the MMD of these chains.!®-2* The MMD evolution
of the chain fragments between cross-link points of cross-linked
PUs in the course of thermal degradation of these compounds was
studied by NMR spectroscopy.!”~2%24 The results obtained are
illustrated in Fig. 9. As can be seen, in the initial stage of the
process the unimodal MMD is transformed into a broader
bimodal MMD and not only longer but also short chain frag-
ments between cross-link points appear; i.e., breakdown of cross-
links and cross-linking occur simultaneously. The longest chain
fragments between cross-link points are also the most unstable,
which is seemingly due to microheterogeneous character of the
supramolecular structure of sparse PU networks.??

Studies on the MMD evolution of the chain fragments
between cross-link points of sparse PU networks under permanent
tensile stress or strain showed !7-1? that in this case the network
structure changes long before the macroscopic degradation of the
sample, the structural changes being similar to those observed in
the course of thermal degradation (Fig. 10). Distinctions between
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Figure 9. Molecular-mass distribution in the chain fragments between
cross-link points for in vacuo thermal destruction of cross-linked polyur-
ethane at 498 K.!?

Figures near curves denote the duration of destruction /h; Ny is the average
length of a chain fragment connecting cross-link points in the starting
sample.
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Figure 10. MMD of chain fragment connecting cross-link points in cross-
linked PU after storage of the sample for 21 days at 300 K at constant
tensile stress ¢.!7

o /MPa: 0 (1), 0.75 (2), 1.0 (3), 1.25 (4).

the character of changes in the MMDs of the chain fragments
connecting cross-link points under permanent stress and strain
were revealed. The results obtained allowed the degradation
mechanism of strained elastomers to be clarified because opposite
views of this mechanism were reported.® 142,154,155

This nondestructive method of studying the MMD evolution
of the chain fragments between cross-link points in the course of
thermal degradation of elastomers under stress and strain is of
importance for estimation of accumulated defects. However, the
technique has not been employed in studies of solid propellants as
yet.

The kinetic regularities of the degradation of three highly
cross-linked polymers, viz., dimethacrylate triethylene glycol
(DMATG), cross-linked and ‘hyper-cross-linked’ polystyrene
(HPS) and poly(epoxyamine) (PEA) have been studied in suffi-
cient detail 23 ~26-29.30
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DMATG has a microheterogeneous supramolecular structure
formed by highly cross-linked ‘granules’ distributed in a highly
defect matrix. Degradation of DMATG was studies by NMR and
gravimetry.?>-26 The kinetic regularities of the degradation
depend on the initial degree of conversion (I'y) of the sample and
dramatically change at I'g = I'n, (I'm is the degree of conversion at
which highly cross-linked granules contact one another and the
polymer becomes monolithic). Degradation of the samples with
'y < I'y is characterised by cleavage of the weak, strained matrix
bonds and a decrease in the total mass of granules; the density of
cross-links remains unchanged. The process proceeds by a radical-
chain mechanism and involves partial formation of new cross-
links. At I'g > I'm, degradation follows the molecular mechanism
via decomposition of the ester groups of DMATG and formation
of polymethacrylic anhydride.

The character of PEA and HPS degradation depends on the
density of cross-links.?%-30 The process proceeds by the mecha-
nism of radical-chain depolymerisation at relatively low values of
this parameter and by the molecular mechanism in the case of
more cross-linked samples. The degradation of the HPS samples
with the density of cross-links greater than 40% obeys a more
complex pattern and proceeds much lower than in the case of the
samples characterised by lower densities of cross-links (Fig. 11).
The presence of strained network fragments in HPS affects the
shape of the initial portions of the dependences of the specific
degradation rate on the degree of degradation. An increase in the
thermal stability of the networks with higher density of cross-links
can be explained by a decrease in the chain initiation probability
and by an increase in the kinetic chain termination probability for
radical-chain depolymerisation of the short, and therefore, nearly
immobile chain fragments connecting cross-link points. The fact
that fullerenes inhibit the degradation of these samples confirms
the radical-chain degradation mechanism of the cross-linked
polymer networks with a density of cross-links less than 40%.
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Figure 11. Specific rate of change in mass (w) plotted vs. degree of
decomposition # for in vacuo destruction of cross-linked polystyrene
samples at 613 K30

Initial density of cross-links (%): 11 (1), 17 (2), 25(3), 43 (4), 66 (5), 100 (6).

The formation of polymer networks is usually accompanied
by noticeable reaction shrinkage. Sometimes this results in the
polymer networks with a large nonequilibrium excess free volume
and sometimes causes defect formation (micropores appear and
cracking occurs). The kinetic regularities of the PEA degradation
are affected by the value of the excess free volume and, in
partiular, by the excess free volume distributions over the
n-defects, clusters and microcavities and across the width of the
sample.31- 156

Degradation of polymeric composite materials based on linear
polymers is usually studied by thermogravimetry and differential
thermal analysis in the dynamic heating regime. Statistical treat-
ment of experimental data is often carried out assuming a simple
one-step kinetics. Because of this, the results obtained and con-

clusions drawn are, as a rule, qualitative in character. Clearly, the
reasons for contradictory results of many studies on thermal and
oxidative degradation of PCMs are differences between the
experimental methods and procedures employed.'>’

There are a few studies on the degradation of filled polymers
based on polymer networks. The decomposition kinetics of these
compounds is significantly different from the decomposition
kinetics of binders and depends on the type of the filler used
(Fig. 12).2%:31 An increase in the decomposition rate in the
presence of chemically inert fillers cannot be explained by the
chemical interaction between the binder and filler. An increase in
the binder decomposition rate can be attributed to the action of
internal stress that depends on the type of filler, adhesion strength
of the filler and binder, and the difference between the thermal
expansion coefficients of the filler and binder. Residual shrinkage
stress should also be taken into account because the formation of
polymer networks is usually accompanied by noticeable shrink-
age. A procedure based on pulsed NQR technique was developed
for the determination of internal stress in polymers and polymeric
composites.!>8
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Figure 12. Relative mass change, Am/myg, of PEA samples for in vacuo
destruction at 543 K.28.31

Unfilled samples (/- 3), filled samples (4 — 7); particles of size 1 -2 mm (/),
film 0.2 mm thick (2), particles of size 0.09—-0.16 mm (3); filler: boron
fibre (4), organic fibre (5), glass fibre (6), carbon fibre (7).

Highly cross-linked polymers can be considered as best model
systems suitable for establishment of the effect of microheteroge-
neity, restricted molecular mobility of binder with an increase in
the density of cross-links, the excess free volume and its distribu-
tion over the structural elements and the stressed state of the
binder (due to the difference between the thermal expansion
coefficients of the binder and filler) on the thermal stability of
polymer networks.

4. Effect of decomposition products of solid propellant
oxidisers on the degradation of polymeric binder

Often, oxidisers or some other components of solid propellants
decompose faster than binders. The decomposition products of a
given component can interact with the binder. The kinetics and
mechanism of this interaction depend on the nature of the oxidiser
decomposition products and on the type of the polymeric binder.
Oxidative degradation of linear polymers has been studied in most
detail.”> !> A monograph '3 is concerned with peculiarities of this
process, supramolecular and conformational effects in the oxida-
tion kinetics of oriented polyolefins, changes in the structure and
properties of polymers under stress and analysis of the degrada-
tion regularities of polymers exposed to aggressive media under
mechanical stress. Among numerous studies on the ozone ageing
of strained cross-linked rubbers based on natural rubber, poly-
isoprene, polybutadiene, butadiene —styrene or butadiene—acry-
lonitrile copolymers, efc., most are applied in character and
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mainly concern cracking assessment and the time to rupture
measurements (see monograph !> and references cited therein).
The critical strain observed during the ozone degradation of
elastomers (maximum crack growth rate and minimum sample
durability under nearly 20% tensile strain) can be explained !> by a
change in the reactivity of the strained C=C bond.

The kinetics and mechanism of oxidative degradation of the
elastomers used as binders for solid propellants have almost not
been studied. For instance, studies on the oxidative degradation of
a PU elastomer based on polybutadiene containing terminal
hydroxyl groups and diisocyanate were aimed at solving practical
problems, viz., elucidation of the reasons for embrittlement of
elastomers and deviation of the experimental data on thermal
ageing from the Arrhenius equation.'®~ 193 The temperature
dependences of the oxidation products of the elastomer samples
containing and containing no antioxidant was studied by IR and
NMR spectroscopy, GPC and oxygen uptake measurements.!6?
Dynamic and chemical heterogeneity of size nearly 20 nm was
found in the aged samples. The major oxygen-containing products
are alcohols (~60%). Ester and acid groups were found but no
ketones were detected. It was shown that chain scission is cross-
linking of macromolecules occur simultaneously during degrada-
tion. The gel content increases from 60% to 90% during the
oxidation, the density of cross-links in the gel substantially
increases and the sol molecular mass decreases. Nevertheless, the
reason for cross-linking was not established. Probably, this is due
to radical-chain polymerisation of the polybutadiene fragment at
the double bonds.!>2

Undoubtedly, the decomposition products of solid propellant
oxidisers that intensely interact with polymeric binder are nitro-
gen oxides and chlorine oxides, perchloric acid and nitric acid. The
interaction of nitrogen oxides and nitric acid with low-molecular-
mass organic compounds and polymers was mainly investigated in
relation with the kinetic and mechanistic studies of nitration of
organic compounds.'64~168 [t was shown that nitration of aro-
matic compounds is an ionic process and that nitration of
paraffinic hydrocarbons is a free-radical process initiated by
nitrogen dioxide. Nitration of cellulose only proceeds under the
action of a nitric acid pseudoform (HONO,) present at HNOs3
concentrations greater than 70%.1%® At concentrations below
60%, HNOs is present in the form of a trihydrate which causes
oxidative degradation of cellulose. Liquid-phase oxidation of
decane by nitrogen dioxide proceeds by the mechanism of
degenerate branched-chain reaction.'® Gas-phase oxidation of
glyoxal by nitrogen dioxide follows a radical-chain mechanism.!7°

The effect of nitrogen oxides on polymers was mainly studied
in relation with the problem of maintenance of the operating
characteristics of polymeric materials exposed to aggressive media
(see a review 7! and references cited therein). Degradation of
various classes of polymers in NO, NO, and (NO»), atmospheres
was usually studied phenomenologically without determining the
rate constants and parameters of the Arrhenius equation. It was
shown that at temperatures similar to room temperature NO> is
capable of abstracting mobile hydrogen atoms from polymers to
produce side nitro and nitrite groups. These processes are accom-
panied by scission of the main polymer chain. Nitrogen dioxide
can also add to the double bonds of carbochain polymers to
generate macroradicals and thus initiate free-radical ageing of the
polymers. Exposure to nitrogen dioxide causes not only degrada-
tion but also cross-linking of polyisoprene and polybutadiene
macromolecules. At elevated temperatures (7 > 373 K), NO;
also reacts with less responsive methylene C —H bonds. Interact-
ing with alkyl, alkoxy and peroxy macroradicals, NO> can inhibit
free-radical transformatins of polymers to give macromolecular
products of different thermal stability.

Nitrogen monoxide is much less reactive compared to nitro-
gen dioxide. It is incapable of abstracting mobile hydrogen atoms
from organic molecules and cannot add to isolated double bonds
to produce free radicals at temperatures similar to room temper-

ature. Being an efficient acceptor of free radicals, nitrogen mon-
oxide inhibits free-radical processes.

A few phenomenological studies on the oxidation of polymers
with the decomposition products of ammonium perchlorate are
available.'7>~ 174 It was shown that at high temperatures oxidative
pyrolysis of polymers [poly(methyl methacrylate), polystyrene,
butyl rubber, polyethylene, SKDN rubber, etc.] in perchloric acid
vapours and in mixtures with AP becomes the predominant
process proceeding with an effective activation energy of
200240 kJ mol—! (¢f. 140 kJ mol~! for the decomposition of
pure AP). The kinetic and mechanistic aspects of the interaction
between the oxidiser decomposition products and the binder on
the topological and supramolecular levels, the effect of stress on
the kinetics and mechanism of this interaction and the adhesive
properties of the binder towards the filler have almost not been
studied so far, though this is of great importance for well-
warranted stability control of solid propellants. In this context
the use of NMR, IR and EPR spectroscopies can play a significant
role.%>7475 For instance, two-dimensional IR Fourier spectro-
scopy allowed one to study fine details of the oxidative degrada-
tion mechanism of polymer networks that cannot be established
using one-dimensional spectroscopy in the frequency domain.®? It
is also possible to study the evolution of the structural character-
istics of filled polymer networks in the course of binder degrada-
tion to reveal the most unstable block in the composite structure.
In particular, nanolayer spectroscopy seems to be promising for
studies of degradation of filled polymer networks. This method
permits measurements of temporal intervals corresponding to the
appearance of different types of radicals in nanolayers of a
compound and establishment of the sequence of elementary acts
of a chemical reaction up to the formation of molecular
products.!”> However, these techniques have not been employed
in studies of filled polymer networks including solid propellants as
yet.

IV. Mathematical modelling of decomposition of
energetic materials

1. Modelling of structure —reactivity relations

The strategy of development of weapon systems involves design of
new and improvement of the existing EMs. At present, the
problem of development of a cheap, efficient and fast method
for testing newly designed EMs is topical in connection with
enhanced requirements for the service properties of EMs.17¢ An
improved screening methodology is required to avoid expensive
tests of inappropriate materials. This can be realised using
methods of mathematical modelling that are divided into two
main classes: (1) classical Monte Carlo (MC) simulation and
molecular dynamics (MD) modelling and (2) quantum-chemical
calculations. Quantum-chemical calculations are based on funda-
mental principles of quantum chemistry; solving quantum chem-
istry equations provides a complete and exact description of an
atomic system. MD modelling using realistic models allows the
reaction dynamics of large atomic systems to be described
correctly.

A basic problem of theoretical chemistry is establishment of
relations between the electronic structure and reactivities of
reactants (rate constant for an elementary reaction can be consid-
ered as a measure of reactivity). The methodology and computa-
tional procedures employed for calculating the potential energy
surfaces, dynamics and rate constants for gas-phase reactions
were developed in the 1970s.

At present, quantum-chemical calculations can be carried out
only for the simplest explosives and their models.!”” 182 The
molecular geometries in the equilibrium and transition states,
Mulliken atomic charge distributions and electric dipole moments
were calculated for, e.g., the simplest nitramines.!””-17® These
characteristics, as well as their changes caused by intramolecular
motions are of importance in discussing the chemical properties of
compounds. Quantum-chemical calculations of the force field,
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analysis of vibrational spectra of several nitro compounds and the
force constants of stretching vibrations, internuclear distances
and spectral characteristics of the simplest nitramines were
reported.!”?

Ab initio (including multiconfigurational) quantum-chemical
methods were employed to calculate the potential energy surfaces
of nitroso compounds in the ground state and in the lowest excited
electronic state and to determine the equilibrium geometric
parameters, vibrational frequencies and the potential functions
of internal rotation of molecules.'®® The structures of nitroso
compounds were calculated and the Y—NO (Y =C, N, O, S)
bond dissociation energies determined.’” The bond lengths and
bond angles in ammonium dinitramide NH4N(NO>); in the gas
phase were obtained from ab initio MO calculations.!8!- 182

No substantiated assumptions of the molecular geometries of
1,5- and 2,5-substituted tetrazoles, furazans and furoxans in the
transition states of thermal decomposition of these compounds
are available; therefore, the principle of least motion cannot be
used. '3 For instance, the ground-state parameters characterising
those bonds in the heterocycle that are involved in thermal
decomposition were used 3% as reactivity indices. The relations
established are consistent with the assumptions 37-38 of the mech-
anism of thermal decomposition of tetrazoles.

Quantum-chemical methods offer great computational poten-
tials and are employed in calculations of the properties of
particular molecules. Much less attention has been paid to the
interpretation of results obtained in terms of the chemical bond-
ing, molecular structure and mutual influence of molecular frag-
ments. A quantum-chemical procedure for analysis of the
electronic structure and physicochemical properties of complex
molecules in terms of the interactions between the fragment
orbitals was reported.!85 This approach has long been known '8¢
but was not systematically employed in the analysis of intra-
molecular interactions in order to distinguish between the key
mechanisms of the mutual influence of structural fragments in
complex organic molecules (inductive effect, conjugation, etc.)
and in studies of their relations to the physicochemical properties
of compounds.

Using quantum-chemical methods, it is possible to calculate
the rate constant for a certain individual reaction;!87 however,
generalisaiton of kinetic data for different classes of chemical
reactions and the problem of establishing relations between the
reactivity and structure (and physical characteristics) of reactants
remain unsolved. Two empirical models (a model of intersecting
parabolas and a model of intersecting Morse curves) for hydrogen
abstraction reactions have been reported.!'®® It was shown that the
activation energy of such a reaction depends on ten parameters.
These models allows the transition-state geometry (interatomic
distances in the reaction centre and bond angles) to be calculated
from experimental data.!8®

Recently, considerable attention has been paid to studies on
the reactions dynamics in the condensed phase. Detailed consid-
eration of the main methods of theory of liquid-phase reactions,
viz., numerical simulation by the Monte Carlo and molecular
dynamics methods, numerical and analytical studies of the Lan-
gevin stochastic equations, Focker—Planck equation and
Bohm — Gross kinetic equation has been given.!~192 The poten-
tials and limitations of moderm methods were exemplified by
calculations of the rate constants for particular isomerisation,
substitution, addition and electron transfer reactions.

Attempts at calculating the activation energy, E,, for a
dissociation reaction from the IR spectra using a relation between
the anharmonicity constant and the dissociation energies of those
diatomic molecules in which the interatomic interaction is
described by a Morse function were undertaken.!®3194 The
dissociation energies of the C—N bond in CH3NO, and of the
N—N bond in solid N-nitrodimethylamine and in CCls and
CH;NO; solutions were calculated.

Studies 13- 196 concerned more rigorous mathematical model-
ling of the primary steps of thermal decomposition of explosives.

Density functional calculations of the initial stages of decompo-
sition of 5-nitro-2,4-dihydro-3H-1,2,4-triazol-3-one dimer were
reported.'®> The reaction is characterised by an activation energy
of 369 kJ mol~—!; its elementary stages involve the formation of
four intermediates and five transition states and result in CO,
evolution.

The initial decomposition process of urea nitrate were studied
by the Hartree — Fock, density functional and second-order Miil-
ler—Plesset perturbation theories.!”® Calculations revealed the
sequence of elementary stages of urea nitrate decomposition
which involves one intermediate and two transition states (TS1
and TS2) with successive formation of NH3, HNCO and HNOs.
A potential energy profile for the urea nitrate decomposition is
shown in Fig. 13 a. The decomposition begins with intramolecular
proton transfer from one NH> group to another to produce NHs.
The optimised geometry of TS1 corresponding to the beginning of
intramolecular proton transfer is shown in Fig. 135 (arrows

E /kJ mol—1 a
TS1
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NH; + (HNCO +HNO3)

110.0
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Figure 13. Results of mathematical modelling of primary stages of
thermal decomposition of urea nitrate.!°

Changes in potential energy (a), optimised geometry of TS1 and displace-
ment vectors of the normal mode at 1762.7 cm~! (b); optimised geometry
of (¢), optimised geometry of TS2 and displacement vectors of the normal
mode at 319.2 cm~! (d). Bond lengths are given in A.
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denote the displacement vectors). Transition state 1 is a four-
membered ring. The intermediate formed after proton transfer
goes to TS2. The directions of the displacement vectors in TS2
correspond to the decomposition with production of NHj,
HNCO and HNOs. Transition state 1 is formed only based on
the optimised structure of wurea nitrate. In the case of
(NH,),COH™*, which is the ground state of the crystal structure
of urea nitrate, no formation of the four-membered ring
N—-H-—-N-C occurs. Therefore, it is assumed that the two-
dimensional network of strong hydrogen bonds in the crystal
needs to be destroyed by external stimuli (e.g., heat or impact) to
begin the decomposition reaction of urea nitrate.

To design new low-sensitive EMs with improved service
properties, the effect of mechanical stress on the kinetics and
mechanism of their decomposition should be studied.!” Detailed
mathematical modelling of stress action on the reactivity of EMs
has been carried out only for polymers.'?

2. Modelling of solid-phase decomposition

Solid-phase decomposition of EMs can produce some products
that form individual phases. Mathematical description of the
formation of a new phase has attracted considerable atten-
tion.!98: 199 In particular, kinetic concepts of the nucleation and
growth of vacancy pores in crystals are based on the kinetic
equation of formation of a new phase.?’0 According to these
concepts, vacancy pores are associations of vacancies that form
clusters in the form of vacancy voids (negative crystal), the cluster
size varying from tens to hundreds of lattice constants. In the
vicinity of each pore there is a nonuniform vacancy distribution,
which depends on the vacancy size and can be treated as a
vacancy-gas cloud. Diffusive motion of vacancies to a pore and
settling on it cause pore motion and growth. The higher the
curvature of the pore surface area, the higher the concentration of
vacancies above this area.

A closed kinetic equation for the description of radiation-
induced evolution of vacancy pores in the coordinate space was
derived.!®® The stability regions of the vacancy pore lattice with
respect to pore growth and pore displacements from the lattice
sites were established. The main processes responsible for changes
in the pore distribution in supersaturated vacancy gas are con-
densation, evaporation and surface diffusion of vacancies and
coagulation of pores.

Detailed mathematical modelling of the primary step of solid-
phase thermal decomposition of explosives is unavailable as yet.
Mathematical treatment of decomposition of a model solid
compound involving formation of solid and gaseous products
was reported 8201 assuming deep stages of conversion where the
overall steady-state process is governed by production of the solid
product isolated in individual phase. Expressions for the interface
propagation velocity, characteristic thickness of the reaction zone
and concentration distribution were derived for the simplest
idealised case of reversible first-order reaction with allowance for
diffusion of the solid product ignoring the stress and strain effects
on the reaction rate.

A steady-state mathematical model 22 for reaction front
propagation in AP crystal was constructed assuming a disloca-
tion-chain mechanism of AP decomposition ignoring diffusion of
reaction products. According to the DCM model, AP decomposes
on dislocations, multiplication of dislocations being stress
induced. However, the kinetic description of dislocations in this
model is phenomenological. The dependences of the dislocation
multiplication rate on stress applied and on the concentration of
dislocations have no substantiation. The model also ignores such
important stages of plastic deformation of the crystalline material
as dislocation annihilation, mutual entrapment of dislocations in
the intersecting slip planes, dislocation absorption at grain boun-
daries and dislocation multiplication by double cross slid-
ing.293.204 In addition, stress distribution was preset arbitrarily
and relations between the stress —strain state and fracture micro-
mechanics of the crystal and the pressure of gaseous products were

ignored. Linear dependence of the AP decomposition rate on the
dislocation concentration postulated in the model is inconsistent
with the experimental data. It should also be noted that evaluation
of the model is impossible due to the lack of methods suitable for
the determination of the constants appeared in the model equa-
tions.

N S Enikolopov and co-workers (see a review 2> and refer-
ences cited therein) showed that shear deformation causes a
substantial (by 3—8 orders of magnitude) increase in the rate of
solid-phase reactions compared to the rate of liquid-phase reac-
tions. It was assumed that reactions in the detonation regime
proceed isothermally at low temperatures due to immediate
conversion of chemical energy into mechanical energy.

Theoretical studies of pre-explosive phenomena under shock-
wave initiation showed that the key step of the solid-phase stage of
the process are electronic excitations. Narrowing of the forbidden
band upon compression of explosives at the reaction wave front
was considered.?¢ Calculations of the electronic structure of
1,3,5-trinitro-1,3,5-triazacyclohexane revealed 2°7 a local narrow-
ing of the forbidden band near dislocations and additional
narrowing of the forbidden band upon compression in the shock
front, which leads to considerable increase in the electronic
excitation probability (formation of an exciton) and cleavage of
the N—NO, bond. A molecular dynamics study !¢ revealed that
metallisation (loss of covalency) upon compression of explosives
must be taken into account as the primary step of a sequence of
reactions leading to detonation. On the molecular level, a shock-
initiated chemical reaction is described 2°8-29% as a nonequilibrium
non-thermal process whose rate is determined by the average
vibrational rate of radical pairs produced via molecular decom-
position on the 10~ 1*—~10—12 s time scale. This model is consis-
tent with the results of MD calculatios.?!?

Almost all EMs are heterogeneous in nature, being often
composed of a polycrystalline material and a binder. The presence
of internal interfaces differs the behaviour of EMs from that of
pure materials. Compaction (consolidation), strain and a chem-
ical reaction in a porous explosive was studied using three-dimen-
sional modelling of shock action on an ‘array of discrete
crystals’.?!! It was shown that fast deformation at contact points
induces large-amplitude fluctuations of the strain state character-
ised by a wavelength of the order of a few particle diameters.
Energy localisation causes the appearance of ‘hot’ spots. Chemical
reaction produces multiple wave structures depending on the
particle size distribution.

Modelling of thermal decomposition of solid propellants on
the mesolevel (oxidiser particle— binder layer) was not performed.

3. Modelling of combustion of energetic materials
Combustion of EMs is a complex physicochemical process, which
involves decomposition reactions, heat and mass transfer and
strain and decomposition. The complexity of the process makes
experimental studies and the development of rigorous quantita-
tive theories of EM combustion difficult. It is believed that
elaboration and analysis of simplified combustion models with
allowance for particular factors only in order makes possible
clarification of the physical picture of combustion and a relatively
simple mathematical description. The problem of mathematical
modelling of EM combustion goes beyond the scope of this review
and should be considered separately due to extensive literature on
the problem. However, we will dwell on those aspects of mathe-
matical modelling of the process that are immediately related to
the influence of the kinetics and mechanism of EM decomposition
on the regularities of their combustion.

A number of simple models of linear combustion with
allowance for dispersion, foaming, evaporation and sublimation
of the solid compound have been analysed.?!?~ 219 Usually, one-
step or two-step reactions are considered ignoring differences
between the kinetic regularities of heat release and gas evolution in
the course of decomposition. For instance, combustion of highly
volatile compounds is analysed using a reaction kinetics scheme
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involving two concurrent or two successive steps.!>21¢ Combus-
tion studies of individual explosives were carried out assuming a
one-step kinetics with allowance for the difference between the
activation parameters for the condensed phase and the gas
phase.?!7-218 Combustion of mixed systems was analysed in the
homogeneous condensed zone approximation taking into account
(1) thermal decomposition and sublimation of oxidiser and (ii)
binder degradation and oxidation by the oxidiser decomposition
products; however, the corresponding reaction kinetics were
described by zero-order reaction equations.?'”

As shown above, the decomposition of EMs proceeds by a
complex multistage mechanism. The results of the combustion
rate calculations obtained in the analysis of simple combustion
models are in good agreement with the experimental data of
combustion studies of several oxidisers (NH4+ClO4, NH;OH.
.Cl04, NH4NO3, CH3NH3ClO4) with complex decomposition
mechanisms.® 220 Because of this, it may appear that complexity of
the EM decomposition kinetics and mechanism is insignificant for
mathematical modelling and there is no longer need of detailed
studies on the EM decomposition. However, this conclusion is
incorrect, because mathematical modelling of combustion of EMs
often involves an arbitrary closure of the system of equations by
introducing one or two arbitrary parameters, e.g., an additional
heat flow from the gas phase to the condensed phase and the
degree of dispersion (sublimation). These models ignore the
mechanical problem; therefore, a relation between the dispersion
and combustion conditions is established based on the simplest
estimates.® Following this way, the interrelation between the
stress —strain state of EMs and the regularities of combustion is
reduced to the dependence of the burning rate on pressure.

Note that an increase in pressure has almost no effect on
thermal decomposition of binder in the case of radical-chain
mechanism. The molecular mechanism is characterised by a
decrease in the rate of evaporation of high-molecular-mass
degradation products.??! Consideration of the mechanical prob-
lem in combustion modelling is also necessary because combus-
tion of charges with actual geometry requires allowance for not
only hydrostatic pressure but also the deviator components of the
stress tensor. As shown above, these components can strongly
influence the decomposition of solid propellants.

Finally, note that in the early 1960s studies on the macro-
kinetics of exothermic reactions revealed that the reaction front
temperature exceeds the adiabatic temperature (Fig. 14). A part of
these results obtained in experimental studies of solid propellant
block formation was reported some later.>?> Nevertheless, com-
bustion in the condensed phase is usually modelled assuming that
reaction front propagation can be described similarly to gas-phase
combustion #223 and the steady-state combustion models ignore
experimentally detected excess of enthalpy in the combustion
wave, which leads to superadiabatic temperatures.

To some extent the simplified mathematical treatment of EM
combustion can be explained by the lack of the kinetic parameters
relevant to complexity of the multistage EM decomposition over a
wide temperature interval. Nevertheless, note that almost all
correctly posed problems can be solved using modern powerful
computers and experimental techniques. For instance, a modern
strategy of modelling well-developed turbulent flows of multi-
component reactive gases with allowance for interrelations
between the chemical kinetics and turbulent transfer was
reported.??*

Recently, advances were also made in studies of combustion of
mixed fuels. These studies intensively use computer simulation of
processes proceeding in the gas phase and condensed phase.
Numerical analysis of combustion of a model fuel based on
1,3,5-trinitro-1,3,5-triazacyclohexane and glycidyl azide polymer
has been reported.??> Four oxidiser and binder decomposition
reactions were taken into account for the condensed phase while
the kinetic scheme for the gas phase included a total of 532 reac-
tions involving seventy-four compounds.

T J°C

X: Toq = T0+Q/Cp
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Figure 14. Temperature distribution throughout the cross section of a
cylindrical reactor of radius Ry = 20 cm for polymerisation of a model
mixture based on triethylene glycol dimethacrylate.???

Dimensionless time, /¢,.: 0 (1), 0.25 (2), 0.40 (3), 0.86 (4), 0.91 (5), 0.95 (6),
0.99 (7), 1.0 (8).

V. Stability prediction of energetic materials

Explosives, solid propellants and powders are thermodynamically
unstable materials due to occurrence of chemical reactions and
physical processes in these substances.® 220 This requires the EM
service life to be assessed with a rather high accuracy because
untimely replacement of items made of EMs causes unreasonable
expenditures. Explosive demolition requires that precautions be
taken, often being an environmental hazard.

The warranty period of items made of EMs can be determined
empirically or semiempirically but mathematical modelling is
thought to be more efficient.>>?2¢ A scheme of modelling of
complex physicochemical processes was first developed to study
thermal explosions. It involves phenomenological studies of the
process, aimed at identification of the most important factors
responsible for the changes in the practically valuable properties
of EMs; construction of physicochemical and mathematical
models of the process; experimental determination of parameters
of particular stages; calculations and comparison of the results
obtained with the results of full-scale tests to evaluate the accuracy
of prediction, etc.

No mathematical model suitable for correct description of all
(most important) physicochemical and physicomechanical proc-
esses proceeding in the course of production and storage of items
made of EMs is available as yet. A relevant procedure for assess-
ment of the warranty period of items made of EMs based on
mathematical modelling has also not been elaborated so far. It was
proposed 3 to characterise the stabilities of solid fuels and of the
cast and pressed charges by the time taken to reach a degree of
decomposition of 0.02% during the reprocessing step and storage
life of the composition (in this case all gaseous products are
dissolved in the condensed phase and development of internal
pressure, pore formation and swelling of items are impossible).
According to this concept, the extent of changes in the service life
of items made of EMs are solely determined by the after-effects of
gas evolution in the course of decomposition (increase in internal
pressure, pore formation and swelling of items). Calculations of
the tolerable degree of decomposition were carried out ignoring
gas diffusion and the presence of atmospheric gases dissolved in
the condensed phase.
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This method of determination of stability criteria for EMs and
items made of them has neither practical nor theoretical substan-
tiation. The development of internal pressure, pore formation and
swelling of items owing to gas evolution in the course of EM
decomposition have not been studied even phenomenologically,
the effect of these parameters on the operating characteristics has
not been established and no quantitative relationships between
them and the degree of decomposition was found, though poros-
imetry techniques for the condensed phase are well known (e.g.,
positron annihilation and NMR spectroscopy). A small variation
of porosity during decomposition is permissible, because pressed
items made of explosives are characterised by a nearly 5% initial
porosity. The service life of most solid propellants depends on the
changes in their physicomechanical characteristics due to the
binder degradation, which often proceeds without gas evolu-
tion.?27-228 If an item made of solid propellants is subject to
shrinkage or temperature stress, an increase (within certain limits)
in the volume of the solid propellant due to gas evolution and pore
formation is useful, because it reduces or even completely relieves
stress.

The predictive power of the proposed unexperimented proce-
dure for the determination of stability criterion is low. The authors
noted that this criterion can vary within the limits of two orders of
magnitude for the same composition. In practice, low accuracy of
prediction is to some extent compensated by prolongation of the
warranty period based on the results of full-scale tests of the items
after expiration date. The ‘benefit’ from the prolongation of the
warranty period is of course imaginary. Nevertheless, for obvious
reasons this does not favour improvement of service life assess-
ment procedures.

Temperature is not the sole factor determining the stability of
items made of EMs.22¢ The rate of a decomposition reaction also
depends on different kinds of radiation (X-ray, UV, etc.), on the
mechanical stress, on the presence of moisture and other com-
pounds in the environment, etc. The influence of these factors on
the EM decomposition and on the stability of items made of EMs
has been studied much poorer than the thermal effects.

Instability of the shape and size of items made of EMs can be
due to not only thermal decomposition but also incompleteness of
phase separation in the course of crystallisation, thermodynami-
cally nonequilibrium conformation of polymer chains and other
physical factors.?26-229

Solving the problem of stability prediction for EMs requires a
great body of data and takes a long time. For instance, in the USA
the service life of rocket engines is evaluated by statistical treat-
ment of the results of accelerated cyclic load tests of engines
belonging to groups with different storage lifes. This allows one to
attain engine failure in admissible and predictable time.?30-231
Direct comparison of the results of calculations with the behav-
iour of the item under operating conditions requires too long time.
However, differences between the test results and the life expect-
ancy can be due to not only ignoration of some operation factors
but also to a change in the mechanism of the process under
operating conditions. For instance, if two competing concurrent
processes (breakdown of cross-links and cross-linking) proceed in
a polymer network, the dependence of the stress —strain properties
on time has the form

Y = aexp(—kit)— fexp(—kat) + Yo,

where k; and k> are the rate constants for breakdown of cross-
links and cross-linking, respectively, and Yy, « and f are constants.
If ki < k> under test conditions, the dependence Y(¢) passes
through a minimum; otherwise (k; > k»), it passes through a
maximum. Extrapolation with allowance for the behaviour of
the function Y(?) in the initial period of tests can introduce gross
errors.?2® Changes in the stress—strain state of the composite due
to the difference between the binder and filler thermal expansion
coefficients and temperature-induced changes in the mechanism
of the interaction between the oxidiser decomposition products

and binder can also introduce large errors when using a similar
extrapolation.

A combined prediction procedure involving alternate ‘plac-
ing’ of a material or an item under accelerated test conditions and
under operating conditions is nearly free from these drawbacks.®

At present, NMR imaging techniques have been intensively
developed. They permit imaging of internal structure of a material
and monitoring of its state immediately under operating condi-
tions.87-232-235 NMR images are in essence multidimensional
NMR spectra. For instance, NMR imaging permits non-destruc-
tive real-time monitoring of the dynamics of physical and chem-
ical processes by measuring the spatial distribution of
concentration in any section of the sample. Large objects are
studied using surface coils 233 or devices combining an RF coil and
a magnetic field source.

VI. Conclusion

The kinetic and mechanistic studies of EM decomposition aimed
at solving important practical and theoretical problems are far
from being completed. This is to a great extent due to the fact that
the scientific and methodological potentials of modern chemical
physics (in particular, chemical kinetics) and solid state physics
are still little used in the EM decomposition studies. An optimum
research strategy must involve joint kinetic and mechanistic
studies of complex chemical reactions. This can be done using
various efficient methods of determination of the composition of
reaction mixtures and the evolution of reactant concentrations in
the course of reaction. However, the decomposition mechanism of
explosives is usually studied out of the context of the kinetics of
elementary decomposition stages while the kinetic parameters are
as a rule determined using methods of formal kinetics. However,
these methods are little informative and therefore cannot be used
for the determination of the rate constants for elementary stages
of multistage processes.

Computer simulation of the decomposition of explosives as a
means of controlling the mechanism reliability is only coming in
practice, being performed taking simple model compounds as
examples. The kinetics and mechanism of the decomposition of
explosives in the condensed phase are very poorly studied because
improved methods of investigation of the supramolecular struc-
ture of liquid and solid explosives characterised by rather high
spatial and temporal resolution are almost not employed. Infor-
mation on the supramolecular structure of the condensed phase
and its evolution in the course of reaction is ignored. The true rate
constants for the primary steps of decomposition (leave alone the
rate constants for all elementary stages of the process) have not
been determined as yet even for in-service explosives and solid
propellant oxidisers and the corresponding decomposition mech-
anisms are not substantiated. The aforesaid suggests that the
available methods of theoretical chemistry have considerable
promise for the determination of the kinetics and mechanism of
thermal decomposition of EMs. The highest efficiency can be
attained in joint studies carried out using these methods and
modern experimental techniques.

Usually, solid propellant binders are polymer networks with a
complex multilevel structure. The chemical, topological and
supramolecular structure of such polymers and composites
based on them can be investigated using modern efficient and
theoretically substantiated approaches. A number of methods for
studying the structure of the free volume subsystem of the polymer
network are available. This allows the decomposition kinetics of
polymer networks and composites exposed to the action of
various external factors to be studied, the most unstable structural
blocks to be determined and efficient methods of stability
improvement to be elaborated. However, the new techniques are
very rarely used in studies of the degradation and stabilisation of
solid propellants; the decomposition of solid propellants is studied
using methods of formal kinetics.
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The most important problem, prediction of stability of EMs, is
still to be solved. The proposed criterion for stability of these
materials (limitation on the tolerable degree of conversion during
the reprocessing time and the storage life to a value of 0.02%) is
not substantiated. In this situation the best way is to use of a
combined prediction procedure and NMR techniques that allow
the state of items made of EMs to be monitored immediately
under operating conditions.

Mathematical modelling of combustion is performed using
simple steady-state models and a number of essential assump-
tions. This is due to the lack of kinetic parameters relevant to the
actual complexity of EM decomposition over a wide temperature
interval. Powerful modern computers allow almost all correctly
posed problems in the field of mathematical modelling of EM
combustion to be solved.
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