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Abstract. Studies on mathematical modelling of the molec-
ular and supramolecular structures of explosives and the
elementary steps and overall processes of their decomposi-
tion are analyzed. Investigations on the modelling of com-
bustion and detonation taking into account the
decomposition of explosives are also considered. It is
shown that solution of problems related to the decomposi-
tion kinetics of explosives requires the use of a complex
strategy based on the methods and concepts of chemical
physics, solid state physics and theoretical chemistry instead
of empirical approach. The bibliography includes 168 refer-
ences.

I. Introduction

Russian researchers made their pioneering studies on math-
ematical modelling of the decomposition of explosives in the
1920s—-1930s when N N Semenov, Ya B Zel’dovich and
D A Frank-Kamenetskiy had solved the simplest problems
in the macrokinetics of thermal explosion and combustion.
The invention of first-generation computers made it possi-
ble to numerically solve complicated problems in the
decomposition macrokinetics of explosives, which are
described by a system of nonstationary differential equa-
tions, and gave a strong impetus to the development of
research in this field. Modern computational facilities allow
one to study elementary steps of the decomposition kinetics
and mechanisms of explosives by quantum chemical, Monte
Carlo and molecular dynamics methods.

Such investigations provide information on relation-
ships between the reactivity of explosives and their molec-
ular and supramolecular structure and aggregation state, on
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the character and intensity of external physicochemical
factors acting on matter and on the mechanisms of combus-
tion and detonation. Studies on the decomposition kinetics
and mechanisms of explosives are also of great practical
importance.!"> To meet increasing requirements for the
operating characteristics of explosives, one should develop
a cheap method for fast testing of explosives using theoret-
ical chemistry methods.?

The results obtained by domestic researchers in the early
stage (from mid-1950s to the early 1990s) of investigations
on the decomposition kinetics and mechanisms of explo-
sives were considered in a monograph.! Analysis of the
studies carried out at that time showed 3 that a number of
basic and practically important problems in this field
remain unsolved.

The state-of-the-art in theoretical chemistry offers new
prospects for solving fundamental and practical problems
concerned with investigations of thermal decomposition of
explosives using mathematical modelling methods. A key
problem to be solved by such methods is to obtain detailed
information on the intra- and intermolecular bonds and on
the changes in the molecular and supramolecular structures
of explosives in the course of chemical reactions and phase
transitions. Modelling of elementary steps of decomposition
and the molecular structure of explosives usually involves
quantum chemical calculations. The totality of elementary
steps of decomposition reactions including processes occur-
ring in the course of combustion and detonation is
described by a nonstationary system of differential equa-
tions which is solved numerically.

In this review we will analyze the studies on mathemat-
ical modelling of the electronic, molecular and supramolec-
ular structures of explosives, the mechanisms of elementary
steps of the decomposition of explosives, the kinetics of
multistep decomposition of explosives depending on their
aggregation state and supramolecular structure, as well as
on modelling of the combustion decomposition and deto-
nation decomposition of explosives. The aim of the review is
to outline prospects for the use of mathematical modelling
in solving fundamental and applied problems in the design
and applications of explosives. Publications which accumu-
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late the results of studies on mathematical modelling of the
structure and decomposition of conventional and promising
explosives with allowance for corresponding structure—
reactivity relationships are scarce. Mention may only be
made of a review # on the advances in modelling of combus-
tion of solid fuels and a review 2 that outlines the results of
application of theoretical chemistry methods in studies of
the effect of compression on the initiation mechanism of
reactions that lead to detonation.

I1. Mathematical modelling of the structure and
properties of explosives

1. The molecular structure

Theoretical chemistry methods allow one to determine the
electron density distribution in the molecule of an explosive;
this distribution governs the action of intra- and intermo-
lecular forces, the molecular geometry, electrostatic poten-
tial and chemical bonding.3 Establishment of correlations
between the electronic structure and reactivity of reacting
species is a fundamental problem in chemical physics.
Methods of modelling of the electronic structure of reacting
species include:

— classical molecular modelling by the Monte Carlo
and molecular dynamics methods and

— first-principle quantum chemical calculations.

The state-of-the-art in theory makes it possible to carry
out quantum chemical calculations of molecules of explo-
sives and model compounds.®~!° For instance, the ground-
state and transition-state geometries, the Mulliken atomic
charge distributions and the electric dipole moments of the
simplest nitramine molecules were calculated.® Knowledge
of these parameters and their variations due to intramolec-
ular motions are significant when considering the chemical
properties of compounds. Quantum chemical calculations
of molecular force fields were reported 7 and the vibrational
spectra of a number of nitro derivatives and simplest nitr-
amines were analyzed. The structure of the potential energy
surfaces (PES) of nitroso compounds in the ground and
lowest excited electronic states, as well as the corresponding
equilibrium geometric parameters, vibration frequencies
and potential functions of internal rotation were calcu-
lated.® The bond lengths and bond angles in ammonium
dinitramide NH4N(NO>), in the gas phase were determined
from ab initio molecular orbital (MO) calculations.?- 10

Data on molecular conformations provide much better
insight into possible channels of thermal decomposition of
explosives. The molecular structures of hexogen and octo-
gen in the gas phase were studied within the framework of
the density functional theory (DFT).!!-12 The study of the
molecular structure of hexogen in the gas phase revealed a
number of conformers separated by rather low energy
barriers from 6 to 20.5 kJ mol—!. Therefore, the results of
experimental determination of the molecular structure of
hexogen in the gas phase correspond to the dynamically
averaged structure owing to fast interconversion of con-
formers. According to calculations, in the gas phase dini-
tramide HN(NO,), can exist in two forms,!? the secondary
amine HN(NO), being the most stable. The less stable
form, HON(O)NNO>, has four conformers.

Among seven possible tautomers of S-aminotetrazole
(5-ATZ), two isomers whose enthalpies of formation in the
gas phase differ insignificantly (by 11.7 kJ mol—1!) are the
most stable.!* However, the activation barrier to monomo-
lecular interconversion of these isomers is high

(~210 kJ mol—1) both in the gas phase and in melt. How-
ever, interconversion can occur owing to concerted double
H-transfer in their dimers.

The conformational structures of methyl nitrate, methyl
nitrite and ethyl nitrate were studied.!> '® The most stable
are the cis-form of methyl nitrite and the staggered con-
formation of methyl nitrate. Ethyl nitrate has three stable
conformers, the trans-conformer being the most stable.

DFT calculations are used to determine the molecular
structure of radicals and radical ions.!” The calculated
activation barrier to the formation of the aci-form of
dinitromethane radical cation is 140.1 kJ mol—"'.

2. The supramolecular structure of explosives in the gas and
liquid phases

Many explosives are polar substances. Molecules containing
centres of intermolecular interactions can form hydrogen,
dipole—dipole and other bonds whose energies vary from 10
to 60 kJ mol—1.

Experiments '® showed that molten 2,4,6-trinitrotoluene
(TNT) contains both free TNT molecules and trimolecular
associates. The formation of associates was also detected for
dimethylnitramine and nitroglycerol.'®-29 At room temper-
ature, the concentrations of nitroglycerol monomers,
dimers, trimers and tetramers areina 1:1:4:5.5 ratio.

According to quantum chemical calculations, molecular
association leads to changes in the internuclear distances in
the molecules of explosives. It was established?! that a
transition of dimethylnitramine from the gas phase to the
crystal causes the N—N bond in the NNO; fragment to
shorten from 1.38 to 1.26 A and the N— O bond to lengthen
from 1.22 to 1.25 A.

Molecular association can influence the reactivities of
the molecules owing to changes in the structure of the outer
electron shells, to generation of a mutual arrangement of
the molecules that favours (or precludes) a chemical reac-
tion, and also owing to reduction of the molecular mobi-
lity.?2 The higher the concentration of intermolecular bonds
the lower the molecular mobility of the system on the time
scale commensurable with the lifetime of the labile bonds.
Molecular association can affect not only the reactivity of
components, but also the reaction mechanism. A number of
high-melting, thermally stable explosives (nitropyrroles,
nitro derivatives of pyridine, pyrazole and triazole, fura-
zans, benzo- and pyridofuroxans) show an abrupt decrease
in the activation energy of decomposition on going from the
vapour to liquid state. This decrease, which can amount to
125 kJ mol—!, is explained by the formation of associates,
which creates prerequisites for changes from the radical to
molecular mechanism of decomposition.??

Thus, association of the molecules of explosives can
significantly affect their reactivity; however, the role of
association is still to be clarified. In particular, it is
believed ! that association of the molecules of explosives
under the decomposition conditions can be ignored. The
assumptions of the effect of association of reactant mole-
cules on the reaction kinetics are treated as hypotheses,
although fruitful.?*

In some cases, intermolecular interaction can be rather
strong; according to quantum chemical calculations, asso-
ciates of the molecules of explosives are formed even in the
gas phase. For instance, in the gas phase ammonium
dinitramide forms molecular complexes, the complex
[NH;]-[HN(NO>),] being the most stable.!® Gas-phase
DFT calculations 2 predict the formation of 1,1-diamino-
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2,2-dinitroethylene (FOX-7) dimers; the structure of the
most stable dimer almost exactly matches its structure in
the crystal.

The structures of 1,3,5-triamino-2,4,6-trinitrobenzene
dimers, trimers and tetramers was studied theoretically.?®
It was shown that molecules of this compound can form
charge-transfer clusters through intramolecular hydrogen
bonds.

3. The supramolecular structure of solid explosives
Prediction of the crystal structure based on the molecular
geometry offers prospects for calculations of the properties
of explosives in the solid state, i.e., makes it possible to
choose an appropriate substance for particular applications
prior to synthesis. Gas-phase quantum chemical calcula-
tions of isolated molecules were carried out for many
explosives that form molecular crystals.?’ 3% However,
there are only a few studies on solid explosives. This is due
to high computational cost. Indeed, the unit cell of a typical
molecular crystal contains a large number of atoms and the
computing time in electronic structure calculations is at
least a cubic function of the size of the system. As a
consequence, conventional DFT techniques are of very
limited use.31—33

DFT calculations were used to determine the lattice
parameters of the molecular crystals of octogen, hexogen,
nitromethane and 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowiirtzitane (HNIW); however, the error of deter-
mination was large (from 0.2 to 1 A) due to the fact that the
functionals used ignore the van der Waals forces.?* This
severe drawback can be avoided by using new density
functionals and/or relatively more complex computational
schemes or semiempirical approximations for correlation of
instantaneous dipole fluctuations.?>

Quantum chemical calculations 3¢ of HNIW molecular
crystals revealed a nonplanar environment of the amino
nitrogen atom due to the presence of the lone electron pair.
Therefore, the nitramine groups can adopt various confor-
mations, while the lone electron pairs of different amine
nitrogen atoms have different spatial arrangement and
interaction potentials. The electron density distributions in
the a(H20)- and e-conformers of HNIW (Fig. 1) and the
effective atomic charges in different conformers were calcu-
lated. From the data in Fig. 1 it follows that the molecular
structure of the a(H>O)-conformer of HNIW leads to excess
electron density mainly on nitro groups, whereas in the
e-conformer, the charge is localized near the centre of the
molecule. The dispersion and electrostatic components of
the energy of intermolecular interactions for the HNIW
polymorphs a(H>0), vy and &€ were determined; the energy of
dispersion interactions was calculated using the ‘6-exp’
potential. It was shown that in different polymorphs the
contribution of dipole—dipole interactions is large and
comparable with that of van der Waals interactions. This
violates the principle of close packing of molecular crystals
and the existence of loose HNIW polymorphs becomes
possible. It was also shown that different polymorphs have
considerably different energies of the van der Waals and
dipole—dipole interactions; however, changes in the total
energies upon phase transitions are close to zero. The
experimental values of the a(H20O) — v and € — v transition
energies agree with the results of calculations.

A quantum chemical study of the energy characteristics
of weak inter- and intramolecular interactions in crystals of
3-(2-hydroxyphenyl)-1,2.4-triazoles was reported.’” The

Figure 1. Electron density distribution in molecules of the ¢- (a) and
a(H,0)- (b)) HNIW modifications.3¢

energies of hydrogen bonds in these compounds are
strongly affected by the crystal packing effect, which leads
to weakening of the intramolecular hydrogen bond owing to
the competitive intermolecular interactions.

It was shown?3® that hydrogen bonds in 4-amino-
1,2,4-triazol-5-one play a significant role in dimerization
of the molecules and in the crystal packing. The average
energy of the hydrogen bond in the dimer of this compound
is twice as high as that of water dimer, i.e., the amino group
in 4-amino-1,2,4-triazol-5-one is a strong proton donor,
while the oxygen atom of carbonyl group is a strong proton
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acceptor. The N—NH: bond is labile and dissociates first
on heating or under shock.

The energies of intermolecular interactions in the crys-
tals of trimeric and dimeric molecules of 2-methyl-4-nitro-
aniline bonded by hydrogen or =n—m-bonds were
calculated 3° by the TDB3LYP/3-21G + method. Owing to
the size effect, intermolecular interactions in 2-methyl-
4-nitroaniline dimers are weak compared to intermolecular
interactions in the trimer.

The structures of the crystals containing functional
groups with C, H, N and O atoms were calculated based
on the potential of intermolecular interaction.*® In 148 out
of 174 systems considered, the predicted crystal structures
of nitramines, nitro esters, nitroaliphatic and nitroaromatic
compounds matched the experimentally detected configu-
rations. A hybrid DFT technique providing a highly accu-
rate geometry optimization and calculations of the energy
of atom —atom interactions in the molecular crystals built of
H, C, O, N, F and Cl atoms was developed.#! On the
average, the results of calculations deviate from correspond-
ing experimental values by about 1%. A semiempirical
model for the determination of the properties of crystals of
organic salts based on their structural formulas was pro-
posed.*? The electronic energies of solid phases and clusters
are calculated in an approximation which uses an approx-
imate functional ignoring the electron orbitals instead of the
exact kinetic energy functional used in conventional orbital-
based DFT calculations.*?

A high-precision quantum chemical procedure for cal-
culating the thermodynamic and kinetic parameters of
compounds containing C, H, N and O atoms was pro-
posed.**

Nitrogen-rich energetic compounds (triazine, heptazine,
triazole, tetrazine, tetrazole) have attracted the attention of
many researchers due to high density, positive enthalpy of
formation and high thermal stability.*>- 46 These compounds
are thought to be efficient precursors in fabrication of
carbon nanospheres and carbonitride nanomaterials, gas
generators, smokeless pyrotechnic fuels and fuels for micro-
combustion systems.

Successful application of quantum chemical calculations
in screening of high-power explosives was demonstrated in
studies on the determination of optimum molecular struc-
ture of the cage compounds N, N,O, and NsCgHg.47~4°
Taking the N4 molecule whose cage consists of two pairs of
tetragons sharing an edge as an example, it was shown that
the introduction of oxygen atoms leads to transformation of
the common N—N bond to the group N—O—N, strain
relief and subsequent stabilization of the molecule (Fig. 2).
A study on the design of high-density, high-power explo-
sives based on binary azides aimed at the synthesis of
C(N3)4 and the synthesis of Si(N3)4 was reported.>

Great potential of quantum chemical methods is used in
calculations of the properties of particular molecules. Much
less attention has been paid to the explanation for the
results obtained using such fundamental notions in chem-
istry, as the chemical bond, molecular structure and mutual
influence of structural fragments. Among a few studies in
this field, noteworthy is a study 3! whose authors proposed a
quantum chemical procedure for analysis of the electronic
structure and physicochemical properties of complex mole-
cules in terms of orbital interactions between molecular
fragments. This approach as such was proposed earlier,>?
but was not systematically used in analysis of intramolecu-
lar interactions to distinguish between the key mechanisms

Figure 2. Molecular structures of N4 (¢) and Nj40, (b).*3

of the mutual influence of structural fragments in complex
organic molecules (inductive effect, conjugation, etc.) and in
studies of their correlations with physicochemical proper-
ties.

II1. Mathematical modelling of elementary steps
of decomposition

1. Gas-phase reactions of model compounds

To establish a relationship between the reactivity of explo-
sives and their structure, aggregation state and supramo-
lecular structure, one should know the rate constant,
activation energy and pre-exponent in the Arrhenius equa-
tion for the primary elementary step of decomposition.
Knowledge of these parameters is also needed for prediction
of the stability of explosives on storage and for the
determination of safe conditions for their synthesis and
processing.

Usually, molecules of explosives contain a number of
active (often, different-type) reaction centres. It is believed
that, due to complexity of the molecular structure of real
explosives, it is convenient to begin investigations of rela-
tionships between their reactivity and the molecular and
electronic structure with studies of simple molecules having
a single reaction centre. However, one should keep in mind
that the results obtained should be transferred to actual
explosives with a great care because the interaction of
atomic groups in the molecule of a real explosive causes
redistribution of the electron density between them.

Khrapkovskii et al.15-17-53-66 carried out DFT studies
of the primary steps of gas-phase decomposition reactions
of some model C-, O- and N-nitro compounds including
nitroalkanes, nitroalkenes, aromatic and heteroaromatic
nitro derivatives, nitramines and nitroesters. They deter-
mined the molecular structures of the compounds under
study, the atomic charge distributions, the enthalpies of
formation, the activation energies and the enthlapies of
reactions of monomolecular thermal decomposition.

A review ¢ includes systematized data on the mecha-
nisms of gas-phase monomolecular decomposition of model
C-nitro compounds (nitroalkanes, nitroalkenes and nitro-
arenes) obtained from quantum chemical calculations. The
authors of that review considered specific features of com-
petition between different mechanisms and the effect of the
molecular structure on the changes in the Arrhenius param-
eters of the primary step of the reaction. It was established
that, generally, the primary step of decomposition of
aliphatic C-nitro compounds can be a homolytic dissocia-
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tion of the C—NO, bond, elimination of nitrous acid, a
nitro—nitrite rearrangement and decomposition via the aci-
form of the nitro compound.37-3%66 The decomposition of
nitroalkenes can begin with homolytic dissociation of the
C—NO; bond, elimination of nitrous acid, nitro—nitrite
rearrangement and decomposition via the aci-form and via
the 1,2-oxazete-2-oxide ring.3% As the temperature of
thermal decomposition of nitroalkenes increases to
400—500°C, homolytic dissociation of the C—NO> bond
becomes the main route due to positive entropy of activa-
tion of this reaction.>”-¢1-63.66 Studies on the mechanism of
gas-phase decomposition of the simplest aminonitroethy-
lenes (models for the explosive FOX-7) showed >3- that the
most probable reaction channel involves the formation of
substituted oxazetes in the limiting stage.

Thermal decomposition of aromatic nitro derivatives
can begin with homolytic dissociation of the C—NO;
bond, nitro—nitrite rearrangement and formation of a bi-
cyclic intermediate.®0 66

o_/
N

NO; /
-

Owing to high activation entropy the decomposition by
the radical mechanism proceeds faster. On lowering the
temperature, the contribution of nitro—nitrite rearrange-
ment increases.

The results of studies of the simplest alkyl nitrates and
alkyl nitrites were reported.'>-'¢ It was established that
differences between the dissociation energies of the
O —NO; and O—NO bonds and the barriers to elimination
of HNO (for methyl nitrite) and HNO; (for methyl nitrate)
are low. Decomposition of ethyl nitrate by the radical
mechanism can be accompanied by elimination of HNO;
or HNOs followed by a conformational transition from the
trans- to gauche-conformation.

The effect of the molecular structure on the changes in
the pre-exponent (A) in the Arrhenius equation was studied
taking gas-phase monomolecular radical decomposition of
aliphatic alcohol O-nitrates with abstraction of NO2 group
and non-radical decomposition with elimination of HNO,
and HNOj; as examples. According to calculations,>* elim-
ination of HNO; cannot compete with the homolytic
dissociation of the O—NO, bond first of all because of
lower A values because the activation enthalpy of elimina-
tion is only 4—6 kJ mol—! higher than the energy of this
bond.

The activation barriers to bimolecular decomposition of
nitroalkenes as the most probable channel of thermal
decomposition of these compounds in the liquid phase and
in the gas phase at high pressures was evaluated by quantum
chemical methods.>”-%0-2 According to calculations, bimo-
lecular and monomolecular decomposition of nitroalkenes
can compete with each other. For instance, the activation
barriers to the rate-limiting steps of bimolecular decompo-
sition of nitroethylene are nearly 50% of the activation
barrier to isomerization to the 1,2-oxazete-2-oxide ring.

In most studies on mathematical modelling of thermal
decomposition of model gaseous N-nitramines it is assumed
that the primary step of the reaction is homolytic dissocia-
tion of the N —NO; bond. Theoretical investigations 3356 of
alternative mechanisms of gas-phase decomposition of pri-
mary N-nitramines revealed that energetically the most

favourable reaction channel involves isomerization with
the formation of the aci-form by intramolecular hydrogen
transfer from the amino nitrogen atom to the nitro group
with subsequent cyclization of the aci-form followed by
elimination of water and formation of nitrogen and alde-
hyde.

A DFT and ab initio MO study ®7 of possible mecha-
nisms of gas-phase decomposition of HN(NOz)> showed
that the isomer O2NNN(O)OH formed upon proton trans-
fer and its conformers can undergo interconversions owing
to inter- or (more slowly) intramolecular proton transfer. It
was established that the decomposition begins with abstrac-
tion of NO; from the HN(NO;)> molecule or its isomer.

Pivina and co-workers studied how the mechanism of
gas-phase thermal decomposition of C- and N-nitro com-
pounds is related to the functional environment of the NO;
group.®®~77 The most probable mechanism of thermal
decomposition was chosen based on the results of DFT
calculations of activation energies (E,) ignoring the value of
the pre-exponent A. Analysis of the results obtained in
theoretical studies of the decomposition mechanism of C-
and N-nitro compounds revealed a significant role of
isomerization of the starting nitro compound in the primary
step of thermal decomposition.®® It was established that not
only the radical mechanism, but also the nitro—nitrite
rearrangement, prototropic rearrangement with the forma-
tion of the aci-form and isomerization to 1,2-oxazet-2-oxide
ring are possible. When discussing the decomposition mech-
anism, it was assumed that the radical mechanism of the
primary act of decomposition corresponding to a large
activation volume becomes unfavorable for the gas-phase
decomposition at high and ultrahigh pressures. Classifica-
tion 8 ~77 of nitro compounds depending on the features of
the functional environment of the nitro group made it
possible to determine both possible and preferred mecha-
nisms of the primary step of decomposition for all structural
types in question. However, the conclusions drawn %% ~77 are
qualitative and no quantitative relationships between the
kinetic characteristics of reaction and the functional envi-
ronment of the NO; group were reported.

Note that in discussing the accuracy of calculations the
calculated activation energy is often compared with the E,
value determined by the methods of formal kinetics.%% %9
However, there are no grounds for a priori treatment of the
theoretically determined rate constant for the primary
elementary step (i.e., activation energy) as equal to the rate
constant keyp (activation energy) for the overall process,
which is determined by the methods of formal kinetics.?
Experimentally, the E, values are usually determined with a
large spread which amount to, e.g., 43.5 for hexogen (gas
phase) and even 108.8 kJ mol—! for tetril (melt).”® There-
fore, there is no problem to choose an experimental activa-
tion energy value equal to the value obtained from
theoretical calculations; however, this equality does not
characterize the accuracy of calculations. It should also be
noted that often the decomposition of explosives initially
follows a number of competitive channels at comparable
rates.?

2. Model reactions

Kinetic studies of those elementary steps of a complex
mechanism of thermal decomposition that follow the pri-
mary step of decomposition of explosives are necessary for
mathematical modelling of the kinetics of the overall
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process. This problem has attracted relatively little atten-
tion so far.
Isomerization of nitrogen tetroxide

O;N—-NO; —= ONO-—-NO;

in the gas phase was studied, the energy barrier and the
Gibbs free energy were determined and the effect of water
on the activation parameters of the reaction was consid-
ered.”? It was established®® that nitrosyl nitrate
ONO —NO; exhibits oxidative properties owing to the
appearance of nitrosonium cations NO* in the reaction

ONO—-NO; —= NO™* + NOj3.
The isomerization
HNO —= HON

was studied and it was shown 8! that water molecules favour
the occurrence of the process and that the preferred channel
involves three water molecules.

Clearly, reactions involving the major intermediates of
decomposition reactions have been poorly studied so far. A
theoretical study of the interaction of CH>,OH radical with
NO: revealed a total of 14 components and 28 transition
states.®2 The process begins with barrierless formation of
adduct HOCH>NO>, which then decomposes by the mech-
anism of concerted reactions involving dissociation of the
C—N bond and H-shift to give CH>O and HONO; this
agrees with experimental data. Less probable is the forma-
tion of adduct HOCH,ONO followed by dissociation of the
C—N bond and then C—O bond.

A ground-state PES study 83 of the system NH,+NO;
showed that barrierless association of these two radicals
results in NH2NO> and NH>ONO. Subsequent decomposi-
tion of these intermediates gives H,O, N>,O, H,NO and NO.
The PES of the low-lying singlet and triplet states of the
simplest nitramine NH>NO» (an intermediate of the decom-
position of hexogen, octogen and other explosives) were
studied.®* The PES of the reaction of NN —H radicals with
atomic oxygen was studied in detail.®> Three adducts with
the formula N>OH were located on this PES, viz., ONHN,
cis-ONNH and trans-ONNH. The channels of the reaction
resulting in NO+ NH, N>O+H, N>+ OH and HNO+N
were characterized. The rate constants for each channel
were calculated using the Rice — Ramsperger — Kassel - Mar-
cus theory. The enthalpy of formation of NN—H radical
was determined and it was shown that the reaction of
NN —H with an oxygen atom does not contribute largely
to the formation of NO in combustion of any system
containing these radicals.

According to quantum chemical calculations, 3¢ the
decomposition of nitramines involves bimolecular reactions
between the starting compound and final products. It was
established 87 that NO, can be oxidized by hexogen or
primary products of its decomposition to NO3 both ther-
modynamically and kinetically.

3. Decomposition of explosives in the gas phase
The primary steps of decomposition of urea nitrate,
HN(NOz)2, NH4N(NO»2)>, HNIW, hexogen, octogen,
organic azides and some other conventional and promising
explosives in the gas phase were studied by the DFT and
ab initio methods.38-98

Electronic structure calculations of urea and urea nitrate
in the gas phase were reported.®!-92 It was established that

in the gas phase urea nitrate has two isomers and each of
them is an eight-membered acid —base complex stabilized by
two hydrogen bonds formed by the nitric acid proton and
the urea nitrogen or oxygen atoms. The calculated hydrogen
bond energies are 57.3 and 34.3 kJ mol—! and the standard
enthalpies of formation of the isomers are —429 and
— 155 kJ mol—!, respectively. In both isomers, double pro-
ton transfer within the hydrogen bonded cyclic structure
can occur with ease. In such case, HNOj; plays the role of a
catalyst. The nitric acid-catalyzed decomposition of urea to
HNCO and NHj is the most probable decomposition
channel of urea nitrate while NH;, HNCO, HNO; and
ammonium nitrate are the major primary products of
decomposition. Mathematical modelling allowed one to
determine®! the order of the elementary steps of the urea
nitrate decomposition involving one intermediate and two
transition states (TS1 and TS2) with successive elimination
of NH3;, HNCO and HNOj;. The primary step of decom-
position is intramolecular transfer of a proton from one
amino group to the other resulting in NH3. The TS1 state is
a four-membered ring. The intermediate formed after pro-
ton transfer undergoes a transition to TS2. No four-mem-
bered ring N—H-—-N—-C is formed in the case of
(NH,),COH™*, which is the ground state of crystalline
urea nitrate; therefore, it is assumed that the decomposition
of a crystal of this compound should be initiated by some
external factor (heating or shock) to break down the 2D
network of strong hydrogen bonds in the crystal structure.

The PES profile of the primary steps of ammonium
dinitramide decomposition in the gas phase is shown in
Fig. 3. Cleavage of the hydrogen bond in
NH;-HON(O)NNO; and elimination of NO» result in an
intermediate, HON(O)N, which can undergo transforma-
tion to HNNO: via H-shift (activation barrier is
143.2 kJ mol—1). Decomposition of HON(O)N and
HNNO; can produce HN+ NO,, OH + N>,O, HNO + NO.
Decomposition of NHz- HN(NO»)» begins with cleavage of
the hydrogen bond and leads to HNNO-.

AE /kJ mol—!

246 NH; + HON(O)N + NO,

TS NH;+HNNO;+NO,

NH; - HON(O)NNO,\
| 3

\ T

\<

—1254 N

NH;3+HONO,+N,O [NH4N(NO2)2]solid

Figure 3. Ammonium dinitramide PES profile calculated at the
MP4(SDQ)/6-31 + G(d,p)//MP2/6-31G(d) (/) and -G1 (2) levels of
theory.?

Based on the results of theoretical calculations, two
main decomposition mechanisms of organic azides were
proposed:®3-93
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1) release of N> with the formation of imine
RCH2N3 ——> RCH = NH + Nz;

2) formation of a cyclic transition state in which a
proton or alkyl group are transferred to the electron-
deficient nitrogen atom. In addition, the sequence of ele-
mentary steps, the number and type of intermediates and
transition states and the activation energies of different
steps were determined. However, in most cases the pre-
exponent 4 was not calculated.

The energies of bond dissociation in hexanitrostilbene
and a number of its derivatives were determined by the
DFT/B3LYP-31G* method.?® It was shown that the
C—NO> bond is the weakest in the nitro and amino
derivatives of this compound, whereas decomposition of
the hydroxy derivatives begins with isomerization involving
transfer of hydrogen atom from the H— O bond.

The stability of ortho- and para-substituted phenylpen-
tazoles was studied by the DFT method.®” It was estab-
lished that the decomposition of phenylpentazoles with the
formation of N, and a corresponding azide is a first-order
reaction. The stability increases with an increase in the
electron-donating character of substituents and decreases
upon introduction of electron-donating groups into para-
position.

Mathematical modelling of the primary steps of thermal
decomposition of  5-nitro-2,4-dihydro-3H-1,2,4-triazol-
3-one dimer by the DFT method showed that the energy
barrier to elimination of CQO»> is 369 kJ mol—! and the
sequence of elementary steps involves the formation of
four intermediates and five transition states.”$

According to quantum chemical calculations,'* exact
description of the primary step of thermal decomposition
of 5-aminotetrazole can be obtained only if the formation of
H-bonded dimers and their subsequent transformations are
taken into account. The energy barriers to reactions involv-
ing dimers are lower than the barriers to monomolecular
reactions of decomposition of 5-aminotetrazole.

Using quantum chemical methods,”® one can calculate
the rate constant for an elementary reaction; however, the
problem of quantitative correlation between the reactivity,
structure and physical properties of reactants remains
unsolved.

An example of successful application of mathematical
modelling to investigations of the gas-phase decomposition
kinetics and mechanism of explosives is provided by com-
plex (theoretical and experimental) investigations of the
decomposition of ammonium dinitramide. An almost com-
plete description of the mechanism and kinetics of the
process (including parameters of the Arrhenius equation)
was reported in a review.!%0 Note that out of 218 elemen-
tary steps of the decomposition of this compound only 37
(17%) involve an increase in the number of species, 14 steps
(6.5%) lead to a decrease in the number of species and the
remaining 167 steps have no effect on this parameter.
However, each elementary step contributes to the kinetics
of the process, which is determined by the rate constant for
this step and its role in the reaction mechanism irrespective
of the character of changes in the number of species. Thus,
the data on the decomposition mechanism of ammonium
dinitramide (see above) provide a convincing proof that the
kinetic results obtained manometrically, by monitoring the
course of the decomposition from the change in pressure
(i.e., the number of species) in the closed volume, are only
approximate characteristics of the reactivity of explosives.

4. Decomposition of explosives in the condensed phase

Main approaches developed in theory of liquid-phase reac-
tions (numerical modelling by the Monte Carlo and molec-
ular dynamics methods, studies of Langevin stochastic
equations, Fokker—Planck equation, Bohm — Gross kinetic
equation) have been considered in detail in a review.!?! The
publication provides an overview of the advances in theory
and demonstrates the potential and limitations of mathe-
matical modelling of elementary steps of liquid-phase reac-
tions taking calculations of the rate constants for particular
reactions, including reactions with electron transfer, as
examples. However, some features of liquid-phase processes
(formation of dissipative structures, effect of the supra-
molecular structure on the reaction dynamics) were not
considered.

Compared to the data on gas-phase decomposition of
explosives, data on the elementary steps of the decomposi-
tion of explosives in the condensed phase are scarce and less
reliable.!-3:192 For instance, no substantiated chemical
schemes of liquid-phase decomposition of some classes of
explosives are available; also, opinions are different as to
true reasons for different decomposition rates of com-
pounds from some classes of nitro compounds in the gas
and liquid phases.'®3 One should keep in mind that the
reaction mechanism can change on going from the gas phase
to the liquid state,'°? but even if the elementary reactions
remain unchanged, the physics of the reactions in the
condensed phase is significantly different from that of gas-
phase reactions. Namely, the ratios of the rates of compet-
ing reactions, the rate-limiting steps and the physical mean-
ing of the kinetic constants are often changed. Investigations
of decomposition in the condensed phase by the methods of
formal kinetics are complicated if gaseous products are
formed in the course of the process. Differences between
the mechanisms of decomposition in different phases ignor-
ing the distribution of reaction products (and sometimes,
reactants) between the phases lead to dependence of the
reaction kinetics on the ratio of the mass of the sample (1)
to the volume of the reaction vessel (V). The problem of the
influence of experimental conditions (in particular, the m/V
ratio) on the results of formal kinetic studies has been
discussed in the literature, but with no much effect.

Mathematical modelling of the decomposition of explo-
sives in the condensed phase by quantum chemical methods
has attracted little attention so far, being too labour-
consuming. Nevertheless, it should be noted that the quan-
tum chemical approach can be used in studies of the supra-
molecular structure of explosives. For instance,
mathematical modelling allows one to calculate the thermal
stability of associates of the molecules of explosives in the
liquid phase and to take into account the effect of molecular
association on the kinetics of the primary steps of decom-
position.o1-98

The effect of the molten state on the thermochemistry,
rate constants for and energy barriers to different steps of
the decomposition of S5-aminotetrazole was taken into
account '* by calculating the free energy of solvation deter-
mined by the B3LYP/6-311G(d,p) method within the frame-
work of the PCM model.!104

Investigations of the decomposition of explosives are
closely related to such a fundamental problem in chemical
kinetics, as the development of a physical model for solid-
phase reactions with allowance for phase formation and
phase transitions. Solid-phase decomposition of explosives
is accompanied by the formation of gaseous products
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followed by their separation into an individual phase. The
kinetics of solid-phase decomposition of explosives depend
on the free volume of the crystal, on the type of free volume
elements (vacancies, vacancy clusters, micropores, efc.) and
their evolution in the course of decomposition. In the
literature, mathematical description of the formation of a
new phase has attracted considerable attention.!03.106
Mathematical description of nucleation and growth of
vacancy pores in crystals '°¢ is based on the kinetic equation
for the formation of a new phase (see Ref. 107). The size of
vacancy aggregates that form a specific kind of clusters, viz.,
vacancy pores (negative crystal) is tens and hundreds of
lattice constants. The vacancy distribution near each
vacancy pore is inhomogeneous (a vacancy ‘gas’ cloud).
The diffusion supply of vacancies and their deposition on
pores cause the pores to move and grow. The main proc-
esses leading to changes in the pore distribution in super-
saturated vacancy ‘gas’ are condensation, evaporation and
surface diffusion of vacancies, as well as coagulation of
pores. A closed kinetic equation for the description of the
evolution of vacancy pores in the size space and in the
coordinate space under y-irradiation was derived.!0°

Detailed description of the primary step of thermal
decomposition of explosives in the solid phase by mathe-
matical modelling methods that would into account modern
solid-state physics concepts of the actual crystal structure, is
still unavailable. Decomposition of explosives accompanied
by the formation of solid and gaseous products at high
conversions, when separation of solid products into indi-
vidual phase determines the steady-state development of the
process, was considered.!®® Expressions for the interface
velocities, characteristic width of the reaction zone and the
concentration distribution were derived for the simplest
case of a reversible first-order reaction ignoring defective-
ness of the crystal structure and the effect of mechanical
strain and deformations within the crystal on the reaction
rate.

A dislocation-chain mechanism of decomposition of
crystalline explosive was proposed - 199 and a mathematical
model for propagation of the reaction front was formulated
in the steady-state approximation. According to this model,
decomposition of an explosive occurs on dislocations, which
are multiplied under the action of mechanical strain. The
model ignores diffusion of reaction products, provides no
substantiation for the form of the dependence of the
dislocation multiplication rate on strain and concentration
of dislocations, leaves the mechanical problem out of
consideration and has an arbitrary specification of stress
distribution. Also, the model ignores relationships between
the stress-strain state of the crystal, the fracture micro-
mechanics and the pressure of gaseous products, as well as
some steps of plastic deformation of a crystalline mate-
rial 119- 111 quch as annihilation of dislocations, mutual
trapping of dislocations in intercrossing slip planes, absorp-
tion of dislocations by grain boundaries and multiplication
of dislocations due to double cross slip. The model assumes
that the decomposition rate is proportional to the concen-
tration of dislocations; however, this contradicts experi-
mental data.

At present, quantum chemical approaches for modelling
the kinetics of primary steps of solid-phase decomposition
of explosives are being developed.?6-43-91. 112,113 [n partic-
ular, it was proposed to carry out DFT calculations using
an approximate kinetic energy functional without detailed
consideration of electron orbitals instead of exact orbital-

based kinetic energy functional.*> A nonempirical approx-
imate density functional for exchange energy was
reported.'!3 The main idea of the Coarse-Grained Chemical
Reaction Model (CGCRM) approach elaborated for better
understanding of complex multiscale phenomena occurring
on different time and length scales consists in neglect of
insignificant fragments of the system or replacement of an
atomic group by a functional group on the longer scale of
the computational model.!'* This approximation allows one
to overcome the temporal and spatial limitations of com-
puter modelling on the atomic level without losing informa-
tion on the microlevel. It was used in studies of a system
consisting of 130 000 molecules that could participate in 12
different reactions; a total of about 118000 chemical acts
were modelled.

Carrying out mathematical modelling of spatially dis-
tributed physicochemical processes, one should take into
account various fluctuations. The collective behaviour of a
system is determined by the local behaviour of its compo-
nents. If the system becomes inhomogeneous due to fluctu-
ations, all averaged variables, which can correctly
characterize the state of the entire system, are difficult to
determine. An efficient tool for solving such problems is the
use of probabilistic cellular automata, in particular, the
Direct Simulation Monte Carlo (DSMC) technique.!!?

IV. Mathematical modelling of multistep
decomposition of explosives

Studies of the kinetics and mechanisms of decomposition of
model and real explosives, transformations of intermediates
to final products, and specific features of combustion and
detonation of explosives require construction of mathemat-
ical models of multistep chemical reactions. Decomposition
of explosives is described by a complex kinetic scheme
including from a few hundreds (ammonium dimitramide)
to a thousand (ammonium perchlorate) of steps.!00-116
Various mathematical modelling methods can play a sig-
nificant role in determining still unknown reasons for
specific features of the kinetics of multistep thermal decom-
position of explosives.?

A methodology for computer modelling of multistep
thermal decomposition mechanisms of various classes of
nitro compounds was developed.®®~77 In the framework of
this approach, decomposition of starting compounds and
interactions of intermediates in the reaction medium are
described in the form of expert rules (reaction generators)
which are used for sorting various combinations of the
starting compounds and the structures of intermediates
formed in the thermal decomposition of explosives. This
methodology and corresponding software allow one to
model complete reaction mechanisms of thermal decompo-
sition of various types of nitro compounds. The most
probable channels of thermal decomposition are determined
based on the results of E, calculations for the corresponding
elementary reactions ignoring the A4 value. In essence, this
principle is based on the admission of equal values of the
pre-exponents 4 for the channels under consideration.
Meanwhile, it was empirically established that usually the
higher E, the higher 4 and vice versa (so-called compensa-
tion effect), i.e., the most probable channel can be deter-
mined only if both E, and 4 are known. Experiments also
showed that decomposition of explosives can simultane-
ously proceed by several concurrent channels at similar
rates even in the initial step.? If the competing elementary
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steps of the overall process have different activation ener-
gies, changes in temperature cause the contributions of
these steps to the overall process to change.

Mechanisms of thermal decomposition of some C- and
N-nitro compounds were modelled.®®~77 In particular, the
decomposition mechanism of 3(5)-nitro-1,2,4-triazole was
studied;®®-7?> a number of tautomers are possible for this
compound. It was established that the mechanisms of their
decomposition are similar. Calculations predict the lowest
thermal stability for the aci-nitro-tautomer of 3(5)-nitro-
1,2,4-triazole. Its decomposition is energetically more pref-
erable compared to other tautomers. Possible decomposi-
tion channels include homolytic abstraction of hydroxyl
radical (channel I, E, = 194 kJ mol—!), breakdown of the
1,2,4-triazole ring with elimination of nitrogen (channel II,

E, = 232 kJ mol~!), C—N bond dissociation (channel III,
E, = 381 kJ mol—) and abstraction of an oxygen atom in
the aci-nitro fragment (channel IV, E, = 309 kJ mol—1!). As
an example, Fig. 4 presents a fragment of the computer-
generated thermal decomposition mechanism of the aci-
nitro-tautomer of 3(5)-nitro-1,2,4-triazole proceeding by
channel I. Modelling showed that not only the experimen-
tally detected [N, N>O, NO, CO,, HCN, HNCO,
3(5)-nitroso-1,2,4-triazole and 1,2,4-triazolone],'!'” but also
some other products can be formed.

Considerable attention has been paid to the discussion
of the mechanisms of multistep decomposition of model
C-nitro compounds to elementary, experimentally detect-
able products.®®
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Figure 4. Fragment of computer-generated mechanism of thermal decomposition of aci-nitro-tautomer of 3(5)-nitro-1,2,4-triazole.
The primary step is homolytic abstraction of hydroxyl radical (channel 1).72 M is molecule, R is radical and X is the condensed residue.
The experimentally detected decomposition products are given in semi-bold.
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Multistep character of the reaction mechanism including
reversible, concurrent and successive steps as well as catal-
ysis by intermediates or final products leads to formation of
spatial and temporal dissipative structures.!!'$:11° In the
former case, the distribution of reactants, rates of elemen-
tary steps and the overall process are spatially inhomoge-
neous on the microlevel. In the latter case, the concentration
of intermediates and the rates of their formation oscillate
with time in a regular or random fashion. As applied to
explosives, the onset of oscillations was first experimentally
detected in the decomposition of moist nitrocellulose,!'??
then in the decomposition of some explosives in the pres-
ence of water and in decomposition of aqueous HNOs3
solutions.!?!-122 Spatial inhomogeneity of thermal decom-
position of crystalline explosives was established experi-
mentally.!> 123 However, inhomogeneity of liquid-phase
thermal decomposition of explosives has been studied
neither experimentally nor theoretically.

The decomposition mechanism of explosives may
include hundreds of elementary steps.'%° The state-of-the-
art in modern theory of dynamic systems is such that it can
offer efficient tools for analysis of the behaviour of reaction
systems including the determination of their stability. Exact
quantitative description of the evolution of a complex
reaction system requires the use of numerical methods,
knowledge of the reaction mechanism and the rate con-
stants for each elementary step. Qualitative assessment of
the behaviour of complex systems is simplified if one can
combine groups of similar reactions and use analytical
solutions to simple systems of differential equations.

Stability studies of reaction systems are important for
both elucidation of reaction mechanisms and determination
of the true rate constants for elementary steps of decom-
position. If an attempt to describe a self-oscillating process
using a kinetic model derived from a hypothetical mecha-
nism fails, the mechanism either includes no appropriate
steps or the values of certain rate constants for the steps
considered are incorrect.

Investigations of the stability of a reaction system under
the action of external factors are of considerable practical
interest. The effect of external periodic perturbations on the
initially steady-state or oscillating chemical reactions was
analyzed.!!® In this case, interesting phenomena are possi-
ble, such as frequency locking of the vibrational system,
quasi-periodic or stochastic response of the perturbed
system, a resonance-type response of variables and their
functions (e.g., the dissipation rate), the formation of new
saturated rings under the action of particular external noise
and the appearance of transitions similar to phase transi-
tions.

The shape of the kinetic curves of liquid-phase chemical
reactions is significantly affected by the supramolecular
structure of the liquid phase. Using mathematical modelling
methods for the first- and second-order reactions and
radical-chain reactions, the observed kinetic regularities
were analyzed taking into account the effect of association
of reactant molecules on their reactivity 124 125 assuming an
equilibrium between the monomer and associate concen-
trations. As a result of modelling, it was analytically
established that the dependences of the apparent rate con-
stant on the rate constants for elementary steps of the
process, on the constant of equilibrium between associates
and non-associated molecules, on the concentrations of the
reactants and solvent and on the degree of conversion are
nonlinear. The apparent rate constant (ker) can be signifi-
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Figure 5. The ker/k, ratio plotted vs. initial reactant concentration
(Ap) at an equilibrium constant K of 3 (/, 4), 10 (2, 5) and 100 litre
mol=' (3, 6); ky=ki and kao=0 (I-3); kn=ky and k; =0
(4—6).124.125

Conversion o = 0.

cantly different from the true rate constants (k,) for ele-
mentary steps of the reaction involving the monomer A,
(A — product) and dimer A, (A2 — A+ product), whose
concentrations are in equilibrium (2A; = A») characterized
by the equilibrium constant K (Fig. 5). The main factors
governing the kinetic regularities of the reaction include the
type of the associate (self-associate, hetero-associate) and
the number of types of associates. The temperature depend-
ence of the apparent rate constant is described by a more
complicated expression than the Arrhenius equation. This
conclusion is of great importance if one should use a long-
range extrapolation of experimental data. If the reaction
medium contains not only monomers, but also two types of
associates (e.g., dimers and tetramers), this dependence may
show an extremal character.

This approach allows one to determine the rate con-
stants for elementary steps in the case of both non-associ-
ated molecules and associates, which is important for
elucidation of the relationships between the reactivity and
aggregation state of explosives.

V. Mathematical modelling of transformations
of explosives in combustion and detonation

Combustion and detonation of explosives are complex
physicochemical processes including multistep chemical
reactions and physical processes, such as heat and mass
transfer, phase transitions, deformation and destruction of
explosives. By and large, the problem of mathematical
modelling of combustion and detonation of explosives
goes beyond the scope of this review and deserves particular
attention because of huge body of information; therefore,
we will dwell only on those aspects of this problem which
are immediately related to the effect of the complex decom-
position kinetics and mechanism of explosives on the
regularities of combustion and detonation.

1. Mathematical modelling of transformations of explosives
in combustion

Analysis of the results obtained in mathematical modelling
of combustion of explosives showed that the Zel’dovich
model, which assumes a single-step reaction kinetics and
similarity between the temperature and concentration fields,
cannot correctly describe specific features of the process,
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which are due to complexity of the decomposition mecha-
nism of explosives.!?® Moreover, in recent years, mathemat-
ical modelling of combustion of explosives has been more
often carried out using multiphase models with detailed
kinetic mechanisms rather than the models based on the
kinetics with a small number of stages.*!2¢ It is assumed
that in the future a complete combustion model should
allow one to study not only the changes in the combustion
rate, but also other characteristics, such as the spatial-
temporal distributions of energy release, concentrations of
the starting reactants, intermediates and final products, etc.

Most models for combustion of explosives with detailed
kinetic mechanisms describe the process in the one-dimen-
sional steady-state approximation.*!2¢ Flame structure
modelling included 47 components and 283 elementary
steps for hydrazinium nitroformate (a complex of nitroform
with hydrazine),!?” 45 components and 232 steps for octo-
gen, 35 components and 178 steps for nitroglycerol,
33 components and 179 steps for ammonium perchlorate
and 33 components and 180 steps for ammonium dinitra-
mide.* The gas-phase reaction mechanisms used provide
quite a correct description of the combustion of many
explosives. Owing to the lack of experimental data, chem-
ical reactions in the condensed phase are represented by a
few global steps; however, it is believed that they have a
relatively little effect on the results of mathematical model-
ling because heat release mainly occurs in the gas phase.*
The proposed mechanisms of chemical reactions in combus-
tion of hexogen, octogen, nitroglycerol, ammonium per-
chlorate and some other explosives allow one to calculate
the combustion rates, the temperature and concentration
profiles for reactants, intermediates and final products in
flame at variable pressure.*

However, it should be noted that the calculated and
experimental concentration distributions in the combustion
wave obtained for intermediates are qualitatively different.
For instance, the results of modelling of combustion of
hydrazinium nitroformate obtained assuming that the pri-
mary step involves a dissipative evaporation of this com-
pound resulting in hydrazine and nitroform were
reported.'?” Only monomolecular channels of nitroform
decomposition were analyzed assuming that the rate-limit-
ing step is the elimination of NO, from nitroform or its
isomer C(NO2).N(O)OH. A significant qualitative differ-
ence between the experimental data and theoretical results
(Fig. 6) probably suggests that the mechanism and kinetic
parameters of nitroform decomposition should be refined.
In particular, oscillations on the experimental concentration
distributions for intermediates can be explained by the
formation of temporal dissipative structures.

Experimental studies of combustion of some explosives
and model fuels (e.g., the system ‘hexogen—glycidyl azide
polymer’) also revealed random or periodic oscillations of
the temperature and a region with the temperature exceed-
ing the adiabatic temperature of flame.!2%-12° The authors
of those studies believe that the observed phenomena are
due to random reasons, such as the changes in the local
oxidant/fuel ratio, inhomogeneity of the burning surface,
formation of gas bubbles. A regular character of oscillations
of the temperature distribution functions (Fig. 7), which
represent a spatial scan of temporal oscillations, suggests
that they are due to the same reasons as the oscillations of
the concentration of intermediates. The reasons why the
maximum temperature in the combustion is higher than the
adiabatic equilibrium temperature were studied in more
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Figure 6. Distribution of CN () and NH (b) in hydrazinium nitro-
formate flame.'?’

Pressure is 10 MPa and the surface temperature is 623 K. Open circles
denote experimental data, solid curves denote the results of calcula-
tions; p; and p are the partial and overall pressure, respectively.
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Figure 7. Averaged and real temperature profiles in the gas phase at
combustion of hexogen at pressures 0.1 (7, 2), 0.075 (3, 4) and 0.5 MPa
(5, 6); initial temperature is 293 K.!2°

detail taking low-temperature flame of rich hydrocarbon—
air mixtures as examples.!39=132 It was shown !3? that the
nature of this phenomenon consists in the formation of an
intermediate (atomic hydrogen), which diffuses from the
zone containing no oxygen to the oxidation zone of flame
and is oxidized there faster than the starting hydrocarbon.
Note that the hybrid DFT method is used for detailed
investigations of the mechanisms of chemical reactions in
combustion of oxygen—hydrocarbon mixtures with allow-
ance for chain branching.!33

The assumption of relation between the temperature and
concentration oscillations and the kinetics and complex
mechanism of decomposition is also probably substantiated
by the results of experimental studies of the effect of
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sonication on the combustion rate. It was established that
sonication leads to acceleration of combustion and the
acoustic resonance is clearly pronounced. As was shown
theoretically, the dependence of the amplitude of the
changes in the rate of powder combustion on the frequency
of changes in the pressure is described by a resonance
curve.!34-136 The model used in these studies is based on
the postulate that the fire bed is a vibrational system
characterized by some eigenfrequency and that the action
of external factors at a frequency close to the eigenfre-
quency leads to resonance. This is a phenomenological
model because the physicochemical nature of oscillations is
usually omitted. According to modern theory of complex
chemical processes, the vibrational eigenfrequency of the
fire bed depends on the reaction kinetics and mechanism.!'!?

Thus, no complete description of combustion of explo-
sives is available as yet, because the kinetics and mecha-
nisms of decomposition reactions have been insufficiently
studied not only for the condensed, but also the gas phase.
A possible source of valuable information on the mecha-
nism and kinetics of decomposition of explosives at com-
bustion is a combination of experimental and theoretical
approaches to investigations of non-steady-state combus-
tion.126

2. Mathematical modelling of reactions of explosives

at detonation

Studies of shock-initiated reactions of explosives make it
possible to formulate an idea of the behaviour of these
compounds at the molecular level at extremely high temper-
atures and pressures. In particular, this is necessary for
better insight into the nature of detonation, elucidation of
the mechanism of its action on matter at the molecular level
and for detailed description of conversion of explosives into
final products.

Detonation can be treated as a shock-initiated reaction
wave propagating through the sample of an explosive at
ultrasonic velocity. The physics of detonation has been
substantiated theoretically and experimentally. The descrip-
tion of the kinetics and mechanisms of chemical reactions of
explosives under shock, which leads to detonation, is
unavailable owing to severe experimental difficulties and
uncertainty in theoretical concepts of initiation of chemical
reactions under these conditions. The main theory that
explains experimental data on the shock initiation of deto-
nation is based on the assumption that the leading role in
this process is played by multiphonon pumping.!37-138 The
process begins with heating of phonons belonging to a
continuum of low-frequency crystal lattice vibrations or to
normal modes of the liquid. These phonons multiply anni-
hilate, thus exciting high-frequency modes through intra-
molecular transfer of vibrational energy, which continues
until localization of energy necessary for the reaction in the
reaction centre of the molecule. Many theoretical studies
(see, e.g., Refs 139—-141) are devoted to mathematical
modelling of transfer of normal-mode vibrational energy
in nitromethane because this compound has been best
studied owing to small size of its molecule.

There are also a number of alternative theories. Accord-
ing to one of them, the key point in solid-state stage of a
shock wave-initiated chemical decomposition of solid explo-
sives are electronic excitations initiated by molecular dis-
tortions.'#? This theory is substantiated by the conclusions
drawn in modelling of the effect of shock waves on molec-
ular crystals. In particular, narrowing of the forbidden band

under compression of explosives within the shock wave
front was considered.'*? Electronic structure calculations
for hexogen revealed a local narrowing of the forbidden
band near dislocations and an additional narrowing at
compression in the shock wave front, which leads to a
significant increase in the probability of electronic excita-
tion.!#4 The results obtained agree with those of a molecular
dynamics simulation? of electronic band structure of a
compressed explosive, namely, it was shown that the loss
of bond covalency under compression should be considered
as the primary step of the sequence of reactions leading to
detonation. Structural changes in pentaerythrytol tetrani-
trate crystals under hydrostatic compression were studied
by the Hartree—Fock method.'*5 It was established that
crystals of this explosive are flexible, they accommodate the
lattice contraction by shortening the bonds and by twisting
and thus changing the bond angles.

Theoretical and experimental studies of the influence of
static compression, twisting, plastic deformation on the
structure and reactivity of inert compounds are carried out
to elucidate details of post-effects of mechanical action on
the chemical reaction. A '"H NMR study '# revealed intra-
molecular motions under plastic deformation of a molecular
crystal; this can be related to jumps between enantiomers of
distorted molecules. The energies of planar and nonplanar
configurations obtained from DFT calculations suggest that
changes in the electron density distribution under plastic
deformation of the molecular crystal are accompanied by
50% narrowing of the forbidden band. Experimental inves-
tigations of model reactions showed the appearance of new
intense absorption bands under adiabatic compression.'#4’
This was explained by transition from the ground-state (So)
to excited-state (S;) molecular geometry. Ab initio calcula-
tions 47-148 predict in this case a qualitative redistribution
of the electron density with reduction of orbital symmetry
of the vibrationally activated molecules due to the Jahn—
Teller and Renner—Teller effects. As a consequence, reac-
tions forbidden by the Woodward — Hoffmann rule become
possible.

Mathematical modelling of the kinetics of processes
involving electronic-excited atoms and molecules is a top-
ical avenue of research on the regularities of combustion
and detonation.'4%-150 Investigations of the PES of reaction
systems allow one to establish possible elementary reactions
with electronically excited species and their rate constants.
However, the technique is time-consuming and the PES
calculations of excited species are difficult to perform even
for small reaction systems including a few atoms. An
approximate approach!'3® based on the model of elec-
tronic-vibrational term allows one to estimate the energy
barrier to reactions with excited molecules and their rate
constants from the known rate constants for related reac-
tions with ground-state molecules.

At the molecular level, a shock-initiated chemical reac-
tion is described 1°1-152 as a nonequilibrium non-thermal
process whose rate is determined by the average vibrational
velocity of radical pairs produced on molecular breakdown
in 10~ '*-10—'2 s. The model is substantiated by the results
of molecular dynamics calculations.!%3

Kinetic models for decomposition of explosives in a
detonation wave based on the possibility of direct rupture
of chemical bonds in molecules were proposed.!s!154.155
These models are based on the admission that a possible
mechanism of cleavage of the chemical bond in a molecule
in the shock wave front can involve direct transfer to the
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bond of a kinetic energy higher than the bond dissociation
energy.!>l:15% A molecular dynamics simulation of the
destruction of TNT, hexogen, octogen, pentaerythrytol
tetranitrate, 1,3,5-triamino-2,4,6-trinitrobenzene and nitro-
methane molecules under high-energy collisions was
reported.!>® The times of kinetic energy redistribution over
intramolecular vibrational modes were calculated. The
probability of collisional destruction of the molecules of
explosives in the detonation wave front was estimated. A
possible breakdown mechanism (so-called accumulation
mechanism) was considered. It assumes the possibility of
localization of the kinetic energy of collision on a particular
bond in the molecule. Conditions required for this mecha-
nism to occur were established. Modelling of the destruction
of TNT, hexogen and octogen molecules gave the threshold
collision velocities, where the time taken to destroy the
molecules is shorter than the intramolecular vibrational
relaxation time. At particular orientations of colliding
molecules, the minimum collision velocity corresponding
to bond dissociation is ~1.8—-2 times higher than the
average mass velocity of matter in the chemical peak of
strong detonation waves. It was assumed that the consid-
ered bond dissociation mechanism is realized in the inter-
action of a shock wave with micropores and crystal lattice
defects in explosives, because when the shock wave reaches
a free surface, its mass velocity is doubled.

Studies on mathematical modelling of shock wave-ini-
tiated decomposition of explosives with allowance for the
mechanisms of chemical reactions are carried out. The
pathways of monomolecular decomposition of hexogen,
octogen and nitromethane under shock were studied by
the DFT method.?* A scheme of shock initiated decom-
position of hexogen was proposed; it is based on exper-
imental observations and results of quantum chemical
calculations.!>7 It is assumed that shock-initiated decom-
position of hexogen involves dissociation of the N—NO;
bond and formation of an N-centred radical, which then
decomposes to NO, and HCNH radicals. This mono-
molecular scheme provides an explanation for some features
of the process that are observed at low pressures in the
shock wave and for the primary steps at high pressures in
the shock wave. At long times and at pressures > 10 GPa, a
bimolecular reaction between hexogen and free-radical
products is observed.

A number of studies on mathematical modelling of the
macrokinetics of gas-phase detonation processes are based
on model kinetic equations, because the use of the kinetics
of detailed mechanism of a chemical reaction increases the
computing time.!>® The results of modelling of detonation
process in hydrogen—air mixtures for the kinetic reaction
mechanism including 10 main components and 40 elemen-
tary chemical reactions were reported.!>® Conditions for the
formation of a detonation structure and a cellular structure
of the shock wave were established.

In mathematical modelling of the macrokinetics of
shock wave-initiated decomposition of solid explosives one
should keep in mind that these substances actually have a
heterogeneous structure because they usually consist of
polycrystals and their properties at the mesolevel differ
from those of a single crystal due to the presence of internal
boundaries. Three-dimensional modelling of shock effect on
an ensemble of individual ‘crystals’ was carried out to study
the compaction, deformation and chemical reactions in
porous explosives.'®® Rapid deformation of particles at
contact points was revealed; this causes large-amplitude

fluctuations (wavelength of the order of a few particle
diameters) of the stress-strain state. Localization of energy
leads to the appearance of hot points. The chemical reaction
is responsible for the formation of multiple wave structures
governed by the particle size distribution.

Thus, at the molecular level the initiation mechanism of
shock-wave induced decomposition of explosives is still
unknown. Seemingly, its details can be elucidated using
the notions and methods of femtochemistry, in particular,
coherent chemistry methods involving experimental studies
of nonequilibrium, non-thermal femtosecond and subpico-
second processes with participation of electronically excited
molecules. According to concepts in femtochemistry,!6!- 162
an elementary step of a reaction involving electronically
excited molecules is a totality of intramolecular processes
including intramolecular energy redistribution, transfer of
an electron or proton, dissociation and formation of chem-
ical bonds, conformational rearrangements, etc., which
occur on the femtosecond and subpicosecond time scales.
These time scales are used in studies of intermediates for
measuring their absorption spectra and lifetimes. For some
types of intramolecular processes, the characteristic time
scales were determined. Absorption of a femtosecond light
pulse is followed by creation of a coherent vibrational wave
packet in the reactant molecule. The wave packet is charac-
terized by synchronous nuclear motions and localization of
the excitation energy in a particular configuration space of
the molecule (Fig. 8). If vibrations involved in a chemical
reaction are excited, the reaction can proceed faster than
stochastization of nuclear motions and ‘spread’ of the
excitation energy over the entire molecule (coherent reac-
tion), i.e., it takes times shorter than 10— !3 s. Otherwise,
one deals with stochastic rather than regular nuclear
motions and the reaction proceeds by a conventional
mechanism. One can expect that stochastization of nuclear
motions under detonation of solid explosives is difficult
because high pressure and shear impose limitations on the
number of degrees of freedom of nuclear motions owing to
orientation of molecules and a decrease in the free volume.
This assumption agrees with the experimental results
reported by Enikolopov (see review '¢3) who showed that
shear deformation leads to considerable (by 3—8 orders of

Classical reaction
(stochastic motions

of nuclei)
Femtosecond Stochastization Energy fluc-
pulse of nuclear tuation on | .| Product
motions the reaction
coordinate
A
Excited |
molecule 10-13 5 Time
N N

‘ Product 1 ‘ ‘ Product 2 ‘

Coherent reaction
(regular nuclear
motions)

Figure 8. Scheme illustrating the position of coherent processes and
reactions on the time scale of chemical reactions.!°!
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magnitude) increase in the rate of solid-phase reaction
compared to that of the liquid-phase reaction. It was
assumed that under shear the detonation course of solid-
phase reactions (even endothermic ones) occurs isother-
mally at low temperatures owing to interconversion of the
chemical and mechanical energies.

An ultrafast laser shock study %% proved that the shock
wave initiated chemical reaction in poly(vinyl nitrate) takes
about 10 ps including the primary step, viz., nitro group
dissociation. This duration of the induction period is
expected for the reaction mechanism involving transition
of vibrational energy by multiphonon pumping. It also
corresponds to the relaxation time of electronic excitation
from high-excited vibrational states prior to dissociation.
Other fast mechanisms, such as direct shock-wave excita-
tion of high-frequency vibrations or direct electronic exci-
tation and fast dissociation of the excited state, should
require subpicosecond times, which contradicts the avail-
able experimental data.

Pre-explosion phenomena in secondary explosives were
studied taking octogen as an example.!%* It was established
that deformation and destruction of explosives in the course
of initiation of explosion are local in character. Energy
dissipation occurs at the so-called hot points. In the ‘nucle-
ation’ step, a significant role is played by dislocations or
their aggregates. A key role in this step is played by
electronic excitations. Local narrowing of the forbidden
band near dislocations under compression of explosives
abruptly increases the probability of electronic excitation
and dissociation of the N—NO, bond.!02. 165

Analysis of data obtained by fast pulsed radiolysis and
photolysis techniques made it possible to draw conclusions
about the mechanism of elementary step of explosive
decomposition of heavy metal azides and on the chain
nature of the process.!®®167 The following decomposition
steps were proposed: hole localization on a cationic
vacancy, reconstruction of the centre as a result of a
chemical reaction with the formation of a quasi-local hole
state in the valence band, hole delocalization from the
reconstructed centre, multiplication of charge carriers as a
result of shock ionization by ‘hot holes’ and recovery of the
local state in the forbidden band, which creates prerequi-
sites for repetition of this sequence of steps. The dependence
of the critical density of the initiation energy of explosive
decomposition of silver azide on the crystal size was studied.
This allowed one to reveal an increased recombination
frequency of electron—hole pairs on the crystal surface.!08

The aforesaid suggests that the mechanism of the pri-
mary step of decomposition of explosives at detonation can
differ from the conventional mechanism due to occurrence
of reactions involving electronically excited molecules.

VI. Conclusion

Decomposition of explosives is a multistep redox reaction
involving both electron-donating and electron-withdrawing
atoms, which in initially are within the same molecule. The
use of formal kinetic methods in the early stage of inves-
tigations on the decomposition kinetics and mechanism of
explosives precluded solution of the most important prob-
lems. Recently, domestic researchers and their colleagues
abroad have made considerable progress in studies of the
decomposition of explosives using a combination of modern
experimental methods, concepts of theoretical chemistry
and computational facilities.

The use of mathematical modelling in the design of high-
power, thermally stable explosives made the screening of
chemical compounds faster and cheaper. This approach
allows one to study the molecular structure and thermo-
chemistry of explosives, the kinetics and mechanisms of
their decomposition and transformations of intermediates
to final products. It was established that initially the
decomposition of explosives often follows a number of
channels; therefore, the possibility of studying competing
reactions in the primary step of decomposition by mathe-
matical modelling methods is of great importance.

These methods also are also promising for investigations
of the supramolecular structure of explosives: one can
calculate the thermal stability of associates of the molecules
of explosives in the liquid phase, take into account the effect
of molecular association on the kinetics of primary steps of
decomposition. Modern concepts of solid state physics have
almost not been used so far in modelling the kinetics of
primary steps of solid-phase decomposition of explosives;
this precludes elucidation of the structure—reactivity rela-
tionships for solid explosives and prediction of the storage
life of explosive goods.

Mathematical modelling methods are used in the deter-
mination of the regimes of transformation of explosives in
combustion and detonation. In a number of studies, com-
bustion is modelled with allowance for real complexity of
chemical mechanisms. Great prospects in studies of the
elementary steps of chemical reactions at detonation with
allowance for excited molecules are offered in connection
with progress in femtochemistry.

References

1. G B Manelis, G M Nazin, Yu I Rubtsov, V A Strunin
Thermal Decomposition and Combustion of Explosives and
Propellants (London, New York: Taylor and Francis, 2002)

2. B M Rice, J Hare, S V Pai, W Mattson, G Krasko, S F Trevino,
D C Sorescu, D L Thompson Khim. Fiz. 20 (10) 9 (2001)#

3. L P Smirnov Usp. Khim. 73 1210 (2004) [Russ. Chem. Rev. 73
1121 (2004)]

4. M V Beksted Fiz. Goren. Vzryva 42 (6) 4 (2006) ®

5. R W F Bader Atoms in Molecules: a Quantum Theory (Oxford:
Oxford University Press, 1990)

6. L S Khaikin, O E Grikina, V A Shlyapochnikov, L V Vilkov,
C W Bock Izv. Akad. Nauk, Ser. Khim. 2135 (1995) ¢

7. L S Khaikin, O E Grikina, V I Perevozchikov,

S S Kramarenko, V A Shlyapochnikov, J E Boggs Izv. Akad.
Nauk, Ser. Khim. 1557 (1998)¢

8. E K Dolgov, V A Bataev, I A Godunov Izv. Akad. Nauk, Ser.
Khim. 35 (2003) ¢

9. A M Mebel, M C Lin, K Morokuma, C F Melius J. Phys.
Chem. 99 6842 (1995)

10. G F Valardez, S Alavi, D L Thompson J. Chem. Phys. 119 6698
(2003)

11. B M Rice, C F Chabalowsky J. Phys. Chem. 101 8720 (1997)

12. T Vladimiroff, B M Rice J. Phys. Chem. A 106 10437 (2002)

13. H H Michels, J A Montgomery J. Phys. Chem. 97 6602 (1993)

14. V G Kiselev, N P Grizan, in Nonequilibrium Phenomena.
Plasma, Combustion, Atmosphere (Eds G D Roy, S M Frolov,
A M Starik) (Moscow: Torus Press, 2009) p. 20

15. E V Ogurtsova, E A Mazilov, G M Khrapkovskii Vestn.
Kazan. Tekhnol. Univ. (3) 12 (2008)

16. E V Ogurtsova, E A Mazilov, A G Shamov, G M Khrapkov-
skii, in Struktura i Dinamika Molekulyarnykh Sistem (Sbornik
Statei XV Vserossiiskoi Konferentsii) [Structure and Dynamics of
Molecular Systems (Collection of Articles of XVth All-Russian
Conference), Moscow, loshkar-Ola, Ufa, Kazan, 2008] Pt. 3 p. 68



Mathematical modelling of the decomposition of explosives

435

17.

18.

19.

20.

21.

22.

23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44,
45.

46.

47.

48.
49.

50.
S1.

52.

R V Tsyshevskii, A G Shamov, G M Khrapkovskii, in Struktura i
Dinamika Molekulyarnykh Sistem (Sbornik Statei XV Vserossiiskoi
Konferentsii) [Structure and Dynamics of Molecular Systems
(Collection of Articles of XVth All-Russian Conference), Moscow,
Toshkar-Ola, Ufa, Kazan, 2008] Pt. 2 p. 124

Yu Ya Maksimov, E N Kogut Zh. Fiz. Khim. 52 1400 (1978) 4

V A Shlyapochnikov, L S Khaikin, O E Grikina, N O Cherskaya,
L E Maksimova, N F Pyatakov Izv. Akad. Nauk, Ser. Khim. 2241
(1998) ¢

B Lurie, E Semkiv, in Proceedings of the 21st International
Pyrotechnics Seminar, Moscow, 1995 p. 547

N F Pyatakov, V A Shlyapochnikov, N O Cherskaya,

I B V’yunova, in Proceedings of the 21st International
Pyrotechnics Seminar, Moscow, 1995 p. 698

Molecular Interactions (Eds H Ratajczak, W Orvill-Thomas)
(Chichester: Wiley, 1981)

1 F Falyachov, G P Sharnin, N M Safin, I Sh Saifullin,

R Kh Fassakhov, in Proceedings of the 21st International
Pyrotechnics Seminar, Moscow, 1995 p. 187

S M Mezhikovskii, V I Irzhak Khimicheskaya Fizika Otverzhde-
niya Oligomerov (Chemical Physics of Hardening Oligomers)
(Moscow: Nauka, 2008)

X-H Ju, H-M Xiao, Q-Y Xia J. Chem. Phys. 119 10247 (2003)

K Lin, Y Wang,Y Tu,H Agren,Y Luo J. Phys. Chem. B1124387
(2008)

H Brand, R L Rabie, D J Funk, I Diaz-Acosta, P Pulay,

T K Lippert J. Phys. Chem. B 106 10594 (2002)

B M Rice, J] Hare Termochem. Acta 374 377 (2002)

B M Rice, S V Pai, J] Hare Combust. Flame 118 445 (1999)

J A Gruzdkov, J M Gupta J. Phys. Chem. A 105 6197 (2001)

M M Kuklja, A B Kunz J. Appl. Phys. 89 4962 (2001)

C J Wu, L H Jang, L E Fried, J Quenneville, T Martinez

Phys. Rev. B 67 235101 (2003)

C K Gan, T D Sewell, M Challacomb Phys. Rev. B69 35116
(2004)

E F C Byrd, G E Saiseria, C F Chabalowsky J. Phys. Chem. B
108 13100 (2004)

P L Silvestrelli J. Phys. Chem. A 113 5224 (2009)

N I Golovina, A N Utenyshev, K V Bozhenko, N V Chukanov,
V V Zakharov, B L Korsunskii Zh. Fiz. Khim. 83 1302 (2009) 4
D G Golovanov, A O Tokarev, A 1 Uraev, Yu I Ryabukhin,

A T Pyshchev, T V Kovaleva, M Yu Antipin, K A Lysenko

Izv. Akad. Nauk, Ser. Khim. 396 (2006) ¢

H Ma, H Xiao, Y Song, X Yu, W Zhu, K Yu Chem. Phys. Lett.
344 79 (2008)

W-D Cheng, D-S Wu, H Zhang, X-D Li, D-G Chen,

Y-Z Lang, Y-C Zhang, V-J Gong J. Phys. Chem. B 108 12658
(2004)

B M Rice, D S Sorescu J. Phys. Chem. B 108 17730 (2004)

M A Neumann, M-A Perrin J. Phys. Chem. B 109 15531 (2005)
S Boaucamp, D Mathieu, V Agafonov J. Phys. Chem. B109 16469
(2005)

T J Frankcombe, G-J Kroes, N I Choly, E Kaxiras J. Phys.
Chem. B 109 16554 (2005)

V Kiselev, N Gritsan J. Phys. Chem. A 112 4458 (2008)

M H V Huynh, M A Hiskey, D E Chaves, D L Naud,

R D Gilard J. Am. Chem. Soc. 127 12537 (2005)

M H V Huynh, M A Hiskey, C J Pollard, D P Montaya,

E L Hartline, R D Gilardi J. Energ. Mater. 22 217 (2004)

S E Sturdivant, F A Nelson, D L Strout J. Phys. Chem. A 108
7087 (2004)

K D Colvin, D L Strout J. Phys. Chem. 4109 8011 (2005)

R Cottrell, D McAdory, J Jones, A Gilchrist, D Shields,

D L Strout J. Phys. Chem. A 110 13889 (2006)

Q S Li, H X Duan J. Phys. Chem. A 109 9089 (2005)

V M Promyslov, P P Shorygin Izv. Akad. Nauk, Ser. Khim. 1835
(2000) ©

E L Mehler J. Chem. Phys. 74 6298 (1981)

53.

54.

55.

56.

57.

59.

60.

6l.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

A G Shamov, E V Nikolaeva, F I Vorob’eva, G M Khrapkovskii,
in Struktura i Dinamika Molekulyarnykh Sistem (Sbornik Statei
XIII Vserossiiskoi Konferentsii) [Structure and Dynamics of
Molecular Systems (Collection of Articles of XIIIth All-Russian
Conference), Ufa, Toshkar-Ola, 2006] Pt. 2 p. 395

A F Shamsutdinov, T F Shamsutdinov, G M Khrapkovskii,

A G Shamov, in Struktura i Dinamika Molekulyarnykh Sistem
(Shornik Statei XIII Vserossiiskoi Konferentsii) [Structure and
Dynamics of Molecular Systems (Collection of Articles of XIIIth
All-Russian Conference), Ufa, Ioshkar-Ola, 2006] Pt. 2 p. 399

E A Mazilov, E V Ogurtsova, A G Shamov, G M Khrapkovskii,
in Struktura i Dinamika Molekulyarnykh Sistem ( Sbornik Statei
XV Vserossiiskoi Konferentsii) [Structure and Dynamics of
Molecular Systems (Collection of Articles of XVth All-Russian
Conference), Moscow, loshkar-Ola, Ufa, Kazan, 2008] Pt. 3 p. 48
E A Mazilov, E V Nikolaeva, A G Shamov,

G M Khrapkovskii Mendeleev Commun. 359 (2007)

A G Shamov, E V Nikolaeva, G M Khrapkovskii Zh. Obshch.
Khim. 74 1327 (2004) ©

. G M Khrapkovskii, E V Nikolaeva, D V Chachkov,

A G Shamov Zh. Obshch. Khim. 74 983 (2004) ¢

A G Shamov, E V Nikolaeva, D V Chachkov,

G M Khrapkovskii, in Struktura i Dinamika Molekulyarnykh
Sistem (Shornik Statei VIII Vserossiiskoi Konferentsii) [Structure
and Dynamics of Molecular Systems (Collection of Articles of
VIIIth All-Russian Conference), Ioshkar-Ola, 2001] Pt. 2 p. 194
A G Shamov, E V Nikolaeva, D V Chachkov,

G M Khrapkovskii, in Struktura i Dinamika Molekulyarnykh
Sistem ( Sbornik Statei X Vserossiiskoi Konferentsii) [Structure
and Dynamics of Molecular Systems (Collection of Articles of
Xth All-Russian Conference), Ioshkar-Ola, 2003] Pt. 3 p. 233

A G Shamov, G M Khrapkovskii, in Proceedings of the 30th
International Annual Conference of ICT, Karlsruhe, 1999 P. 60/1
A G Shamov, E V Nikolaeva, G M Khrapkovskii, in Struktura
i Dinamika Molekulyarnykh Sistem ( Sbornik Statei X Vserossiis-
koi Konferentsii) [Structure and Dynamics of Molecular Systems
(Collection of Articles of IXth All-Russian Conference), Ufa;
Kazan, 2002] Pt. 2, p 277

A G Shamov, G M Khrapkovskii Mendeleev Commun. 163
(2001)

A G Shamov, E V Nikolaeva, F I Vorob’ev, G M Khrapkovskii
Vest. Kazan. Tekhnol. Univ. (2) 5 (2007)

A F Shamsutdinov, T F Shamsutdinov, D V Chachkov,

A G Shamov, G M Khrapkovskii Int. J. Quantum Chem. 107
2343 (2007)

G M Khrapkovskii, A G Shamov, E V Nikolaeva,

D V Chachkov Usp. Khim. 78 980 (2009) [Russ. Chem. Rev. 78
903 (2009)]

M Rahm, T Brinck Chem. Phys. Lett. 348 53 (2008)

A A Porollo, D E Lushnikov, T S Pivina, V P Ivshin J. Mol.
Struct. (THEOCHEM ) 391 117 (1997)

V L Korolev, T S Pivina, A A Porollo, T V Petukhova,

A B Sheremetev, V P Ivshin Usp. Khim. 78 1022 (2009)

[Russ. Chem. Rev. 78 945 (2009)]

A A Porollo, D E Lushnikov, T S Pivina, V P Ivshin, N S Zefirov
Izv. Akad. Nauk, Ser. Khim. 1869 (1999)¢

A A Porollo, T V Petukhova, V P Ivshin, T S Pivina,

E A Smolenskii Tezisy Dokladov 2-o0i Vserossiiskoi Konferentsii
‘Molekulyarnoe modelirovanie’ (Abstracts of Reports of the
Second All-Russian Conference ‘Molecular Modelling’,
Moscow, 2001) p. 94

V L Korolev, T V Petukhova, T S Pivina, A A Porollo,

A B Sheremetev, K Yu Suponitskii, V P Ivshin Izv. Akad. Nauk,
Ser. Khim. 1338 (2006) ©

V L Korolev, T V Petukhova, E A Bakhmatova, T S Pivina,
A B Sheremetev Khim. Geterotsikl. Soedin. 1467 (2006) ©

E A Bakhmatova, V L Korolev, T S Pivina Centr. Eur. J. Energ.
Mater. 3 3 (2006)

T V Petukhova, V P Ivshin, V L Korolev, T S Pivina Centr.
Eur. J. Energ. Mater. 3 13 (2006)

E A Bakhmatova, V L Korolev, T S Pivina Centr. Eur. J. Energ.
Mater. 4 67 (2007)



436

L P Smirnov

77

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.

90.

91.

92.

93.

94.

95.

96.
97.
98.
99.
100.
101.

102.
103.

104.

105.
106.

107.
108.
109.

110.

111.

112.
113.

114.
115.

. V L Korolev, T S Pivina, T V Petukhova, V P Ivshin Centr.
Eur. J. Energ. Mater. 477 (2007)

Yu Shu, B L Korsunskii, G M Nazin Usp. Khim. 73 320 (2004)
[Russ. Chem. Rev. 73293 (2004)]

A S Pimentel, F C A Lima, A B F da Silva J. Phys. Chem. A
111 2913 (2007)

E H White J. Am. Chem. Soc. 77 6008 (1955)

Z Li, Y Bu, H AiJ. Phys. Chem. B 108 11732 (2004)

J-X Zhang, Z-S Li, J-J Liu, C-C Sun J. Phys. Chem. A 110 2690
(2006)

A M Mebel, C-C Hsu, M C Lin, K Morokuma J. Phys. Chem.
103 5640 (1995)

J F Arenas, J C Otero, D Pelvez, J Soto J. Phys. Chem. A 109
7172 (2005)

N L Haworth, J C Mackie, G B Bacskay J. Phys. Chem. A 107
6792 (2003)

C F Melius, in Chemistry and Physics of Energetic Materials
(Ed. S N Bulusu) (Dordrecht: Kluwer Academic, 1990) p. 21

K K Irikura, R D Johnson J. Phys. Chem. A 110 13974 (2006)
S Okovyty, Y Kholod, M Qasim, H Fredrickson, J Leszczynski
J. Phys. Chem. A 109 2964 (2005)

O Isayev, L Gorb, M Qasim, J Leszczynski J. Phys. Chem. B112
11005 (2008)

D Chakraborty, R P Muller, S Dasgupta, W A Goddard

J. Phys. Chem. A 104 2261 (2000)

Y Kohno, O Takahashi, R Hiyoshi, J Nakamura, K Saito

J. Phys. Chem., A 107 6444 (2003)

1 V Tokmakov, S Alavi, D L Thompson J. Phys. Chem. A 110
2759 (2006)

J M Dyke, A P Grouves, A Morris, J S Ogden, A A Dias,

A M Oliveria, M L Costa, M T Barros, M H Cabral,

A M Moutinko J. Am. Chem. Soc. 119 6883 (1997)

J M Dyke, A Morris, J S Ogden, M I Catarino, A A Dias,

A M Oliveria, M L Costa, M T Barros, A M Moutinko

J. Phys. Chem. A 103 8239 (1999)

N Hooper, L J Beeching, ] M Dyke, A Morris, J S Ogden,

A A Dias, M L Costa, M T Barros, M H Cabral,

A M Moutinko J. Phys. Chem. A 106 9968 (2002)

G Wang, C Shi, X Gong, H Xiao J. Phys. Chem. A 113 1318
(2009) B

P Carlqvist, H Ostmark, T Brink J. Phys. Chem. A 108 7463
(2004)

Y Kohno, O Takahashi, K Saito Phys. Chem. Chem. Phys. 3
2724 (2001)

K J Leidler Chemical Kinetics. Harper and Row New York 1987
N E Ermolin Fiz. Goren. Vzryva 40 (1) 103 (2004) ®

M V Bazilevskii, V I Faustov Usp. Khim. 61 1185 (1992)

[Russ. Chem. Rev. 61 651 (1992)]

N E Ermolin, V E Zarko Fiz. Goren. Vzryva 33 (3) 10 (1997)°
V V Dubikhin, V G Matveev, G M Nazin Izv. Akad. Nauk,
Ser. Khim. 1977 (1996) ¢

M Cances, B Mennucci, J Tomasi J. Chem. Phys. 107 3032
(1997)

A I Olemskoi, I V Kaplyk Usp. Fiz. Nauk 165 1105 (1995) ¢

L A Maksimov, A I Ryazanov Zh. Eksp. Teor. Fiz.79 2311
(1980) 2

Ya B Zel’dovich Zh. Eksp. Teor. Fiz. 12 525 (1942)®

G B Manelis, V A Strunin Zh. Fiz. Khim. 46 1987 (1972) 4

G B Manelis, E V Polianchik Sov. Sci. Rev., Chem. Rev. B15 61
(1991)

Deformatsionnoe Uprochnenie i Razrushenie Kristallicheskikh
Materialov (Deformation Hardening and Fracture of Crystalline
Materials) (Ed. V I Trefilov) (Kiev: Naukova Dumka, 1987)

V E Panin, V A Likhachev, Yu V Grinyaev Strukturnye Urovni
Deformatsii Tverdykh Tel (Structural Levels of Deformation of
Solids) (Novosibirsk: Nauka, 1985)

H Metiu J. Chem. Phys. 123 062101 (2005)

J P Perdew, A Ruzsinszky, J Tao, V N Staroverov,

G E Scuseria, G I Csonka J. Chem. Phys. 123 062201 (2005)

Y G Yingling, B J Garrison J. Phys. Chem. B 108 1815 (2004)
V A Vanag Usp. Fiz. Nauk 69 481 (1999)¢

116.

117.

118.

119.

120.

121.

122.
123.

124.
125.
126.
127.

128.
129.
130.
131.
132.
133.
134.
135.
136.

137.
138.

139.
140.

141.

142.

143.
144.

145.
146.

147.

148.

149.

150.
151.
152.
153.

N E Ermolin, O P Korobeinichev, A G Tereshchenko,

V M Fomin Fiz. Goren. Vzryva 18 (2) 61 (1982)®

R S Stepanov, L A Kruglyakova, M A Stepanova Zh. Obshch.
Khim. 67 324 (1997) ¢

P Gray, S K Scott Chemical Oscillations and Instabilities.
Non-linear Kinetics (Oxford: Clarendon Press, 1994)
Oscillations and Traveling Waves in Chemical Systems

(Ed. R J Field, M. Burger) (New York: Wiley, 1985)

L T Abramova, Yu N Rogov, L P Smirnov, in Tezisy Dokladov
Pervogo Vsesoyuznogo Simpoziuma po Makroskopicheskoi
Kinetike i Khimicheskoi Gazodinamike (Abstracts of Reports of
the First All-Union Symposium on Macroscopic Kinetics and
Chemical Flow Dynamics, Alma-Ata, Vol. 2, 1984) p. 80

L P Smirnov, E V Deyun, E V Summanen, in Khimicheskaya
Fizika Protsessov Goreniya i Vzryva (Tez. Dokl. XII Simpoziuma
po Goreniyu i Vzryvu) [Chemical Physics of Combustion and
Explosion Processes (Abstracts of Reports of the XIIth Sympo-
sium on Combustion and Explosion), Chernogolovka, 2000,

Pt. 3] p. 107

L P Smirnov, E V Summanen Dokl. Akad. Nauk 386 359 (2002)
Yu Ya Maksimov, E N Kogut Izv. Vyssh. Uchebn. Zaved.,
Khim. Khim. Tekhnol. 20 349 (1977)

T P Kulagina, L P Smirnov Khim. Fiz. 28 (12) 24 (2009) #

T P Kulagina, L P Smirnov Dokl. Akad. Nauk 427 502 (2009)}
N E Ermolin, V E Zarko Fiz. Goren. Vzryva 34 (5) 3 (1998)®

N E Ermolin, V E Zarko, Kh Kaizers Fiz. Goren. Vzryva 42 (5)
20 (2006) ©

E N Volkov, A A Paletskii, A G Tereshchenko,

O P Korobeinichev Fiz. Goren. Vzryva 42 (6) 48 (2006)

A A Zenin, O V Finyakov Fiz. Goren. Vzryva 42 (5) 32 (2006) ®
V A Buneev, V S Babkin Fiz. Goren. Vzryva 42 (5) 14 (2006) ®
A T Rozlovskii Dokl. Akad. Nauk SSSR 186 373 (1969)1

V V Zamashchikov, I G Namyatov, V A Bunev, V S Babkin
Fiz. Goren. Vzryva 40 (1) 38 (2004) ®

A Andersen, E A Carter J. Phys. Chem. A 107 9463 (2003)

B V Novozhilov Zh. Prikl. Mekh. Tekhn. Fiz. 141 (1965)

M R Denison, E Baum ARS J. 31 1112 (1961)

A A Belyaev, Z 1 Kaganova, B V Novozhilov Khim. Fiz. 24 (8)
71 (2005)

S Chen, W A Tolbert, D D Dott J. Phys. Chem. 98 7759 (1994)
D Margetis, E Kuxiras, M Elstner, T Frauenhem, M Manaa
J. Chem. Phys. 107 788 (2002)

V N Kabadi, B M Rice J. Phys. Chem. A 108 532 (2004)

W F Hu, T J He, D M Chen, F C Liu J. Phys. Chem. A 106
7294 (2002)

D C Sorescu, B M Rice, D L Thompson J. Phys. Chem. B 104
8406 (2000)

S D McGrane, D S Moor, D J Funk J. Phys. Chem. A 108 9342
(2004)

J J Gilman Mechanochemistry 274 65 (1996)

M M Kuklja, E V Stefanovich, A B Kunz J. Chem. Phys. 112
3417 (2000)

H V Brand J. Phys. Chem. B 109 13668 (2005)

V V Boldyrev, S P Gabuda, I V Drebushchak, M A Mikhailenko,
T P Shakhtshneider Dokl. Akad. Nauk 427 207 (2009)

1 V Bilera, Yu A Borisov, N N Buravtsev, Yu A Kolbanovskii,
in Sovremennye Problemy Khimicheskoi i Radiatsionnoi Fiziki
(State-of-the-Art Problems of Chemical and Radiation Physics,
Chernogolovka, Moscow, 2009) p. 11

N N Buravtsev, Yu A Kolbanovskii, in Sovremennye Problemy
Khimicheskoi i Radiatsionnoi Fiziki (State-of-the-Art Problems of
Chemical and Radiation Physics, Chernogolovka, Moscow,
2009) p. 15

A M Starik, N S Titova, A S Sharipov, in Nonequilibrium
Phenomena (Eds G D Roy, S M Frolov, A M Starik) (Moscow:
Torus Press, 2009) p. 12

A M Starik, N S Titova Kinet. Katal. 44 (1) 35 (2003)

F E Walker J. Appl. Phys. 63 5548 (1988)

F E Walker Khim. Fiz. 14 (12) 47 (1995)2

B M Rice, W Mattson, J Grosh, S F Trevino Phys. Rev. E 53
611 (1996)



Mat

hematical modelling of the decomposition of explosives

437

154

155.
156.

157.
158.
159.
160.
161.
162.
163.
164.
165.
166.

167.
168.

.V Yu Klimenko, M A Yakoventsev, A N Dremin Khim. Fiz. 12
(5) 671 (1993)2

C M Tarver Combust. Flame 46 157 (1982)

A A Seleznev, A Yu Aleinikov, I V Briginas Khim. Fiz. 27 (3) 5
(2008) @

M Miao, Z A Dreger, J E Patterson, ] M Gupta J. Phys.
Chem. A 112 7383 (2008)

A V Trotsyuk, in Gaseous and Heterogeneous Detonations:
Science to Applications (Moscow: ENAS Publ., 1999) p. 163

I A Kirillov, V V Osinina, A V Panasenko, M V Strelkova
Matemati. Model. 17 93 (2005) *

M R Baer Khim. Fiz. 20 (10) 21 (2001)2

O M Sarkisov Izv. Akad. Nauk, Ser. Khim. 722 (2008) ©

A Zewail J. Phys. Chem. 100 12701 (1996)

N S Enikolopov Usp. Khim. 60 586 (1991) [Russ. Chem. Rev. 60
283 (1991)]

J T Dickinson, L C Jensen, D L Doering, R Yee J. Appl. Phys.
67 3641 (1990)

V 1 Tarzhanov Fiz. Goren. Vzryva 39 (6) 3 (2003)®

Yu A Zakharov, E D Aluker, B P Aduev Predvzryvnye Yavle-
niya v Azidakh Tyazhelykh Metallov (Pre-explosion Phenomena
in Azides of Heavy Metals) (Moscow: TsEI ‘Khimmash’, 2002)
V Kriger, A Kalensky Chem. Phys. Rep. 14 556 (1995)

V G Kiriger, A V Kalenskii, M V Anan’eva, A P Borovikova
Fiz. Goren. Vzryva 44 (2) 76 (2008) ®

& — Russ. J. Phys. Chem., Ser. B (Engl. Transl.)
b Combust. Explos. Shock Waves ( Engl. Transl.)
¢ — Russ. Chem. Bull., Int. Ed. (Engl. Transl.).

d — Russ. J. Phys. Chem., Ser. A (Engl. Transl.)

¢ — Russ. J. Gen. Chem. (Engl. Transl.)

f— Chem. Heterocycl. Compd. (Engl. Transl.)

& — Physics-Uspekhi ( Engl. Transl.)

hJ. Exp. Theor. Phys. (Engl. Transl.)

i — Dokl. Phys. (Engl. Transl.)

i— Kinet. Catal. (Engl. Transl.)

kK Math. Model. (Engl. Transl.)



	Introduction
	Mathematical modelling of the structure and properties of explosives
	The molecular structure
	The supramolecular structure of explosives in the gas and liquid phases
	The supramolecular structure of solid explosives

	Mathematical modelling of elementary steps of decomposition
	Gas-phase reactions of model compounds
	Model reactions
	Decomposition of explosives in the gas phase
	Decomposition of explosives in the condensed phase

	Mathematical modelling of multistep decomposition of explosives
	Mathematical modelling of transformations of explosives in combustion and detonation
	Mathematical modelling of transformations of explosives in combustion
	Mathematical modelling of reactions of explosives at detonation

	Conclusion
	References

