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Abstract The intriguing decompositions of nitro-containing
explosives have been attracting interest. While theoretical in-
vestigations have long been concentrated mainly on
unimolecular decompositions, bimolecular reactions have re-
ceived little theoretical attention. In this paper, we investigate
theoretically the bimolecular reactions between nitromethane
(CH3NO,)—the simplest nitro-containing explosive—and its
decomposition products, such as NO,, NO and CO, that are
abundant during the decomposition process of CH;NO,. The
structures and potential energy surface (PES) were explored at
B3LYP/6-31G(d), B3P86/6-31G(d) and MP2/6-311+G(d,p)
levels, and energies were refined using CCSD(T)/cc-pVTZ
methods. Quantum chemistry calculations revealed that the
title reactions possess small barriers that can be comparable
to, or smaller than, that of the initial decomposition reactions
of CH3NO,. Considering that their reactants are abundant in
the decomposition process of CH3;NO,, we consider bimolec-
ular reactions also to be of great importance, and worthy of
further investigation. Moreover, our calculations show that
NO, can be oxidized by CH3;NO, to NO; radical, which con-
firms the conclusion reached formerly by Irikura and Johnson
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Introduction

Nitro-containing explosives are an important type of high-
energy material, since they release a large amount of energy
in bulk decomposition. The decompositions of nitro-
containing explosives have long attracted great interest.
Understanding such decomposition processes is essential to
obtaining an improved model for combustion or detonation
of these energetic materials [1]. Although much previous re-
search has been done on this topic, to our knowledge, the
detailed decomposition mechanism of these explosives is still
complex and only partly known. The difficulty stems mainly
from the ultrafast detonation and the large number of second-
ary reactions during the decomposition process. Nitromethane
(CH3NO, or NM)—a liquid-insensitive high explosive—is
the simplest nitro-containing explosive, and is regarded as
an important prototypical energetic material [2]. The study
of CH;3NO, is of considerable help in understanding more
complex explosives such as RDX and HMX [3], thus it is
one of the most extensively studied energetic materials [2—6].

Quantum chemical calculation is a powerful theoretical
tool with which to investigate the decomposition of energetic
materials. It can provide the most accurate and detailed de-
scription of the reaction chemistry in the absence of empirical
data. Some quantum chemical calculations have also been
performed to investigate the decomposition mechanism of
CH;3NO,. However, to date, most quantum chemical studies
are concerned mainly with the initial unimolecular
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decomposition reactions, and research focusing on the bimo-
lecular reactions in the decomposition process is scarce.

In recent years, some quantum chemical investigations
have revealed the importance of bimolecular reactions in the
decomposition processes of explosives. Irikura and Johnson
[7] studied the NO,+RDX reaction by quantum mechanics,
finding that NO, may abstract an O atom from RDX to yield
NOj; radical and ONDNTA (C3HgNgOs). NO;5 radical is a
dominant oxidant in the atmosphere at night, and plays an
important role in atmospheric chemistry. More importantly,
the barrier height of this reaction is absolutely lower than that
of the pathway of the unimolecular decomposition of RDX
[7]. Silva et al. [8] investigated the reaction of hydroxyl radical
(HO*) with s-triazine (TAZ), both of which being decompo-
sition products of RDX. This reaction may result in the for-
mation of oxy-s-triazine (OST), which is a decomposition
product of RDX that has been detected experimentally but
for which there is as yet no explanation as to how it is formed
[1, 8].

The decomposition of CH3NO, is a complex process, in-
volving many unimolecular and bimolecular reactions. It is
obviously not enough that we investigate unimolecular reac-
tions only. In this work, we aimed to investigate bimolecular
secondary reactions between CH3;NO, and its decomposition
products by quantum chemical calculations. We know that the
occurrence of a chemical reaction depends to a large extent on
the concentration of the reactants. NO,, NO and CO are the
main decomposition products of CH3NO,. As they are found
with high abundance during the decomposition process, it is
reasonable to believe that they can react with CH3NO,.
Moreover, Rom et al. [5] recently performed reaxFF molecu-
lar dynamics simulations on the decomposition of CH;NO,,
and found that at a temperature of 2500 K, NO; radical is a
decomposition product of CH3NO,. Based on the study of
Irikura and Johnson [7], we speculate that NO5 radical may
be formed by the NO,+CH;NO, reaction. Thus, the study
presented in this paper may enhance our understanding of
the decomposition of CH;NO,.

Computational methods

Density functional theory (DFT) methods were employed to
study the reactions. All calculations were carried out with the
Gaussian 09 program package [9]. The (U)B3LYP/6-31G(d),
(U)B3P86/6-31G(d) and (U)MP2/6-311+G(d, p) methods
were used to study the molecular geometries and vibrational
frequencies of the reactants, products, intermediates, and tran-
sition states in these reactions. These methods have been
employed intensively [10-14] to investigate various kinds of
structures and reactions, and have proved to generate satisfac-
tory results. Vibrational analysis was performed for each sta-
tionary point to verify whether the optimized structure is a real
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minimum or a saddle point structure on the potential energy
surface (PES) and to provide zero-point energies (ZPEs) at the
same level. The transition state obtained (TS) was confirmed
by an intrinsic reaction coordinate (IRC) [15] calculation at
the same level of theory corresponding to the reactants and
products. In addition, single point energies were also deter-
mined using the (U)CCSD(T)/cc-PVTZ method based on the
optimized geometries.

Results and discussion
Evaluating the computational approach

CH;NO; is a well-studied system, and a number of studies
have been directed toward elucidating the reaction details of
its thermal decomposition. In this study, we investigated the
reported initial decomposition reactions of CH3;NO, to evalu-
ate the accuracy of the computational approach used in this
paper. Reactions 14 are reported candidates for the initial
decomposition reactions of CH3NO, [4, 18-22].

CH3NOy—CHs + NO, (1)
CH3NOy—CH,NO, + H (2)
CH 3N O,—CH,NOOH (3)
CH3NO,—CH3;0NO (4)

Reaction 1 results from C—N bond scission; reaction 2
is proton dissociation; reaction 3 is H intramolecular mi-
gration, and reaction 4 is nitro-nitrite isomerization. Of
these, reaction 1 is a widely accepted initial reaction of
the decomposition of the gas CH3;NO,, because of its low
barrier. The calculated bond dissociation energies and bar-
riers of these reactions are listed in Table 1, together with
the available data. It is clear that the results are in good
agreement with the available data, which demonstrates the
accuracy of our study.

Reactions between title molecules and CH;NO,

Next, we turned to investigate reactions between the title
molecules and CH3;NO,. The calculated molecular and
transition structure energies with different methods are
listed in Table S1 in the supplementary material. In
Table 2, we list the barrier heights for all pathways (all
energies include ZPE). Figure 1 illustrates the optimized
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Table 1

The calculated bond dissociation energies (BDE, kcal mol ") and barrier heights (BH, kcal mol ") with zero-point energy (ZPE) corrections of

some popular initial decomposition reactions of CH3;NO, with available data for comparison

Reaction 1 (BDE)

Reaction 2 (BDE) Reaction 3 (BH) Reaction 4 (BH)

B3lyp/6-31G(d) 54.8
B3p86/6-31G(d) 58.6
MP2/6-311+G(d,P) 577
CCSD(T)/ce-pVTZ// B3lyp/6-31G(d) 56.4
CCSD(T)/ce-pVTZ// B3p86/6-31G(d) 56.4
CCSD(T)/ec-pVTZ// MP2/6-311+G(d,p) 574

Other works 61.9% 60.1° 58.5¢

97.2 64.3 66.4

99.7 573 68.6

97.2 65 70.3

98.9 62.6 67.1

98.9 62.6 67.1

99 62.6 67.3
103.391.9¢ 64 59.2° 63.447

# Theoretical calculation using G2MP2 method [4]

® Experimental result [18]

© Experimental result [19]

9 Theoretical calculation using MP2 method [20]

¢ Theoretical calculation using UCCSD(T)/CBS [21]
"Theoretical calculation using UB3LYP/6-311+g(d,p) [22]

geometry structures for the reactant complex, transition
states, and products of the reactions involved in this study,
and Fig. 2 depicts the potential energy diagram. In the rest
of the paper, the geometries discussed are based on
(U)B3LYP/6-31G(d) method, and the energies are based
on (U)CCSD(T)/cc-PVTZ//(U)B3LYP/6-31G(d).
Moreover, we considered several spin state PES, and
found that the NO,+ CH3NO, and NO+ CH3;NO, reac-
tions occur in both the doublet and quartet reaction chan-
nels; the CO+ CH3NO, reaction also occurs in both the
singlet and triplet reaction channels. The theoretical re-
sults show that, because of the lower barrier height, all
reactions in this paper occur favorably on the lower spin
state surface. In the rest of the paper, the reactions
discussed are on the lower spin state surface. For NO,+
CH;NO, and NO+ CH3NO, reactions, the<S?>values are
all very close to 0.75, which shows that the spin contam-
ination of pure doublets states for fragment open-shell
systems is negligible.

The NO>+ CH;NO; reaction

In the CH3;NO, molecule, two O atoms are identical, so are the
three H atoms, thus we need only to consider one O atom and
one H atom when we investigate the attack of NO,. Based on
this consideration, we advised three different pathway en-
trances for the reactions: (1) direct O-abstraction from
CH;NO; to form NO;+CH;3NO, (2) direct H-abstraction by
the O atom of NO, from CH;NO, to form HONO+CH,NO,,
and (3) direct H-abstraction by the N atom of NO, from
CH;3NO; to form HNO,+CH,NO,. Now, we introduce these
three pathways in detail. Three attack ways result in three
reaction pathways and form three different products. If NO,
approaches the O atom of CH3;NO, with an N atom, an O-
abstraction reaction from CH;NO, resulting in NOs radical
will occur. The reaction proceeds via transition state TS1A.
In the TS1A structure, the breaking O—N bond is obviously
elongated from 0.122 nm in CH3NO, to 0.139 nm, while the
length of the forming bond N-O is shortened to 0.156 nm. The

Table 2 The calculated barrier heights (including ZPE) of the reactions involved in this study

Reaction Barrier height (kcal molfl)
B3lyp/6- B3p86/6- Mp2/6- CCSD(T)/cc-pVDZ// CCSD(T)/cc-pVDZ//  CCSD(T)/cc-pVDZ//
31 g(d) 31 g(d) 311+g(d,p) B3lyp/6-31 g(d) B3p86/6-31 g(d) Mp2/6-311+g(d,p)

NOy+ CH;NO, 5 NO;+CH;NO 243 222 - 29.7 29.7 -

NO,+ CH;NO, 23" HONO+CH,NO, 382 383 - 304 3038 -

NO,+ CH3N02T£{C HNO,+CH,NO, 35.2 34.1 38.7 36.9 36.8 36.1

NO+ CH3N02T§A NO,+CH;NO 23.6 23.0 64.5 39.1 38.8 43.1

NO+ CH3NOZT£gB HON+CH,NO, 58.0 54.4 68.2 64.2 64.4 61.7

CO+ CH3N02T§A NO,+CH;NO 41.4 38.9 44.9 47.6 47.7 49.2

CO+ CH3N02T§EB HCO+CH,NO, 45.2 40.8 51.9 533 535 533
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Fig. 1 B3LYP/6-31G(d)
geometries of minima and
transition states of the reactions
involved in this study
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transition state structure is characterized by an imaginary fre-
quency 194i cm™'. The products of this channel are NO5 rad-
ical and CH3NO. The reaction proceeds with a low barrier of
29.7 keal mol ™, and the products are 44.4 kcal mol ' above
the reactants, so the channel is endothermic. The thermody-
namic energy requirement of the channel is smaller than that
of the initial decomposition reactions of CH3;NO, [4, 18-22],
indicating that occurrence of the channel is energetically fea-
sible. The quantum chemistry calculations of Irikura and
Johnson [7] also predicted that NO5 radical can be formed
by the reaction of NO,+ RDX, and our calculated barrier of
the channel is almost the same as reported by Irikura and
Johnson (about 32.5 kcal mol ™). Because the reaction is en-
dothermic, and the reverse reaction has no barrier, it occurs
more easily. This gives an explanation as to why NOj; radical
has rarely been found in former research into the decomposi-
tion of CH3NO,, both by experiment and theoretical calcula-
tions, with the exception of Rom’s study of the decomposition
of CH3NO; at a high temperature of 2500 K by reaxFF mo-
lecular dynamics simulations [5]. H abstraction reactions stem
from the attack of an O atom or N atom of NO, to an H atom
of CH3NO,. The H atom of CH3NO, can be abstracted by an
O or N atom of NO, via transition states TS1B and TS1C
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respectively. In TS1B and TS1C, the forming O—H and N-H
bonds are 0.122 nm and 0.112 nm, respectively. The breaking
C-H bonds are elongated from 0.109 nm in CH3;NO, to
0.130 nm and 0.166 nm, respectively. The averaged imaginary
frequency of the transition states TS1B and TS1C were calcu-
lated to be 1687i and 430i cm . The two transition states were
both verified to be the real transition state of this reaction by
vibrational analysis and IRC calculations [15]. The barriers of
these two H abstraction reactions were calculated to be 30.4
and 36.9 kcal mol ', lower than those reported initial decom-
position reactions of CH;NO, [4, 18-22]. Moreover, the prod-
ucts of these two reactions were less favorable in energy by
22.3 and 32 kcal mol ', respectively, than the reactants.

The above results show that H abstraction reactions are the
main channel of the reaction NO,+ CH;NO,. However, O
abstraction has slightly higher thermodynamic energy require-
ments, suggesting the possibility that NO3 might be formed
during the decomposition of CH;NO,.

The NO+ CH;3NO; reaction

We found two channels for the reaction: (1) direct O-
abstraction by the N atom of NO from CH3NO, to form
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Fig. 2 Potential energy diagram for the reactions a NO,+CH3NO,, b NO+CH;3NO, and ¢ CO+CH;3NO,

NO,+CH;3NO, and (2) direct H-abstraction by the O atom of
NO from CH;NO, to form HON+CH,NO,. Different from
NO,, we found no H-abstraction reaction from CH;NO, by
the N atom of NO. The attack of the N atom in NO to an O
atom of CH3NO, may result in the O abstraction from
CH3NO,. TS2A is the transition state of this process. An
IRC calculation was performed to verify that the TS2A struc-
ture is the real transition state of this reaction. The results show
that the starting and finishing points of the reaction correspond
closely to the reactant and product in geometry and energy.
TS2A is a product-like transition state with an imaginary fre-
quency of 439i cm™'. In TS2A, the O atom shifts to the N
atom in NO. The forming O-N bond is 0.127 nm, and the
breaking N-O bond is elongated from 0.122 nm in CH;NO,
to 0.197 nm. The reaction barrier for O abstraction is estimat-
ed to be 39.1 kcal mol . The reaction will produce NO,+
CH;NO, and the products lie 21.0 kcal mol ! above the reac-
tants in energy, suggesting that the process is slightly endo-
thermic. Furthermore, direct attack on the H atom of CH;NO,
by an O atom in NO will result in an H abstraction route. The
reaction proceeds via transition state TS2B with a reaction
barrier of 64.2 kcal mol . In TS2B, the H atom is transferred
from C atom to O atom. The forming O—H bond is 0.109 nm,
and the breaking C—H bond is elongated from 0.109 nm in
CH;3NO; to 0.159 nm. The reaction will result in the formation
of HON+CH,NO,, and the reaction is calculated to be endo-
thermic by 95.6 kcal mol .

Overall, the results show that the barrier of the O abstrac-
tion reaction is smaller than those for the initial decomposition
reactions of CH3NO, [4, 16-22], which suggests that occur-
rence of the secondary reaction is feasible. The H abstraction
reaction seems unimportant because of its high barrier and
thermodynamic energy requirements.

The CO+ CH;3NO; reaction

The mechanism of the CO+ CH3;NO, reaction is similar to that
of the NO+ CH3NO, reaction, i.e., (1) direct O-abstraction by
the C atom of CO from CH;NO, to form CO,+CH;NO, and
(2) direct H-abstraction by the C atom of CO from CH3NO; to
form HCO+CH,NO,. The C atom of CO attacking the O
atom of CH3NO, may result in the O abstraction from
CH;NO,. The reaction proceeds via transition state TS3A with
an imaginary frequency of 697i cm ', In TS3A, the O atom
shifts from N atom to C atom. The forming O—C bond is
0.145 nm, and the breaking N-O bond is elongated from
0.122 nm in CH3NO, to 0.144 nm. The reaction barrier for
O abstraction was calculated to be 47.6 kcal mol . The prod-
ucts of the reaction are CO,+CH3;NO, which are
32.9 keal mol ' below the reactants in energy. Another chan-
nel is that a C atom in CO attacks a H atom of CH3;NO,, which
will result in a H abstraction route. The reaction proceeds via
transition state TS3B with a reaction barrier of
53.3 kcal mol . In TS3B, the H atom is shifted to the C atom
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in CO. The forming C—H bond is 0.133 nm, and the breaking
C—H bond is elongated from 0.109 nm in CH5;NO, to
0.150 nm. HCO+CH,NO, will be formed in this channel,
which are higher than the reactants by 112.8 kcal mol ' in
energy, so it is highly endothermic.

Like the NO+ CH3NO, reaction, the barrier of the O ab-
straction reaction is smaller than the barriers for the initial
decomposition reactions of CH3NO,, while the H abstraction
reaction has a high barrier and thermodynamic energy require-
ments, which means that the O abstraction reaction is the main
reaction channel for the reaction of CO+ CH3NO,; the sec-
ondary reaction seems to be important in the decomposition
reactions of CH;NO,.

Conclusions

Using computational chemistry methods, we studied some
secondary reactions between CH3NO, and its three main
decomposition products NO,, NO and CO during the de-
composition process. The results show that the three mol-
ecules can react with CH3NO,, because the barriers of the
secondary reactions are comparable to, or smaller than,
the barriers of the initial decomposition reactions of
CH3NO,;. NO, can react with CH3NO, by three channels
(O abstraction, and H abstraction by N atom and O atom).
The oxidation of NO, by CH;NO, (O abstraction reac-
tion) will produce NOj radical, which has rarely been
found in previous research. The reactions of NO and CO
with CH3NO, have two channels (O abstraction, and H
abstraction). O abstraction for the reactions of NO and
CO with CH3NO, have a significantly lower barrier than
that of the initial decomposition reactions of CH3;NO,.
The results show that bimolecular reactions (secondary
reactions) between CH3;NO, and its decomposition prod-
ucts are important and should not be ignored.
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