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Abstract The Car-Parrinello molecular dynamics simulation
was applied to study the thermal decomposition of solid phase
nitromethane under gradual heating and fast annealing condi-
tions. In gradual heating simulations, we found that, rather
than C—N bond cleavage, intermolecular proton transfer is
more likely to be the first reaction in the decomposition
process. At high temperature, the first reaction in fast anneal-
ing simulation is intermolecular proton transfer leading to
CH;NOOH and CH,NO,, whereas the initial chemical event
at low temperature tends to be a unimolecular C—-N bond
cleavage, producing CH; and NO, fragments. It is the first
time to date that the direct rupture of a C—N bond has been
reported as the first reaction in solid phase nitromethane. In
addition, the fast annealing simulations on a supercell at
different temperatures are conducted to validate the effect of
simulation cell size on initial reaction mechanisms. The results
are in qualitative agreement with the simulations on a unit cell.
By analyzing the time evolution of some molecules, we also
found that the time of first water molecule formation is clearly
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Introduction

Understanding the chemical reaction mechanisms of energetic
materials under high pressure and temperature is of considerable
importance for improving and designing energetic materials.
Several fundamental problems, such as what type of bond breaks
first in energetic molecules and which reaction (unimolecular or
bimolecular) dominates early decomposition processes, are still
not clear [1]. Although laser initiation techniques have been used
to research the complex chemical reaction processes of energetic
materials in experiments [2, 3], the time evolution of reactants,
intermediates and products in picosecond-level time and
nanometer-level space cannot be described clearly in laser ex-
periments. As a useful tool in theoretical studies, ab initio
molecular dynamics simulations have been applied successfully
to reveal the thermal decomposition process of energetic mate-
rials under extreme conditions [4—6].

As the simplest and archetypical energetic material, re-
search into nitromethane (chemical formula: CH;NO,, name-
ly NM) could help us better understand the decomposition
mechanism of complex energetic materials such as RDX and
HMX [7]. In recent years, several studies on nitromethane
have been carried out using first principle or classical
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potentials. Manaa et al. [8] adopted density functional molec-
ular dynamic simulations to discuss early chemical events in
hot dense nitromethane (7=3,000 K, V/V,=0.68; T=4,000 K,
V/V5=0.61). They reported that the first reaction in the de-
composition process was an intermolecular abstraction mech-
anism leading to the formation of CH;NO,H" and acid ion
H,CNO, . Reed’s group [9] applied the multi-scale shock
technique (MSST) to conduct a shock-induced decomposition
of nitromethane with the first tight-binding method; they
found that, after initial chemical decomposition, the insulated
nitromethane transformed into a matter of semimetallic state
for a limited distance behind the detonation front. Xu and his
coworkers [10] simulated the initial thermal decomposition of
liquid nitromethane under different pressures and obtained an
initial population of several products; they discussed three
possible reactions in the early stage of thermal decomposition:
intermolecular proton transfer, intramolecular proton transfer
and C-N bond rupture by first-principle molecular dynamics.
A complex bimolecular reaction characterized the nitrometh-
ane decomposition process under high-pressure condition in
Citroni’s work [11]. The three-dimensional disordered poly-
mer and small molecules containing peptide were also evi-
denced in both this simulation and the corresponding experi-
ment. In reactive force field (ReaxFF) molecular dynamics
simulations, intermolecular proton transfer and an isomeriza-
tion reaction involving scission of the C—N bond were con-
sidered separately as the first step of the decomposition pro-
cess at high temperature (7=3,000 K) and low temperatures
(7=2,000 and 2,500 K). Meanwhile, the appearance of water
was considered as the beginning of the exothermic chemistry
in this latter work [12]. Rom et al. [13] applied molecular
dynamics with ReaxFF to probe the initial decomposition
mechanisms of liquid nitromethane at various compressions,
while Guo et al. [14] investigated solid nitromethane impacted
on a (010) surface. Competition mechanisms were observed
both in initial decomposition stage of compressions and in
shock detonation conditions. In spite of the large number of
recent studies on nitromethane, controversy remains over the
first reaction of decomposition process under extreme condi-
tions and there is a lack of sufficient research on longer
decomposition mechanisms on nitromethane.

In this work, we used Car-Parrinello molecular dynamics to
study the thermal decomposition of energetic material nitro-
methane (CH3NO,) under gradual heating and fast annealing
conditions. We report the decomposition mechanism followed
up to the formation of the first stable product—water or all
nitromethane molecules consumption on a single unit cell at
different gradual heating rates (10 K/ps, 30 K/ps, 50 K/ps and
70 K/ps). The initial chemical reactions under fast annealing
(target temperatures: 2,200 K, 2,400 K, 3,000 K and 4,000 K)
conditions are also discussed. Our calculations reveal that first
chemical reactions in decomposition processes involve an
intermolecular proton transfer and cleavage of a C—N bond.

@ Springer

The former is a high-probability chemical event as the first
reaction while the latter is the low-probability event under
gradual heating conditions. In the fast annealing simulations,
we find that the unimolecular C-N bond cleavage is the dom-
inant route at high temperature, producing CH; and NO, frag-
ments. This is the first time that the direct breakage of a C—N
bond as the first chemical event has been observed in solid
phase simulations. At low temperature, the dominant mecha-
nism switches to intermolecular proton transfer. Moreover, fast
annealing simulations on a supercell structure (2a x 2b % 1¢) at
different target temperatures (2,200 K, 2,400 K, 3,000 K, and
4,000 K) are conducted to verify the effect of simulation cell
size on decomposition mechanism. The result demonstrates that
the initial decomposition reactions on a unit cell and supercell
models are mainly similar in the fast heating simulation.

The rest of the paper is outlined as follows: the simulation
parameters, procedures and models are described in detail
in Theoretical methods and computation details.
In Decomposition temperature, pressure and potential energy
evolution, we discuss the time evolution of pressure and
potential energy in simulations. Decomposition and reaction
chemistry focuses on early chemical events under various
conditions and the time evolution of populations of various
molecule species in simulations. Finally, future work and
conclusions are given in Conclusions.

Theoretical methods and computation details

In this study, Car-Parrinello molecule dynamics (CPMD) were
applied to simulate the decomposition processes of nitrometh-
ane under different heating conditions. The Perdew-Burke-
Ernzerh exchange-correlation functional along with a plane
wave cutoff of 70 Rydberg was used in all calculations [15].
The interactions between inner core and valence electrons were
described by the Troullier-Martins norm-conserving
pseudopotential [16]. Here, a time step of 4 a.u. (about 0.1 fs)
for the integration of the equations of motion and a fictitious
electron mass of 400 a.u. were used. The microcanonical en-
semble (NVT) with temperature controlled by Nosé-Hoover
thermostats was employed [17]. All calculations were carried
out using the software package CPMD (version 3.13.2) [18].
Solid phase nitromethane, which is adopted in the simula-
tions, belongs to the orthorhombic space group P2,2,2; with
lattice vectors a=5.2440 A, b=6.3200 A and ¢=8.7300 A
[19]. And four nitromethane molecules (28 atoms) are includ-
ed in a unit cell structure with periodic boundary conditions
(Fig. 1a). In order to investigate the decomposition mecha-
nisms of nitromethane under different heating conditions,
simulations under gradual heating and fast annealing condi-
tions were conducted. To study the effect of different heating
rates on decomposition mechanisms in gradual heating simu-
lations, external temperatures were gradually increased by
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four different increments of 100 K, 300 K, 500 K and 700 K.
The simulation time for each temperature lasted for 10 ps
(1075 steps). Once the first chemical events appear in simu-
lations, the temperature stops increasing. Decomposition pro-
cesses would then be continued for 1,000 ps (1077 steps,
about 1 ns) at this temperature. These long time simulations
were carried out for the sake of determining the entire decom-
position process. In fast annealing simulations, these thermal-
izations were conducted at 2,200 K, 2,400 K, 3,000 K and
4,000 K, respectively, in order to study the influence of
different temperatures on the decomposition process. These
processes last for 500 ps (5%10”6 steps) at the target temper-
atures. In addition, we also conducted fast annealing simula-
tions on four unit cells at 2,200 K, 2,400 K, 3,000 K and
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Fig.1 a Unit cell of nitromethane crystal. Crystal lattice parameters: a=
5.2440 A, b=6.3200 A, c=8.7300 A, a=/3=~=90° and orthorhombic
space group P2,2,2;, where the gray, blue, red and white balls refer to
carbon, nitrogen, oxygen and hydrogen atoms, respectively. b Four unit
cells of nitromethane crystal. Supercell structure: 2a x 2b x 1¢, where the
gray, blue, red and white balls refer to carbon, nitrogen, oxygen and
hydrogen atoms, respectively

4,000 K, which is used to validate the effect of simulation cell
size on decomposition mechanisms. The supercell structure
model contains 16 nitromethane molecules and is constructed
by replicating the unit cell two times in the a and b axial
direction (2a x 2b x 1c¢) (Fig. 1b). However, due to the
challenge of large simulation cell size for CPMD, the simula-
tion time is only 10 ps (10”5 steps).

Results and discussion

Decomposition temperature, pressure and potential energy
evolution

Table 1 lists the decomposition temperatures of nitromethane
at different gradual heating rates. Although the decomposition
temperatures by different thermal increments vary slightly, the
values are generally around 2,300 K when first chemical
events occur. In the gradual heating simulations, the minimal
decomposition temperature is 2,200 K under 10 K/ps condi-
tion. The decomposition temperature under 30 K/ps, 50 K/ps
and 70 K/ps conditions corresponds separately to 2,400 K,
2,300 K, and 2,400 K.

Figure 2a and b separately shows the time evolution of
potential energy and pressure under gradual heating condi-
tions on a unit cell while Fig. 3a and b corresponds to the
potential energy and pressure curves respectively under fast
annealing conditions. The potential energy and pressure
curves on four unit cells are presented in Fig. 4a and b. In
Fig. 3b and Fig. 4b, the pressures on a unit cell and four unit
cells under fast annealing conditions by linear fitting are
shown; curves in the other figures are well nonlinearly fitted.

In Fig. 2a, it can be seen that the time evolution of potential
energy initially increases with rising temperature. After the
decomposition temperature is reached, the potential energy
curves reach their maximal values. Then the potential energy
curves decrease rapidly toward asymptotic values. The result
is in good agreement with the ReaxFF molecular dynamics
simulation [20]. Comparing the fitted curves in Fig. 2a, the
heating rate increases more rapidly (the first part of the poten-
tial energy curves before the maximal value), the potential
energy curve decreases more slowly (the latter part of poten-
tial energy curves after the maximal value) except for the
curve under the 30 K/ps condition. This could be because
the first reaction is C—N bond cleavage at a heating rate of
30 K/ps, while the initial chemical event is an intermolecular

Table 1 The decomposition temperatures at different heating rates in
gradual heating simulations

Heating rate 10 K/ps 30 K/ps 50 K/ps 70 K/ps

Decomposition temperature 2,200 K 2,400 K 2,300 K 2,400 K
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Fig.2 Time evolution of a potential energy and b pressure under gradual
heating conditions. Thick spline trendlines correspond to the actual con-
centration data of the matching color behind (arrows onset of gradual
heating simulations at heating rates of 30 K/ps, 50 K/ps and 70 K/ps,
respectively)

proton abstraction mechanism under other conditions. That is
to say, the time evolution of potential energy in gradual
heating simulations is dependent on the nitial reactions.

The time evolution of pressure in Fig. 2b can be divided
into two types: under the heating rate < 30 K/ps condition, the
pressures initially stay at constant values in the low tempera-
ture region. With increasing temperatures, the pressures as-
cend linearly during the simulations until the decomposition
temperature is reached, when the pressures become approxi-
mately stabilized. Under the heating rate > 50 K/ps condition,
the pressures rise gradually from the beginning until they
arrive at asymptotic values. Before chemical reactions occur,
the average values of pressure are about —20 GPa, regardless
of heating rate. As the simulations proceed and the numbers of
molecules increase, the final pressures increase by 4 GPa.

Compared with the potential energy curves under gradual
heating conditions, the time evolution of potential energy
under fast annealing conditions decreases rapidly from the
beginning (Fig. 3a). This indicates that the potential energy
tendencies differ under gradual heating and fast annealing
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Fig.3 The time evolution of a potential energy and b pressure under fast

annealing conditions. Thick spline trendlines correspond to the actual
concentration data of the matching color behind

conditions. We also find that, with the target temperatures
rising, the potential energy curves decrease more rapidly while
the final values of potential energy clearly increase.

In Fig. 3b, the pressure curves under fast annealing condi-
tions are approximately horizontal and related positively to
target temperatures: the pressures are both about —16 GPa at
2,200 K and 2,400 K, while the pressures increase toward
—14 GPaand —12 GPa at 3,000 K and 4,000 K separately. The
pressures at high temperatures are obviously higher than those
at low temperatures. Furthermore, the final pressures at
around 2,300 K are the same under fast annealing and gradual
heating conditions. This result suggests that the final pressures
undergoing the decomposition process are not generally af-
fected by the heating method.

In order to validate the influence of simulation cell size on
the decomposition process at high temperature, we performed
a group of fast annealing simulations on four unit cells (2a x
2b % 1c). On account of the large simulation cells, these fast
annealing simulations at different target temperatures
(2,200 K, 2,400 K, 3,000 K, and 4,000 K) were carried out
for only 10 ps (10”6 steps). The potential energy curves
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Fig. 4 a Potential energy and b pressure curves under fast annealing
conditions on four unit cells. /nsets Potential energy (a) and pressure (b)
curves on a unit cell in the same time region. Thick spline trendlines
correspond to the actual concentration data of the matching color behind.

increased slightly at the beginning under 3,000 K and 4,000 K
conditions followed by a rapid descent (Fig. 4a). Because the
simulation time on large simulation cells is very short, the time
evolution of potential energy is basically horizontal at low
temperatures (2,200 K, 2,400 K). Compared with the time
evolution of potential energy on a unit cell in the inset of
Fig. 4a, the potential energy curves on a supercell are similar
and in accordance with previous simulations [13]. In addition,
the final pressures on a supercell are —16 GPa, —14 GPa and
—12 GPaat 2,400 K, 3,000 K and 4,000 K, respectively, which
is also in excellent agreement with the results on a unit cell
(Fig. 4b). And the pressure increments are also the same as in
Rom’s results [13], meaning that, regardless of simulation cell
size, the time evolution of potential energy and pressure is
similar in the fast annealing simulations, and dependent main-
ly on target temperature.

Decomposition and reaction chemistry

In this work, quantum-based CPMD simulations were con-
ducted to investigate the pyrolysis behavior of solid phase

nitromethane under various conditions. In order to monitor the
generation and consumption of reactive fragments, we com-
piled the postprocessing program in Fortran language. Such
information, which is obtained by using the postprocessing
program, provides a molecular-level description of the com-
plicated decomposition process including chemical bond
forming and breaking, initial reaction, population of molecular
species, etc.

Initial reaction

Table 2 lists the times corresponding to the first bond break-
ing, formation of various bonds and generation of the first
water molecule; the first bond breaking event and the gener-
ation of first water molecule are highlighted. It is noteworthy
that we time from the simulation at decomposition tempera-
ture, which is the same in the following section
on Decomposition and Reaction Chemistry. In our simula-
tions, the first reaction in the decomposition process is either
an intermolecular proton transfer leading to CH,NO, and
CH;3;NOOH, or a C-N bond cleavage. The intermolecular
proton abstraction mechanism as the first chemical event has
been reported recently. In this reaction, a proton from the C—H
bond breaking combines with an oxygen atom in a nearby
molecule later. And the time between C—H bond breaking and
O-H bond formation is short, as seen in Table 2, and in good
agreement with Han’s simulation [12]. The other kind of first
chemical reaction in our simulation is unimolecular C-N bond
cleavage. Generally, the C—N bond is considered as the
weakest bond and the one most likely to break first in gas
phase and low density liquid phase, because its bond energy is
only Dy=60.1 kcal mol ' [8, 13]. And yet C—N bond cleavage
as the first reaction in condensed phase nitromethane is rarely
reported. In our simulations, C—N bond rupture as the first
chemical step in solid phase nitromethane is sometimes ob-
served. This suggests that unimolecular C—N bond rupture
could be a low-probability first chemical event in the decom-
position of solid phase nitromethane.

The following paragraphs discuss in detail the initial reac-
tion mechanisms in a unit cell in the gradual heating simula-
tions: the first chemical step under a heating rate of 30 K/ps is
C—N bond cleavage, while under 10 K/ps, 50 K/ps and 70 K/
ps conditions it is an intermolecular proton transfer reaction.

At the heating rate of 10 K/ps, the proton abstraction
mechanism as first reaction leads the hydrogen of the methyl
group transfer to the oxygen of the nitro group in a nearby
nitromethane molecule, which occurs at 1.01 ps. After that,
the hydrogen of the hydroxide radical in CH;NOOH is
attracted immediately to the nitro group of CH,NO, at
1.21 ps. The CH,NOOH fragment is relatively unstable and
further reacts with a second nitromethane molecule, forming
fulminic acid (HCNO), water (H,O) and another CH,NOOH
at about 5.99 ps. In detail, the hydroxyl group (OH) first

@ Springer
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Table 2 Times corresponding to first bond breaking, bond formation for a variety of bonds and first water generation in all conditions (unit: ps, time

begins from the simulation at decomposition temperature)

Configuration Bond breaking Bond formation First water formation
C-N N-O C-H Cc-0 O-H N-H

Gradual heating (unit cell) 10 K/ps 15.64 5.94 1.01* 10.15 1.01 10.56 11.40%
30 K/ps 1.24* 7.97 8.00 1.36 17.73 7.98 18.28%
50 K/ps 7.67 7.20 7.20° 7.60 7.20 12.07 9.05%
70 K/ps 4.40 4.25 0.94* 7.21 1.59 8.73 4.27*

Fast annealing (unit cell) 2,200 K 3.60 3.82 0.29* 3.64 0.36 4.67 4.16*
2,400 K 434 4.58 0.25* 443 0.28 5.03 4.70°
3,000 K 4.55 2.78 1.92¢ 3.63 1.96 3.85 2.92%
4,000 K 0.19 0.20 0.23 0.23 0.46 0.97 0.69*

Fast annealing (supercell) 2,200 K
2,400 K 0.79 0.70 0.45% 0.90 0.45 1.10 8.56%
3,000 K 0.23% 0.52 0.54 0.29 0.70 2.00 2.49%
4,000 K 0.15% 0.24 0.17 0.61 0.31 0.38 0.37%

breaks away from CH,NOOH fragment and attracts a proton
in a nearby nitromethane molecule, which yields CH,NO, and
the final product H,O. Then, a proton transfer event occurs
between CH,NO, and CH,NO, which leads to fulminic acid
(HCNO) and CH,NOOH. The mentioned reaction process
above between CH,NOOH and nitromethane is observed
repeatedly under 10 K/ps condition. This process is clearly
presented in Fig. 5a and could be one kind of chain decom-
position mechanisms of nitromethane.

At a heating rate of 30 K/ps, C—N bond cleavage as the low-
probability first reaction occurs at 1.24 ps and is not a common
breaking of the C—N bond. After C-N bond breaking, the fast
inversion motion of methyl (CH;) leads to an oxygen atom in
the nitro group (NO,) combining immediately with a carbon
atom in the methyl group (CH;). The above process is an
isomerization reaction, which is similar to Han’s work [12],
except that the sequence of C—N bond breaking and C—-O bond
formation is switched. At 8.03 ps, methyl nitrite (CH;ONO), as
the isomer of nitromethane, decomposes to methanal (CH,O)
and nitroxyl (HNO). Afterwards, the second nitromethane mol-
ecule starts to participate in the reactions through cleavage of a
common C-N bond at 15.0 ps. The methyl group from the
decomposition product of the second nitromethane reacts with
nitroxyl (HNO) and decomposes to methane (CH4) and NO
fragments. A proton transfer event between two fragments (NO
and CH,0) occurs on a time scale of about 17.1 ps, which yields
HNO and HCO. The unstable intermediate HCO subsequently
reacts with the NO, fragment to yield HCO, and NO interme-
diates. At 17.8 ps, proton transfers from the methyl in the third
nitromethane molecule to the HNO fragment, which forms
fragment CH,NO, and a relatively unstable HNOH intermedi-
ate. The latter subsequently reacts with the last nitromethane
molecule to yield CH;NO and OHNHO fragments. The chem-
ical reaction process is presented in Fig. 5b.

@ Springer

After initial intermolecular proton transfer reactions under
50 K/ps condition, the formative CH3;NOOH undergoes
dissociations through breaking of the N-OH bond at
7.28 ps. The fractured hydroxyl group (OH) and CH,NO,
join together to form CH,OHNO,, which further decom-
poses to methanal (CH,O) and nitrous acid (HONO) at
7.66 ps via a transition state with a five-membered ring.
Afterwards, HONO recombines with CH,O to yield water
(H,0) and a COHNO species. The latter combines with CH;
radical—the decomposition product of CH3;NO fragment—
to form an unstable intermediate COHNOCH;, which de-
composes subsequently to COHN and CH;O molecular
species. At about 11.20 ps, by the catalytic action of water
the intermediate COHN becomes involved with the fragment
CH;0 to form OCN, methanal (CH,O) and a hydrogen
molecule. It is worth mentioning that hydrogen molecule
formation in nitromethane pyrolysis is explained meticulous-
ly for the first time, as shown in Fig. 5c.

Under the 70 K/ps condition, a second proton transfer
reaction following the first transfer occurs between
CH3NOOH and CH,NO,, and yields two CH,NOOH
molecular species at about 1.04 ps, which is another kind
of nitromethane isomer. Two CH,NOOH molecules join
together as a nitromethane isomer to form an unstable
(CH,NOOH), fragment that later decomposes to ethylene
(CH,CH,) and two nitrous acid (HONO) molecules at
4.22 ps. As the simulation continues, two nitrous acid
(HONO) molecules combine with each other to form
water, NO and NO, molecule species. Afterwards, the
third and fourth nitromethane molecules are consumed
through reactions with the small fragments NO and NO,.
In this condition, the bimolecular reaction between two
CH,NOOH molecules could also be one of initial reaction
channels in the decomposition process shown in Fig. 5d.
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Fig. 5 Initial reaction mechanisms at heating rates of a 10 K/ps, b 30 K/ps, ¢ 50 K/ps, and d 70 K/ps

By observing the initial decomposition reactions in the  be the low-probability chemical event that acts as the initial
above simulations in detail, we find that the cage effect plays step whereas the proton transfer mechanism is the high-
a dominant role in promoting enhanced vibrations in C—-H  probability first reaction in the decomposition process of
mode, which leads easily to a proton abstraction mechanismin ~ condensed phase nitromethane.
solid phase nitromethane. Therefore, a proton transfer reaction In the fast annealing simulation on a single unit cell, the
is the main initial decomposition reaction in the condensed  intermolecular proton transfer reaction tends to be the first
phase. However, because the C—N bond is the weakest in the ~ chemical event at low temperatures (2,200 K, 2,400 K and
nitromethane molecule, the C—N bond cleavage could be still 3,000 K). After this chemical step, the H atom transfers from
one of the first reactions that causes nitromethane decompo-  the hydroxyl group of CH;NOOH to the O atom of CH,NO,,
sition in condensed phase. This has been observed in previous  which leads to the formation of CH3;NO, and CH,NOOH
work [10, 12, 13]. In consequence, C—N bond rupture could  molecules. Under the catalytic action of nitromethane, the proton

@ Springer



2438, Page 8 of 10

J Mol Model (2014) 20:2438

a
10K/ ps|
[
o
&
F]
=
o
o
s
°
[
n 1 n 1 1 1 1 1 1 1
0 5 10 15 20 25
Time (ps)
Cc
e 1 0K/ p S|
4 == 30K/ps|
e 50K/ ps|
70K/ps
3L
[
]
5
=
& 2r
o
s
o
= 1F
0
1 1 1 1 1 1 L 1 2 1
0 5 10 15 20 25
Time (ps)
e
[ 2400 K
=== 3000K
4 4000K|
3L
[
5]
5
2
o 2
o
=
5]
[
1Lk
0 . T . . ; r . r
0 2 4 _ 6 10
Time (ps)

Fig. 6 Time evolution of nitromethane (a, b) and several important
products [H,O (e, d) and Nj(e) under gradual heating (unit cell structure;
a, ¢) and fast annealing (four unit cells structure; b d, e) conditions. The
black, red, blue and dark cyan curves correspond to the heating rates of

transfer process above is the same as the early chemical steps at
the heating rate of 10 K/ps. At high temperature (4,000 K), we
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observe that direct C—N rupture, which does not involve the
isomerization reaction of nitromethane, is first reaction in the
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simulation. To the best of our knowledge, this is the first time
that the direct cleavage of a C—N bond has been reported in the
decomposition process of condensed phase nitromethane.
Moreover, in order to study the effect of simulation cell size
on initial decomposition channels, we conducted fast annealing
simulations at different target temperatures (2,200 K, 2,400 K,
3,000 K and 4,000 K) on four unit cells. Because the simulation
time lasts only for 10 ps in these calculations, there is no
decomposition of any nitromethane molecule on a supercell at
2,200 K. At low temperature (2,400 K) and high temperature
(4,000 K), the initial reactions are the intermolecular proton
transfer and direct breaking of the C—N bond, respectively,
which is the same as the initial reactions on a unit cell. Only at
3,000 K is the first chemical step different from that on a single
unit cell, which switches to the direct rupture of the C—N bond.
The reason could be that the likelihood of multiple independent
initial chemical events increases at large simulation size. The
above results suggest that the initial reaction mechanisms on a
supercell are in qualitative agreement with those on a unit cell.

Population analysis

The time evolution of nitromethane and several important
products (H,O and N,) under gradual heating and fast anneal-
ing conditions is presented in Fig. 6, from which global
chemical tendencies of reactants, intermediates and products
can be identified.

We noted that the population profile of nitromethane in all
the gradual heating simulations was extremely similar, except
under the 30 K/ps condition in Fig. 6a. Compared with the
other conditions, the decomposition rate at the heating rate of
30 K/ps obviously decreases, which could be influenced by
the first reaction of C—N bond breaking. In fast annealing
simulations, the decomposition rate is related positively to
target temperature, regardless of simulation cell size. And with
target temperature rising, nitromethane molecules decompose
more rapidly, as clearly seen in Fig. 6b.

As the important final product, the water molecule starts
forming followed the steps mentioned in the section Initial
reaction; the time of first water molecule formation is shown
in Table 2. We find that while the intermolecular proton
transfer reaction is the first chemical event under the gradual
heating condition, the H,O molecule appears earlier at a faster
heating rate. Similarly, with increasing target temperature, the
water molecule is also formed earlier in the fast annealing
simulation. The result indicates that the time of first water
molecule formation is sensitive to heating rates and target
temperatures (Fig. 6¢,d). In Fig. 6¢, when the first chemical
step is the intermolecular proton transfer reaction (10 K/ps,
50 K/ps and 70 K/ps conditions), the final population of water
molecule is around 3, which is in accordance with about 0.8
H,O molecules per nitromethane [12]. In addition, we find
that the number of nitrogen molecules remains constant on a

unit cell and increases steadily on the supercell (Fig. 6¢). This
demonstrates that, as the stabilized molecule, once the nitro-
gen molecule is formed, it participates hardly at all in the
subsequent decomposition reactions.

Conclusions

We studied the pyrolysis behavior of solid phase nitromethane
under gradual heating and fast annealing conditions using a
quantum-based CPMD method. Although the small simula-
tion cell size is a limitation of the CPMD method, we still
believe that some features of the intermediates, products and
thermal decompositions can be observed in this small system.

In the gradual heating simulations, an intermolecular proton
transfer relative to a C—N bond cleavage is more likely to be the
initial reaction in the decomposition process. In fast annealing
simulations, the first chemical step tends to be an intermolecular
proton transfer at high temperature, whereas this switches to the
C—N bond rupture as the first step at low temperature. Some
interesting chemical reactions and intermediates were also
discussed in detail, which may be valuable for future work
involving energetic materials. In addition, fast annealing simu-
lations on four unit cells at different temperatures were carried
out, the results of which indicated that initial reaction mecha-
nisms on a supercell are essentially in accordance with those on
a unit cell. Furthermore, the time evolution of some molecular
species was analyzed by a postprocessing program. We found
that the time of first water molecule formation is sensitive to
heating rates and target temperatures when the initial reaction is
the intermolecular proton transfer.

This present work focuses only on the initial reaction
mechanisms of solid phase nitromethane under different
heating methods. The thermal decomposition of condensed
phase explosive under high-pressure conditions is the next
step in our continuous efforts towards systematic studies of
the chemical reactions of energetic materials.
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