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An approach to the construction of models for thermal decomposition of organic
compounds based on recombination reaction nerworks was developed. Each species (molecule,
ion, or radicat) is considered as a potential reagent. It was suggested that the newly formed
species can react with all other species which are already present in the reaction mixture. The
results of reactions are represented as a bipartite graph whose vertices are formed cither by
species generated or by the descriptions of interactions, while the oriented edges determine
the relations between the reagents and the reaction products. Based on analysis of the
experimental data on the mechanisms of thermal decomposition, empirical rules were
developed for simulating possible thermal decomposition reactions of the major classes of
energetic compounds. The proposed approach allows one to describe the complete spectrum
of reactions occurring in the course of thermal decomposition. The approach was realized in
the CASB computer program and was exemplified by simulation of thermal decomposition of
methyl, ethyl, and isopropyl nitrates. All stages of the mechanisms (some of which have been
reported in the literature) were ieproduced. A number of new decomposition reactions.
which have not been studied experimentally, are suggested.
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Computer simulation of thermal decomposition reactions of alkyl nitrates

decomposition, alkyl nitrates.

Although a large number of experimental investiga-
tions was performed, pathways of thermal decomposi-
tion of organic compounds and, in particular, of ener-
getic compounds, remain unclear. Interest in this prob-
lem stems from the necessity of studying the thermal
stability of energetic compounds. This problem is also of
interest from the viewpoint of assessment of the capa-
bilities of potentially energetic compounds. which have
not vet been synthesized. The solution of this problem
may also be useful in studying the kinetics of inflamma-
tion of energetic compounds and in gaining a deeper
insight into the nature of thermal decomposition.

Most of the experimental methods for estimating
thermal stability allow one to follow the course of this
process only in the first stage of decomposition. When
analyzing the experimental data, it is generally assumed
that thermal decomposition of nitro compounds involves
the.cleavage of the R—NO5 bond as the first stage.}—3
However, every so often there is no direct evidence in
favor of this statement.4~% The data on the complete set
of reactions, which occur at the subsequent stages of
thermal decomposition and which strongly affect the
type and yields of the final products, are scarce. In the
present work, we develop a general approach to com-
puter simulation of the complete spectrum of possible

reactions taking place upon thermal decomposition. In
addition, this approach is useful in interpreting experi-
mental data and simulating the thermodynamics and
kinetics of thermolysis of organic compounds.

The basis for the proposed methodology is a combina-
tion of procedures for the computer design of organic
svnthesis and for expert estimation of experimental data
on thermolysis. The major postulates of the suggested
approach have been reported previously in detail”s3 using
nitroalkanes and nitramines as examples.d—! In the
present work, we extended this approach to another class
of energetic compounds, viz., to nitrc esters.

Polynitro esters are widely used as components of
energetic mixtures. In particular, these compounds are
used as accelerators of combustion because they can
substantially reduce the time of inflammation of air-
fuel mixtures. However, it is difficult to control in-
flammation _processes .of .these. systems. due to. the ab-
sence of reliable data on the reaction mechanisms. It
was only established with a fair degree of assurance
that thermal decomposition of nitric - esters proceeds
through homolysis of the O—NO; bond to form NO,
and the corresponding alkoxyl radical.! The subsequent
reactions, particularly deep stages of decomposition,
which, undoubtedly, play a decisive role in the inflam-
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mation mechanism, remain poorly understood. To il-
lustrate the proposed method, we used methyl, ethyl,
and isopropyl nitrates as model compounds because
sufficiently complete experimental data are available
for these compounds (note, in particular, studies of
decomposition of the above-mentioned nitrates by
shock waves!2.13),

Methodological fundamentals of simulation of thermal
decomposition

The general method for the simulation of complex
processes in closed chemical systems, in particular,
homolytic thermolysis, involves exhaustive combinato-
rial search through the possible reaction pathways
based on structural formulas of compounds followed
by selection of thermochemically most favorable
stages. Previously.® we have developed schemes de-
scribing decomposition processes as expert rules based
on the analysis of the experimental data. The proposed
method for the computer simulation of thermal de-
composition involves certain concepts both of syn-
thetic and retrosynthetic approaches to organic synthe-
sis design.}15 This method deals with forward reac-
tions when the direction of simulation coincides with
that of real processes and by analogy with the retro-
synthetic approach to synthesis design. thereby simpli-
fying a given desired structure.

We consider all reactions as simultaneous and com-
petitive processes. In this case. intermediates can be
obtained via several pathways and they, in turn, are
potentially able to react with all other species because all
these species exist in a single closed chemical system.
This consideration gives a complete pattern of processes
that occur during thermolysis.!6 In this case, the rela-
tions between intermediates cannot be considered as a
traditional reaction graph or a synthesis tree. The pat-
tern comprises a more complex directed reaction net-
work represented as a recombination reaction nerwork
(RRN).3 This network can be described by a bipartite
oriented graph in which vertices of one type represent
the molecular structure and vertices of the second type
describe the reaction.}” According to the definition of
bipartite graphs, the edges always join vertices of differ-
ent types, viz., vertices of compounds and vertices of
reactions. All vertices are joined by oriented edges,

which allows one .to distinguish the reagents (incoming.

edges) and the reaction products (outgoing edges)
(Fig. 1).

Vertices denoted by numbers in squares represent
chemical compounds and those in ovals represent reac-
tions (the first figure denotes the number of the iteration
at which a particular reaction is generated using the
CASB program (see below), and the second figure de-
notes the corresponding ordinal number of the reac-
tion). For example, the vertex (1 : 1) (see Fig. 1) has
one edge incoming from vertex | (methyl nitrate) and
two outgoing edges corresponding to the reaction prod-
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Fig. 1. Fragment of the recombination reaction network of
thermal decomposition - of methyl nitrate.. The final products
corresponding 10 the experimental data are given in bold type
(here and in Figs. 2 and 3).

ucts, viz., to the nitro radical (vertex 2) and the methoxy
radical (vertex 3).

We name each combination of the potential partici-
pants of the reaction a chemical system (CS). Chemical
systems are combinations with reiterations, ie., the
same intermediate can enter into the equation several
times (for example, Me + Me — C;Hy).
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The numbers of possible combinations are calculated
as Ck,,.,, where n is the number of ail accessibie ele-
ments from a set of intermediates and & is the number of
reagents in the reaction equation (in our case, | € k< 3).

For example, when analyzing a network consisting of
10 intermediates. there is a need to analyze 10 variants
of CS in the search for monomolecular reactions, 35
combinations of intermediates in the search for bimo-
lecular reactions, and 220 combinations in the search for
trimolecular reactions.

In the case when thermal decomposition involves
decay of the initial compounds as the determining di-
rection, special rules for conversions were developed.
These rules preclude. in particular, the possibility of
formation of structures with increased molecular
weight. Rigid conditions for the applicability of this
rule decrease the number of molecular structures which
correspond to this rule and are present in the network
and sharply decrease the number of combinations.
In addition, it is known that mono- and bimolecular
processes prevail in the course of thermal decomposi-
tion and, hence, we did not consider trimolecular pro-
cesses.

The CASB (Computer-Assisted Structure Building®)
program was designed to simulate chemical processes
based on RRN. In the course of generation of recombi-
nation reaction networks, the CASB program prepares
chemical systems from intermediates obtained previ-
ously (at the first stage, from a given initial compound)
using a nonredundant exhaustive search through their
combinations. Each chemical system can involve from
one to three intermediates. The chemical systems are
transformed according to the “if—then” rules (Table 1).73
These rules are classified into three types, viz.. into
transformation, stabilizing, and excluding rules, in accor-
dance with the way of their application. First, CS are
evaluated using the transformation rules and if the CS
contains the structural fragment described in the rule,
the chemical system is transformed according to this
rule. These rules are based on the major criterion for the
selection of the reactions generated. The chemical sys-
tem obtained in the reaction is examined using the
stabilizing rules, which describe the ways of converting
unstable species into more stable species (for example,
multiple bonds are formed instead of vicinal biradicals).
Finally, once the CS is divided into constituent struc-
tures (reaction products), each structure is tested for the
presence - of forbidden fragments- using  the exeluding
rules (for example, the formation of nonvicinal biradicals
can be forbidden). If a forbidden structural fragment is
found in at least one product, the reaction is discarded.
If all newly generated intermediates do not contain
forbidden fragments, the program uses an algorithm for
the search for isomorphic embedding of graphs to check
whether the obtained structures are present in the RRN.
If the structure of the product is already present in the
network, only the new reaction is added; otherwise new
structures as well as the reaction which affords these

structures are added to the RRN. Finally, the program
rejects degenerated reactions in which at least one prod-
uct acts simultaneously as the reagent.

Each rule is described by the structural formuia to
which a molecular graph corresponds. A set of condi-
tions, which should be tulfilled, and a set of changes,
which should be performed to obtain reaction products,
are assigned to each atom and bond. The algorithm for
the search for the graph, which is described in the rule,
in the chemical system is analogous to the algorithm for
the search for the embeddings of subgraphs into the
graph. When choosing the following atom (bond) in one
of the compounds of the CS, the program compares the
true values of its properties with those given for the
corresponding vertex (edge) of the graph in the rule.
Allowed values are given by a numerical equation asso-
ciated with one of the following mathematical relations:
et ST T "2 or "< I the true value of the
property corresponds to the value specified in the rule,
the comparison of the properties is continued. When the
properties of the selected atom (bond) are in complete
agreement with the requirements described in the rule,
the atom (bond) is placed into the structural fragment of
the CS corresponding to the molecular graph of the rule:
otherwise the selected atom (bond) is omitted from
consideration and the process of the search is returned
to the previous atom to select the next adjacent atom or
bond. When describing the rules, there is no need to set
values for each vertex of the graph and to specify
relations for all the properties described below. The
properties whose values are not specified are ignored. In
addition, for a number of properties, the manner in
which the properties will be changed in the course of
conversions of the CS to form reaction products can be
described. For example, the multiplicity of the bond,
which is initially equal to 1, may become equal to 2 in
the course of the reaction.

The program can analyze the following properties of
the atoms:

(1) The atom type determines the chemical element
whose atom should correspond to a particular vertex of
the molecular graph described in the rule. There are
thrce ways of specifying this property. First, one can
specify a particular chemical element and assign the
relation "=." Second, a particular elemeit, for example,
carbon, can be excluded. For this purpose, the value "C”
should be set and the relation "#" should be assigned.
That is “all- -atoms -except -for-C™ {H -atoms have no
vertices in structural formulas). Finally, one can give a
set of chemical elements, for example, {N,O,F}, to one
of which an atom should correspond, which allows one
to specify more particularly the notion of the hetero-
atom. No operations are associated with this property.

(2) The number of adjacent heteroatoms specifies the
number of heteroatoms directly bound to a given atom.
Any one of the above-mentioned mathematical relations
used for searching for a given vertex in the real CS may
be associated with this numerical property. Since the
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Table 1. Basis set of the "if—then” rules in the simulation of thermal decomposition ot organic compounds

Rule  Graphical Reaction Mode Setting
represcntation type of operation
Atom Property Relation Value Operation
! -2 Homolysis of Conversion | Atom type = C No
4 the C—C bond Unpaired electrons = 0 Set = |
1 +2 Charge = 0 No
2 The same as for atom !
2 -2 Homolysis of Conversion 1 Atom type * C No
1 the X—X bond Unpaired electrons = 0 Set = 1
P+ 2 Charge = 0 No
2 The same as for atom |
3 I+ 2 Chain Conversion i Valence < 1 Automatically
propagation Unpaired electrons 2 1 Change for —!
Charge = 0 No
2 Heteroatoms b3 1 Automatically
H atoms > 1 Automatically
Unpaired electrons = 0 Set = |
Charge = 0 No
4 3 Elimination Conversion 1 Unpaired electrons = 0 Set = 1
1—{ of the nitro Charge = 0 No
2 group 2 Atom type = N No
4 Unpaired electrons = 0 Set = |
{ Charge = +1 No
3 3 Atom type = O No
1+ 2< Charge = 0 No
4 Atom type = O No
4 Charge = -1 No
5 | +2=3 Formation Conversion | Valence < 1 Automatically
1 of CO Unpaired electrons 2 { Change for ~1
1+ 2=3 Charge = 0 No
2 Atom type = C No
H atoms = I Automatically
Unpaired clectrons = l Set = 0
Charge = 0 Set =—]
3 Atom type = O No
Charge = 0 Set = |
6 4=1 + 2=3 Formation Conversion 1 Atom type = N No
{ of CO Valence = 2 Automatically
=] + 2=3 (involving Unpaired electrons 2 1 Change for —1
NO,) Charge = 0 No
2.3 See rule § Atoms 2,3
Atom type = O No
7 1 +2 Recombina- Conversion | Atom type = C No
4 tion of Valence < I Automatically
I—2 radicals Unpaired electrons 2 ! Change for —1
Charge = 0 No
2 Atom type # C No
Heteroatoms > i Automatically
Unpaired electrons = I Change for —|
Charge = 0 No
8 [-2=3 "+ 4=5 Formatiol Conversion | Atonr type = O No-
d of CO, Unpaired electrons z 1 Change for —1
2=3 + 1=4=5 2 Atom type = N No
Unpaired electrons = 0 Set = |
Charge = 0 No
3 Atom type = (0] No
4 Atom type = C No
Unpaired electrons = 0 No
Charge = ~1 Set =0
5 Atom type = 0 No
Charge = +1 Set =0

(1o be continued)
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Table 1 (continued)

Rule  Graphical Reaction Mode Setting
representation type of operation
Atom Property Relation Value Operation
9 2=| + 3=4 Formation Conversion |} Atom type = N No
l of nitrous Unpaired electrons = 1 Set = 0
2=1=3 + 4 oxide Charge = 0 Set = |
2 Atom tvpe = O No
3 Atom type N No
H atoms > | Automatically
Charge = 0 Set =—1
4 Atom type ) No
Unpaired electrons = 0 Set = |
10 I=]-3 Rearrange- Stabilization 1 Atom type = N No
ment of the Unpaired clectrons 1 Set =0
free nitro Charge = +1 Set =0
radical 2 Atom type = O No
3 Atom type = (6] No
Unpaired electrons = 0 Set = |
Charge = ~-1 Set =0
117 12 Closure Stabilization | Unpaired electrons > 1 Change for -1
d of vicinal
[=2 biradicals 2 The same as for atom |
12 | +2 Noavicinal Exclusion i Valence < 2 Automatically
biradicals _Unpatred clectrons > | No
2 The same as for atom |
13 I +2 + 3 Triradicals Exclusion | Unpaired electrons > 1 No
2 The same as for atom |
3 The same as for atom 1
14 1 Polyradicat Exclusion 1 Unpaired electrons = 2 No
at one atom

number of adjacent heteroatoms placed at the atom as a
result of the reaction depends on the resulting products.
the final value of the property is not specified.

(3) The number of adjacent H aroms determines the
number of H atoms bound to a particular atom.

(4) The degree of vertex characterizes the number of
bonds with nonhydrogen atoms. The multiple bonds are
calculated as the corresponding numbers of ¢-bonds.

(5) The hybridization deals with the sp3, sp?, or sp
values.

(6) The number of valence electrons determines the
number of electrons on the outer electron shell.

(7) The number of lone electron pairs characterizes
the number of lone electron pairs on the outer electron
sheil of the atom.

18) The number of unpaired electrons characterizes the
presence of the radical center or carbene-like species and
can be changed in the reaction. The following three vari-
ants are possible: the previous value is retained; changed for
a particular value, or is sef equal to a specified new value.

(9) The charge specifies the formal negative or posi-
tive charge on a given atom. This value can be changed
in a manner described previously.

Only one propeny, viz., the multiplicity, is incorpo-
rated into the rules for edges of the graphs (bonds). This

property is also evaluated using all mathematical rela-
tions and the required values can be given by analogy
with the properties "charge” and "the number of un-
paired electrons.”

The above-mentioned rules have the following modes
of operation: ingctive and single, exhaustive, or combined
application. This allows one to easily adapt the prepared
sets of rules to a particular aim of investigation. For
example, if a certain rule is not suited for the problem
under consideration, one can change the mode of the
rule to inactive. Then this rule will not be in use in the
course of generation of the RRN. In the mode of a
single use, the rule is applied to the chemical system
once for each nonequivalent embedding of the rule to
give different reaction products in each case. For ex-
ample, when the tule of homolytic cleavage of the C—C
bond is used in this mode for n-C4H,,, the program
gives the following variants:

n-CqHyp — Me + Pn
n-CyHyg — Et + Et,

or in the case of 1,3,5,7-tetranitro-1,3,5,7-tetraaza-
cyclooctane (octogen), based on the rule describing
elimination of methylnitramine, the following reaction



1850 Russ.Chem.Bull., Vol. 48, No. [0, Ocwober, 1999

Porolto er al.

is generated in the mode of single application of the
rule:

o

/""N =N
O,N—N O,N—N
———
N—NO N—NO

N—" 2 N—" 2
| |
NO, NO,

This mode of operation of the rule is most com-
monly used and it is applicable to the majority of
chemical reactions.

However, in some instances there is a need to con-
sider simultaneously changes of all reaction centers. For
example, concerted ring opening was suggested for the
mechanism of thermolysis of octogen in a number of
studies!8-21:

e e
7N =
O,N—N O,N—N I
k N—NO, I N—NO,
g =
NO, NO,

The mode of exhaustive application of the rule is
used for describing the above-mentioned process.

If there is a need to consider instances of both single
and exhaustive changes of CS, the combined mode of
operation of the rule should be used. This mode may be
useful, for example, in considering thermal decomposi-
tion of 1,3.5,7-tetranitro-1,3.5,7-tetraazacyclooctane 1o
follow possible pathways both of successive elimination
of methylenenitramine and of concerted opening of the
ring as a whole.

In the program, each rule is named and provision is
made to put references to the published data, which
served as the basis for the generation of the rule, and to
introduce comments of an author of the rule. The
formalism of the description of the rules in the CASB
program is sufficiently universal to describe both forward
synthetic and retrosynthetic conversions. Hence, each
iteration.of RRN. generation involves.a nonredundant
exhaustive search through combinations of all interme-
diates obtained at preceding stages of generation (in-
cluding the initial compounds), which are evaluated
and, where possible, are transformed using all the rules
employed.

Results of computer simulation

In the present work, a set of rules we developed
previously”-8 was refined and extended to the descrip-

tion of decomposition of nitric esters (see Table ).
Below their brief description is given.

Transformation rules.
7. Homolysis of the C—C bond

C-L -»C + C.

The rule is used for generating homolytic decompo-
sition of alkyl groups.
2. Homolysis of the heteroatom—-heteroatom bond

XX = X* + "X,

The X atom may be any one heteroatom. The rule is
introduced for generating homolysis of functional groups,
such as 0—0, C(OO0—0(0)C, N—-NO;. O—NO3, erc.
3. Free-radical chain propagation

R* + H—X = R—H + "X,

where X is a heteroatom.
4. Elimination of the nitro group

A—NO, —» A" + "NO,.

The A atom can be C (in nitroalkanes), N (in
nitramines), or O (in alky! nitrates).
5. Formation of carbon monoxide

R" + 'CHO — RH + CO.

6. Formation of carbon monoxide (2 special case for
NQO)

"NO + "CHO — HNO + CO.
7. Radicai recombination
R!'+ RZ" 5 R'-R2,
8. Formation of carbon dioxide
"NO, + CO — "NO + COy.
9. Formation of nitrous oxide
2HNQ — NoQ + H0.
Stabilizing rules.
70. Rearrangement of the free nitro radical
NQp. = "ONO.

11. Recombination of vicinal biradicals.

Exclusive rules.

12. Prohibition of nonvicinal biradicals.

13. Exclusion of species containing three radical centers.
14. Prohibition of carbene-like species.

Rules /. 2, and 4 describe initiation of a chain free-
radical reaction. For compounds containing nitro and
nitrate groups, such as nitromethane, methyl nitrate,
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and ethyl nitrate, the major initiating process is elimina-
tion of the nitro group:

MeONQ, - MeO" + 'NO,.

However, two subsequent reactions may be also of
importance in thermal decomposition if the compound
has a more complex structure and contains other func-
tional groups:

MeCHO — Me™ + "CHO,

MeNHNH2 — MeNH"™ + NH2

The radical chain propagation is described both by
the general (3 and ) and specific (6, 8, and 9) rules.
Rule 3 describes the formation of new radicals through
transfer of the H atom. Since an abundance of "radi-
cal—substrate” combinations with the H atom exist in
the case of a large number of intermediates, numerous
restrictions should be imposed on the applicability of
this rule (see Table 1). For example, the reagent
should be modest-sized and very reactive (Me or OH).
while the substrate should contain at least one het-
eroatom adjacent to the center of attack, which
enhances the stability of the radical formed due to
delocalization of the unpaired electron. Rule 3 de-
scribes the formation of stable carbon monoxide from
the HCO radical, which contains the weak C—H

bond. Rules 6. & and 9 represent instances which
have been described in experimental studies but are
not universal.

Rule 7 describes recombination of radicals. Recom-
bination processes, which lead to an increase in the
carbon skeleton intermediates are theoretically possible.
This is impossible in the case of thermolysis when the
general direction of the reaction involves simplification
of the structures due to their fragmentation. Hence, we
restricted our consideration of recombination reactions
to a very narrow spectrum of instances, in particular, to
the reactions between the methyl and stable radicals
containing the radical center at the heteroatom (NO and
NO»). Rule 70 describes the formal rearrangement of
the nitro radical through the transfer of the unpaired
electron from nitrogen to oxygen. This rule is based on
the experimental data,b!3 which demonstrate that NO,
possesses the radical center at the O atom in the Me™ +
"NO; - MeONO recombination reactions.

Rule /7 converts the vicinal biradical into the multiple
bond. This rule as well as the other stabilizing rules serve
to represent reactions consisting of several elementary
events as a one-stage process. Exclusive rules /12— /4 are
used for removing reactions which produce undesirable
species, in particular, polyradicals, from the RRN.

The above-considered set of rules was used for gener-
ating a RRN in the simulation of thermal decomposition
of methyl, ethvl, and isopropyvl nitrates (see Figs. 2, 3).

Table 2. Possible reactions and their enthalpies during thermal decomposition of methyl nitrate

lteration, Reaction AH%m  Refer- Iteration, Reaction AH%,m  Refer-
rule /kd mol™!  ence rule /k) mol™!  ence
() 7/ MeONO; - NO; + MeO 84.81 12,13 17 OH + MeO — H;0 + H,CO  -33461 12,13
(2) 2 NO, + MeONO; —» 64.75 12,13 1§ CH,0H + MeO — -227.73 13
HNO, + CH,ONO, MeOH + H,CO
3 MeO + MeONO; — —54.67 12,13 /19 OH + HNO; —» H,0 + NO, —180.74 12, 13

MeOH + CH,ONO,

4 NO, + MeO - HNO, + H,CO —15387 12,13
(3) 5 HNO, —» NO + OH 13547 12,13
6 CH,ONO, — H,CO + NOy,  —13380 12,13
7 NO, + MeOH > 7503 *
HNO, + CH,OH
8§ NO, + H,CO —» HNO, + HCO 4535 12, 13
9 CH,ONO; + MeO ~» ~218.61 *

MCONOZ + H'_)CO
10 MeO + HNOy —» MeOH + NO, ~119.42 =
/11 MeO + H,CO —» MeOH + HCO —74.07 13

12. CHONO, -+ HNOs — —64.75 12,13
MEONOZ + NO}

13 CH,0ONO,; + MeOH — 9.H *
MCONOZ + CH_)_OH

14 CH,ONO; + H,CO - ~19.40 s
MeONO, + HCO

4y 15 OH + MeONO,; — -11599 12,13

H,0 + CH,ONO,

16 CH,0H + MeONO, — =9.11 *

MeOH + CH,ONO,

20 CH,OH + HNO; - MeOH + NO,~73.86  *
27 OH + MeOH — H,0 + CH,OH ~106.88 13

22 OH + H,CO — H,0 + HCO  —3478 12, 13

23 CH,OH ¥ HyCO > ~28.51 .
MeOH + HCO

24 NO, + HCO — HNO, + CO  —9422 {2, 13

25 MeO + HCO — MeOH + CO  —213.63 13

26 CH,ONO, + HCO ~» ~15897  *
MeONO, + CO

27 OH + HCO — H,0 + CO ~27496 13

28 CH,0H + HCO — MeOH + CO—168.08 *

29 NO.+ HCO — HNO +.CO -4351 13

(3) 30 NO, ~ HNO - HNO, + NO  =50.70 13

31 MeO + HNO — MeOH + NO  —i70.13 13

32 CH,ONO, + HNO — -11545  *
MeONO, + NO

33 OH + HNO - H,0 + NO -231.45 13

34 CH,0H + HNO - MeOH + NO—-12456  *
35 NO, + CO — NO + CO, -203.82 13
36 NO + HNO — N,O + OH -1.09 !

* This work.
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At the first stage, all the above-considered nitrates
decompose to form NO, and the corresponding alkoxyl
radical. However, the cleavage of the C—C bond at the
o position with respect to the C—O bond as an alterna-
tive pathway of decomposition becomes possible as the
size of the alkyl radical increases. At the first stage, this

pathway requires a higher energy: 255.61 kJ mol™' com-
pared to 75.03 kJ mol~! in the case of EtONO; and
237.13 kJ mol™! compared to 81.17 kJ mol™! in the
case of PrONO;.

However, in the case of subsequent formation of
carbonyl compounds. which are detected among de-

/
iy

"CH; + “CHONO:

%o e !

MeCNO MeNO CH; CH20 + "NO, EtOH

EtONO>

N‘
EtQ" + 'N02

MeC " HONO»

SR,

CH,0 + "CH, HONO MeCHO + "“NO,

MeCHO

! v | |
MeO "+ " NO, "CHO "CHz + "CH20H "CHy + "CHO
lm \:M_H H,0 + HCN lm +M_H/ \:n o -
+M—H +M—H
CHO0 MeOH co MeOH CH20 l l
rn +N°2¢ -NO H20 HNO
* CHoOH co, lmo
l*” HO *+ N0
CH20

Vertex Structure Vertex Reaction
| EINO, 111 EINOy — Me™ + "CH,NO;
2 CH;3NO; 1:2 ENO; » EtQ" + "NO,
3 “Me 2:1 EO - "Me +CH;O
4 "NO, 2:2 “Me+ "NO, - MeONO
5 EtO” 2:3 CH2N03 - CHzo + NO:
6 CH,0 2:4 "CH,NO; + EINO; - MeNO; + MeCHNO;
7 McONO 2:5 Me + EINO; = CH, + MeCHNO;
8 MeCHNO; 2:6 NO; + EINO; - HONO + MeCHNO;
9 MeNO; 2:7 EtO + EINO; - ElOH + MeCHNO,
10 CH,
i HONO
12 EtOH

Fig. 2. Fragment of the recombination reaction network of thermal decomposition of ethy! nitrate.
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composition products, the overall process with the par-
ticipation of these radicals becomes energetically more
favorable compared to the corresponding pathwavs of
formation of carbonyl compounds via alkoxy! radicals:
~133.80 k} mol™! (Table 2., rule §6) and
—146.63 kJ mol™! (Table 3, rule /5 compared to
43.81 kJ mol~! (Table 3, rule 3 and 9.32 kJ mol™!

(Table 4, rule 3), respectively. Consideration of the
overall decomposition reaction of the compounds under
study allowed the conclusion that these processes are
very similar for all nitric esters. Thus, the final decom-
position products are identical and new intermediates
appear only due to an increase in the lengths of the alkyl
radical.

"CHy + Me " CHONO>

NO- Me2 * CONO>

wsdo/\e | ] e

CH; MeNO MeONO MeCHO + NO2 Me,CO PriQOH MeCHO + "CH; HONO MeoCO + "NO2
. l . HO" “NO
H0 + HCN MeQ "+ "NOz ~CH3z + "CHO l.»M.—H ¢+M—-H
lm \:M——H l*ﬂ
H;0 HNO
CH20 MeCH co l+NO
+Rl -*Rl +NO,| -NO
HO® + N2O
CHO CH20H co,
+Rl
CH-0
Vertex Structure | Vertex Reaction
1 PriNO; 1:1 Pr'NO; » Me + MeCHNO;,
2 MeCHNO; 1:2 Pr'NO; » PrO + NO,
3 Me 2:1 PO — Me + MeCHO
4 NO, 2:2 Me+ NO; -» MeONO
5 PrO 2:3 MeCHNO; - MeCHO + NO»
6 MeCHO 2:4 Me+ PrNO; —» CH, + (Me),CNO;
7 MeONO 2:3 NO; + PrNO; — HONO + {Me),CNO;,
8 (Me),CNO; 2 :6 PrO + PriNO; — PriOH + (Me);CNO;
9 CHy4
10 HONO
11 PrOH

Fig. 3. Fragment of the recombination reaction network of thermal decomposition of isopropyt nitrate.
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The iteration procedure used in the computer simu-
lation of thermal decomposition was continued until

new compounds and reactions ceased to erise. For all
compounds under study, no new intermediates were

Table 3. Possible reactions and their enthalpies during thermal decomposition of ethyl nitrate (except for reactions that coincide
with thermal decomposition of methy! nitrate)

Iteration, Reaction AH°¢gm  Refer- lteration, Reaction AH%m  Refer-
rule /kJ mol™'  ence rule /k} mol™!  ence
(1) | EONO; » Me + CH,ONO, 255.61 13 (4) 39 CH,0H + MeONO — 8.15 *
2 EONO; - EtO + NO, 75.03 13 MeOH + CH,ONO
40 MeO + MeONO — ~37. *
(2) 3 EO - Me + H,CO 41.81 3 ervmotf»&lc?hog\:o !
4 Me + NOZ -+ MeONO —147.22 13 41 OH + MeONO _; —-98 .73 *
5 CH,0ONO; + EtONO; — ~25.83 * H-O + CH,ONO
MeONO,; + MeCHONO, ) 42 CH,ONO + MeONO; — —14.30 *
6 Me + EtONO, — -74.93 13 MeONQ + CH,ONO,
CH, + MeCHONO, 47 CH,ONO + HNO; —» -82.01 *
7 NO, + EtONO, - 41.88 13 MeONO + NO,
HNO; + MeCHONO, 44 CH,ONO + MeO ~ —235.88 .
8§ EtO + EtONO; — -71.94 * MeONO + H-CO
EtOH + MeCHONO, s . 45 Me + HCO - CHy + CO ~211.05 13
9 CH,ONO,; + EtO = —247.50 46 EtO + HCO — EIOH + CO  —375.87 .
MeONO, + MeCHO , 47 CH,ONO + HCO — —-176.23 *
10 Me + EtO — CHy + MeCHO  —296.61 * MeONO + CO
11 NO, + EtO — HNG, + MeCHO-179.78 * ‘
. 48 CH,ONO, + MeN 0.04 .
(3) 12 EtOH — Me + CH,OH 265.93 . ©) MeONO, fcl;?,N-Z)
/3 MeCHO ~ Me + HCO 268.94 3 49 Me + MeNO — CH, + CH,NO —49.07 .
/4 MeONO — MeO + NO 36.51 13 50 Me + MeOH — CH, + CH;OH —42.97 :
/5 MeCHONO; — MeCHO + NO, —146.30 13 51 Me + HNO — CH, + NO ~ —167.53 13
16 CH,ONO; + MeONO - 14.29 * 52 NO; + MeNO — HNO,; + CH,;NO67.76 *
. MeONO, + CH,0NO 53 EtO + MeNO — EtOH + CH,NO—46.06 -
7 Me + HyCO — CH, + HCO —~71.47 (3 54 EtO + MeOH — EtOH + CH,0H—39.96 .
18 Me + McONO — CH, + CH-ONO~34.82  * 55 F10 + HNO — EIOH + NO = —164.52 *
19 Me + MeONO; —49.12 * 56 CH,OH + MeNO — —6.10 .
CH, + CH,0ONO, MeOH + CH,;NO
20 Me + HNO, —» CH,; + NO,  —116.83 ” 57 MeO + MeNO - ~51.66 *
21 NO, + MeONO —» 82.01 * " MeOH + CH,NO
HNO; + CH,ONO , 58 OH + MeNO — H,0 + CH,NO ~112.99 .
22 Ei0O + H,CO — EtOH + HCO  —68.47 * 590 CH.ONO + MeNG - 1435 .
23 E10 + MeONO - -31.81 * MeONO + CH,NO
E1OH + CH,ONO 60 CH,ONO + MeOH — -8.15 s
24 EtQ + MeONO, - —46.11 * MeONO + CH,OH
EtOH + CH,0NO, 61 CH,ONO + HNO - ~132.72 *
25 EtO + HNOQ,; — EtOH + NO, ~—113.82 * MeONO + NO
(4) 26 CH,ONO — H,CO + NO ~179.36 . 62 MeNO — HCN + H0 —H8Is L3
7 Me + NO — MeNO ~145.05 1 o g1 ; s .
63 CH,NO + EtONO -25.87
28 CH,OH + EtIONO, — —31.98 ¥ oy e MeNO + MchH(—;NOw
MeOH + MeCHONO, ) 64 CHyNO + E1O — ) ~247.54 *
29 MeO + EIONQO; — =77.54 * MeNO + MeCHO
MeOH + MeCHONO-» 65 CHyNO + H,CO — —22.40 *
30 OH + EtONO; — ~138.86 13 MeNO + HCO
H,0 + MeCHONO, 66 CH,NO + MeONO — 14.25 .
37 CH.ONO.+ EtONO; — —40.(3 * MeNQ +-CH-ONO
MeONO + MeCHONO, 67 CH,NO + MeONO,; — —-0.04 *
32 Me + MeQO — CH4 + HZCO -270.70 13 N‘CNO + CHvONOv
33 EtO + CH,0H — -253.64 * 68 CH,NO + HNO; —» ~67.76 .
MeCHO + MeOH MeNO + NO,
34 E1O + MeO — EtOH + H,CO —267.69 . 69 CH,NO + MeO - —221.62 y
35 EtO + MeO — MeCHO + MeOH—299.20 . MeNO * H.CO
36 EtO + OH — MeCHO + H,0 —360.53 * 70 CH,NO + MeOH — 6.10 .
37 EtO + CH,ONO - —261.79 * ‘MeNO + CH,OH
MeCHO + McONO . 71 CHiNO + HNO — MeNO + NO—118.46 *
38 CH,ONO + H,CO - —36.66 72 CH}NO + HCO - MeNO + CO—161.98 *

MeONO + HCO

* This work.
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[terations

Fig. 4. Distributions of the numbers of structures {(a) and
reactions (b} generated over iterations: /, methyl nitrate: 2, ethy!

“"

nitrate; 3, isopropy! nitrate.

found after the fifth iteration and no new reactions were
observed after the sixth iteration. A total of 15, 27, and
27 intermediates were generated in the cases of methyl,
ethyl, and isopropyl nitrates, respectively. The distribu-
tions of the numbers of new structures and reactjons
over iterations are shown in Fig. 4.

For the mechanisms of thermal decomposition under
study, some general regularities of thermolysis can be
mentioned. Thus, the largest number of intermediates is
generated in the second and third iterations, while the
maximum -number of new reactions s observed-in-the
fourth iteration. This is attributable 1o the fact that it is
the first stage of decomposition of the initial compounds
after which the greatest diversity of intermediates is
observed, when these products are rather large and
reactive species. Due to this diversity of intermediates,
the fargest number of their possible interactions falls on
the following iteration. In the subsequent iterations,
low-molecular-weight stable compounds that do not
exhibit high reactivity are formed, which leads to a sharp
decrease in the total number of interactions. The com-

Table 4. Possible reactions and their enthalpies during thermal
decomposition of isopropyl nitrate {(except for reactions that
coincide with thermal decomposition of methyl nitrate and
ethyl nitrate)

[teration, Reaction AH%m  Refer-
rule /K] mol™!  ence
(1y I PriONO> —» Me + MeCHONO,; 237.13 *
2 PrONO, — PrO + NO, 81.18 13
(2) 3 PrO - Me + MeCHO 9.32 i3
4 Me + PriONO; — —84.65 *
CH; + Me,CONO,
5 NO, + PrONO; — 32.19 *
HNO,; + Me,CONO,
6 PrO + PriONO,; — ~93.46 *
PriOH + Me;CONO,
7 Me + PriO - CHy + Me;CO  —306.90 13
& NO, + PrO — HNO, + Me,CO —-190.06 13
(3) 9 Me,;CONO; —» NO; + MeyCO - —141.08 *
10 PO + MecONO — —43.64 *
PriOH + CH,ONO
/1 PrQ + HNO,; — PFOH + NO, —125.65 *
() 12 MeO + PriONO, — —87.2 *
MeOH + Me,CONO,
13 OH + PrONO; = —124.98 *
H,O + Me,CONO,
!4 CH,ONO + PrONO, — —49.83 *
MeONO + Me;CONOa
/5 PriO + MeO — PriOH + H,CO -279.52 *
16 MeQ + Pri0 — MeOH + Me,CO~309.49 13
i7 OH + PfiO = H,0 + Me,CO —~370.81 13
18 CH,ONOQ + PrO - —272.08 13
MeONO + Me,CO
19 Pri0 + HCO — PrOH + CO  ~219.87 *
(5) 20 PrO + H,CO — PrOH + HCO ~80.30 *
21 PAO + MeNO — PrOH + CH,;NO—-37.89 *
2 PO + MeOH — PrOH + CH,0H-51.79 *
23 PriO + HNO — PriOH + NO  ~176.35 *
(6) 24 CH,NO + PriONO: — ~35.57 *
MeNO + Me,CONO,
25 CH,0H + PrONO,; —» —41.67 *
MeOH + M¢,CONO,
26 CHNO + PriO — —257.82 13
MeNO + Me,CO
27 CH;0H + PriO — ~263.93 13

MeOH + Me,CO

* This work.

plete list of the known reactions as well as of new
reactions obtained in the course of simulation is given in
Tables 2—4.

Results and Discussion

In some cases, the monomolecular character of de-
composition persists over the course of the process, and
the reaction rate is independent of the pressure. The
radical decomposition becomes completely monomo-
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lecular either if the resulting radicals are inactive or if
efficient inhibitors of chain reactions (NO or NO,) are
formed as the products.b20 However, secondary reac-
tions very often proceed with the involvement of the
initial compound, which leads to a chain radical reac-
tion. Thus, CH,ONO; is formed due to interaction of
the initial MeONQO, with active radicals (see Table 2,
rules 2, 3, /5, and 76). The CASB program generated
yet another pathway of formation of CH,ONO; through
the cleavage of the C—C bond in EtONO, (sce Tabie 3,
rule /). Taking into account all pathways of formation of
CH,ONOs, it can be suggested that this radical assists in
continuing the chain free-radical reaction (see Table 2,
rules [2—J4 and 32 Table 3, rules 5. /6, and 49) as
well as undergoes subsequent conversions (see Table 2,
rule 6). MeNO is obtained by recombination of the Me
and NO radicals (see Table 3, rule 27). This reaction
has not been demonstrated previously'233 but it has
been mentioned in Ref. 18. The program generated a
series of reactions (see Table 3, rules 48, 49, 32, 53.
36—59, and 67 Table 4, ruie 21) in which the molecule
acts as a substrate for the radical attack. This molecule
can also undergo subsequent decompaosition to give HCN
and H,0 as the final products (see Table 3. rule 62).

In addition to the experimental data,!13 which
provide an incomplete insight into the chemistry of the
"CH,0H (MeO~ isomer) and EtO" radicals, we found
the complete set of possible reactions using the CASB
program (sece Table 2, rules 16, 18, 20, 23, 25. and 34
Table 3, rules 28, 33, 39. and 56 and 3, §—1/, 2225,
33—37, 46, 5555, and 64). All these intermediates are
very active radicals, which can sustain the chain charac-
ter of the reaction.

A series of the reactions generated by the CASB
program (see Table 2, rules 2, 3, 6, 12, 15 and 35;
Table 3, rules 7. 3, 6, 7, 15, and 30) have not been
described previously as individual stages.!>}3 However,
these reactions can be considered as constituents of
more complex processes. For example, the reaction
observed by us

MeQ’ + MeONO, — MeOH + CH,ONO,

is the first elementary act of the complex reaction
suggested previously!%13

MeONQ, + MeO — MeOH + CH,0 + NO»,
where the second stage can-be represented -as
CH20N02 — CH20 + N02

and was also generated by the CASB program. In the
case of isopropy! nitrate, a very diversified spectrum of
reactions with the PriQ radical was obtained. We supple-
mented the pathway of formation of (Me)>CO reported
in the literature!?33 with several new pathways (see
Table 4, rules 7, 8, 9, 16—18, 26. and 27).

We determined the enthalpies of the chemical reac-
tions generated using the AMPAC and HyperChem

program packages. The calculations were performed us-
ing the semiempirical quantum-chemical PM3 method
as the most suitable procedure for the calculations of the
structures and properties of nitrogen-containing com-
pounds.!? When analyzing our results of quantum-chemi-
cal calculations (see Tabies 2—4), one can see that
beginning with the fourth iteration, the reactions of all
intermediates are exclusively exothermic. Apparently, it
is these reactions that determine the process of thermal
decomposition of nitric esters as a process accompanied
by liberation of a large quantity of energy. Highly exo-
thermic reactions are associated primarily with the for-
mation of low-molecular-weight stable compounds, such
as CO, CO,, H,CO, MeCHO, CH,, NO, H,0, and
HCN. In the case of EtONO, and Pr'ONO,, decompo-
sition of alkyl radicals requires additional energy com-
pared to that in the case of MeONO,.
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References

1.G. B. Manelis, G. M. Nazin, Yu. . Rubtsov, and V. A.
Strunin, Termicheskoe razlochenie i gorenie viryvchatykh
veshchestv i porokhoy [ Thermal Decomposition and Combus-
tion of Explosives and Propeflants], Nauka, Moscow, 1996,
223 pp. (in Russian).

2.G. M. Khrapkovskii, G. N. Marchenko, and A. G.
Shamov, Mivanie molekulyarnoi struktury na kineticheskie
parametry monomolekulyarnogo raspada C- i O-nitrosoedinenii
[ Effect of the Molecular Structure on the Kinetic Parameters
af Monomolecular Decomposition of C- and N-Nitro Com-
paunds], Fen, Kazan'. 1997, 222 pp. (in Russian).

3.5. C. Oxley, A. B. Kooh, R. Szekeres, and W. Zheng,
J. Phys. Chem., 1994, 98, 7004.

4. F. |. Dubovitskii and B. L. Korsunskii, Usp. Khim., 1981,

10, 1828 {Russ. Chem. Rev., 1981, 10 (Engl. Transl)].

.M. 1. S. Dewar, J. P. Ritchie, and J. Alster, J. Org. Chem.,
1985, 50, 1031,

6.V. P. lvshin., A. A. Porollo, and T. S. Pivina, Tez. dokl
V Vseross. konf. po strukture i dinamike molekulyarnykh
sistem |Abstrs. of Papers, All-Russ. Conf. on Structure and
Dynamics .of Malecular. Systems], 1998, 2, 8 (in Russian).

7.E. V. Sokerina, D. E. Lushnikov, T. S. Pivina, A. A.
Porollo. and V. P. lvshin, Proceedings of the 21st [nterna-
rional Pyrotechnics Seminar, Moscow, 19935, 849.

8. A. A. Porollo, D. E. Lushnikov. T. S. Pivina, and V. P.
Yvshin, J. Mol. Struct. ( Theochem), 1997, 391, 117.

9.T. S. Pivina, D. E. Lushnikov, E. V. Sokerina, A. A.
Porollo, and V. P. lvshin, Proceedings of the 26th Interna-
tional Annual Conference of ICT ( Pyrotechnics), Karlsruhe,
Germany, 1995, 26, 1.

10. T. S. Pivina. E. V. Sokerina, D. E. Lushnikov, A. A.
Porollo, and V. P. ivshin, Propellants, Explosives, and Py-
rotechnics, 1999, 24, 99.

W



Thermal decomposition of atkyl nitrates

Russ.Chem.Bull.. Vof. 48, No. 10, October, 1999

1857

I

14.

15.

A. A. Porollo, T. S. Pivina, and V. P. Ivshin, Proceed-
ings of the 24th International Pyrotechnics Seminar. Monterey,
USA, 1998, 445.

. 1. S. Zaslonko. V. N. Smirnov. and A. M. Tereza, Kinet.

Katal.. 1988, 29. 519 [Kinet. Caral., 1988, 19 (Engl.
Transl.}].
1. S. Zaslonke, V. N. Smirnov, and A. M. Tereza. Kinet.
Katal., 1993, 34, 399 [Kiner. Caral, 1993, 34 (Engl.
Transl.}].
R. Barone and M. Chanon, Computer-Assisted Organic Syn-

thesis; In Computer Aids 1o Chemistry. Eds. G. Vernin and
M. Chanon, E. Horwood, Chichester, 1986, 19.

A. V. Zeigarnik, L. G. Bruk, O. N. Temkin. V. A,
Likholobov, and L. I. Maier. Usp. Khim.. 1996, 65, 125
[Russ. Chem. Rev., 1996, 65 (Engl. Transl.}].

16.

.M. A. Hiskey, K. R. Brower. and J. C. Oxlev,

V. D. Maiboroda, V. I. Gergalov, and E. P. Petryaev,
Matematicheskoe modelirovanie khimicheskoi kineriki {Math-
emaiical Simulation of Chemical Kineticst, Universitet,
Minsk, 1989, 168 pp. (in Russian).

0. N. Temkin, A. V. Zeigarnik. and D. G. Bonchev,

J. Chem. Inf. Comput. Sci., 1995, 35, 729.

. C. F. Melius, Philos. Trans. R. Soc. London, Ser. A, 1992,
339. 365.
.M. J. S. Dewar, E. F. Healy, A. ]. Holder, and Y. C.

Yuan, J. Compur. Chem.. 1990, 11, 541.
J. Phys.

Chem., 1991, 95, 3955.

.X. Zhao, E. J. Hintsa, and J. T. Lee, J. Chem. Phys.,

1988, 88, 801.

Received November 18, 1998:
in revised form April 12, 1999




