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ABSTRACT: When stimulated, for example, by a high temperature, the
physical and chemical properties of energetic materials (EMs) may change,
and, in turn, their overall performance is affected. Therefore, thermal stability ) )

is crucial for EMs, especially the thermal dynamic behavior. In the past Vo Ve

decad'e, signiﬁcant. effor.ts have been made to study the thermal dynamic sccorrs KE .A}tq_w M0l
behavior of 3,4-bis(3-nitrofurazan-4-yl)furoxan (DNTEF), one of the new gl —_ o G0
high-energy-density materials (HEDMs). However, the thermal decom- ﬁd’ [ no,
position mechanism of DNTF is still not specific or comprehensive. In this i &L brd wAy
study, the self-consistent-charge density-functional tight-binding method was
combined with molecular dynamics (MD) simulations to reveal the
differences in the thermal decomposition of DNTF under four heating
conditions. The O—N (O) bond would fracture first during DNTF initial
thermal decomposition at medium and low temperatures, thus triggering the
cracking of the whole structure. At 2000 and 2500 K, NO, loss on outer ring I
is the fastest initial thermal decomposition pathway, and it determines that the decomposition mechanism is different from that of a
medium-low temperature. NO, is found to be the most active intermediate product; large molecular fragments, such as C,N,O, are
found for the first time. Hopefully, these results could provide some insights into the decomposition mechanism of new HEDMs.

Article Recommendations

T < 1800K first step

T > 2000K first step

1. INTRODUCTION

Driven by military demands, developments in energetic
materials (EMs) are progressing rapidly. New high-energy-
density materials (HEDMs) with excellent performance, such
as high density, high energy, high oxygen balance, and high

However, the molecular structure of DNTF is not planar, and
the spatial accumulation is in the shape of chairs. This unusual
structure grants DNTF a dense crystal density (p = 1.937 g/
cm®) and a high detonation velocity (D = 9250 m/s).® With a
low melting point (103—110 °C) and good melt-cast

thermal stability, are developed worldwide." As a potential
energetic component, the furazan ring has been designed and
synthesized into a series of energetic compounds with excellent
performance. 3,4-Bis(3-nitrofurazan-4-yl)furoxan (DNTF) is
one of the most satisfactory furazan compounds in the research
and application of new-generation HEDM:s.

DNTF is an interesting molecule to study from both
fundamental and applied perspectives. Since its first design and
synthesis in the 1970s, only a handful of Russian scientists had
information about DN'TF in the following 35 years.” It was not
until 2002 that the DNTF’s synthetic route was first revealed;
the crystal structure of DN'TF was published in 2005.”* DNTF
has been the focus of many studies ever since because of its
unique structural configuration. The molecular structure of
DNTE is composed of two furazan rings and one furoxan ring.
The three five-member rings each form a plane structure. Each
planar structure consists of two electrons of the C atom, two
electrons of the N atom, and two lone pairs of electrons of the
O atom, forming a conjugated pi bond.° This conjugated
system bestows the structure with a high enthalpy of formation
(657.23 kJ/mol), high oxygen balance, and increased stability.”
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performance,” DNTF could form low eutectic systems with
various EMs such as 2,4,6-trinitrotoluene (TNT), 1,3,3-
trinitroazetidine (TNAZ), 2,4-dinitroanisole (DNAN), and
octogen (HMX), which is expected to replace TNT as a
candidate material for new-generation melt-cast explosive
carriers.'’ Although the overall performance of DNTF is
superior to that of HMX (p = 1.9 g/cm®, D = 9000 m/s) and
close to that of CL-20 (p = 2.04 g/cm’, D = 9500 m/s),"" its
practical applications remain limited because of poor thermal
safety. A large number of experimental studies have found that
DNTEF-based mixed explosives have high thermal sensitivity
and cannot pass the cook-off test."””'" During the heating
process, DNTF solid particles melt to form a local liquid-phase
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high-temperature region. Ignition reactions occur when the
decomposition temperature is reached, and the growth rate is
fast, due to which deflagration to detonation transition occurs
easily.">'°

Energy and safety are the two most important properties of
EMs, which depend on the thermodynamics and -kinetics of
their decomposition, respectively.'”'® However, there is often
a contradiction between energy and safety, namely E&S
contradiction, which is essentially a thermodynamics/-kinetics
contradiction of EM decomposition. Energy is usually assessed
by the detonation performance and safety by the degree to
which EMs respond to external stimuli (e.g,, sensitivity).'” An
ideal explosive would be one with a high performance but low
sensitivity to satisfy the safety requirements. Therefore, the
demand for new insensitive munition is increasing, and the
thermodynamic and -kinetic behavior of new HEDM
decomposition has gradually become a research hotspot.”**'

The study of the thermal decomposition reaction mecha-
nism and kinetic behaviors can help better understand the
structure—performance relationship and the mechanism of
combustion explosion of HEDMs under heat.”” Therefore, the
thermal decomposition of DNTF has been studied a Iot.
Differential scanning calorimetry (DSC) is the most common
experimental method to study the thermal decomposition of
DNTF. The DSC curve reveals two stages in the thermal
decomposition of DNTE,>® the major exothermic peak at
292.41 °C and the second exothermic peak above 310 °C due
to further decomposition of the decomposition products from
the last stage in the condensed phase. With the increase of the
pressure, the major exothermic peak moved in the high-
temperature direction, and decomposition was intense; the
second exothermic peak gradually became apparent.”*™>°
Sinditskii et al.”’ proposed that the first stage of DNTE
decomposition is the destruction of the furoxan ring, and the
second one is the decomposition of the nitrofurazan fragment
at higher temperatures; the main gaseous products identified
with the fractional freezing method and FTIR spectroscopy are
N,O, CO,, CO, NO,, and an unknown polymer. Zhang et al.®®
innovatively utilized accelerating rate calorimetry to investigate
the thermal decomposition of DNTF in a near adiabatic
environment and found that the initial exothermic decom-
position temperature was 180.7 °C, indicating a relatively high
thermal stability.

The thermal decomposition of EMs is a complex process,
which has been well studied at the macrolevel, but it is far from
enough. The mechanism of microcosmic decomposition must
be considered in order to achieve a comprehensive under-
standing of this process and to draw definite conclusions.
Therefore, complex calculations are needed to help advance
our understanding of chemical reactions.”” In recent decades,
the rapid development of quantum chemistry (QC) calculation
methods and molecular dynamics (MD) simulation methods
have profoundly impacted the development of EMs. In 2015,
based on density functional theory (DFT), Tsyshevsky et al.*’
calculated activation barriers and reaction rate constants
required by six possible decomposition channels of the
DNTF gas-phase molecules and crystals (Figure 1), revealing
that the elimination of the CN,O, molecule via the outer ring
cleavage (RC) (DM4 path, Figure 1) is the main reaction
pathway for the DNTF decomposition in the gas phase; the
DM4 path is still the predominant decomposition pathway at T
< 1000 K for the DNTF solid-state decomposition, while the
NO, loss (DM1, Figure 1) will be the fastest reaction at higher
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Figure 1. Six possible decomposition channels in DNTF.

temperatures. To some extent, CONO isomerization (DM2,
Figure 1) may also influence the thermal decomposition of
DNTE. The existence of the heterocyclic ring in the DNTF
molecule determines that its initial thermal decomposition
obviously differs from that of conventional nitro compounds.
In addition, they showed that the thermal stability of DNTF is
comparable to those of TATB and TNT, and the thermal
sensitivity is lower than those of RDX, HMX, and PETN and
comparable to or slightly higher than the benchmark sensitivity
of TATB.”

The thermal decomposition process of EMs is usually
dynamic, involving the change of temperature and pressure, as
well as the interaction of multiple molecules and components,
which cannot be fully revealed by QC calculations.”’ In
addition, QC calculations hinder access to time scales
(picoseconds to microseconds) relevant to thermodynamic
transient reactions due to their high computational cost.
Therefore, MD simulations are needed to supplement. MD
simulations can not only reveal the influence of external factors
(e.g., temperature and pressure) on the reaction process but
also give the reaction path, primary and secondary reactions,
and the distribution of each species over time. In contrast, first-
principles molecular dynamics (QMD) simulation is a good
choice for studying the thermodynamics and chemical reaction
mechanism of condensed state EMs, which can be used to
achieve both quantum-accuracy and simulate the reaction
process on the scale of several tens of picoseconds.

Recently, Lindsey et al.>> used the Mio + ChIMES approach,
an effective machine learning (ML) method, to quickly tune
density-functional tight-binding (DFTB) model to study the
detonation chemistry of DNTF under extreme temperature
(2000—9000 K) and pressure (5.5—35.6 GPa) conditions.
They found that in DNTF decomposition, molecular products
of CO,, N,, and CO were produced in abundance, and the
system appears to reach metastable state earlier than other
energetic materials with similar oxygen equilibrium (e.g,
HMX). They also observed that the emergence and slow
evolution of large C,N,O, species is a major feature of DNTF
chemical changes under shock waves, and they are likely
precursors of the carbon condensates observed in the
experiments. Only more detailed MD simulations, larger on
time and length scales than those accessible to DFTB, can
draw more definitive conclusions.”

Although studies have been carried out on the thermal
decomposition of DNTF in single-molecule gas-phase and
condensed-state, they are not comprehensive. On the one
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Table 1. Comparison of Experimental and Optimized Lattice Parameters of DNTF

lattice parameters a, A b, A ¢ A

exp’ 6.662 10.740 15.093
opt (this work) 6.736 10.740 15.354
GGA-PBE-PAW™° 7.028 11.212 15.634

a, deg P, deg 7, deg density, g/cm® relative error, %
90 90 90 1.920
90 90 90 1.870 2.6
90 90 90 1.683 10.2

hand, there is a lack of complete studies on the reaction
process and product distribution over time in the thermal
decomposition of DNTF, which changes dynamically with the
influence of temperature. On the other hand, the temperature
range tends to be polarized. In addition, the pyrolysis
mechanism of EMs in the condensed phase is closer to the
actual ignition and initiation process. To sum up, a
comparative research of DNTF condensed-state dynamic
thermal decomposition in a wide temperature range is
necessary. This can not only complement and improve the
thermal decomposition mechanism of DNTF but also
contribute to a deep understanding of its sensitive mechanism.

Therefore, the self-consistent-charge DFTB (SCC-DFTB)
method and MD simulations are used to explore the
microthermal decomposition mechanism of DNTF at low
and high temperatures and to reveal its reaction course and
product distribution within the time scale accessible to MD
simulations. The evolution processes of reactants, products,
and potential energy (PE) with temperature are analyzed, and
the pathways of initial thermal decomposition under different
heating conditions are compared. The results show that
heating conditions have a certain influence on the thermal
decomposition mechanism of DNTF. Comparing the products
under different heating conditions, it is found that high
temperature is favorable to the formation of small molecular
gas products. In addition to the common product molecular
structure, larger molecular fragments such as C,N,O are also
observed for the first time. Hopefully, these findings would
contribute to understanding the structure—performance
relationship of DNTF and provide valuable insights for
predicting the properties of new HEDMs through MD
simulations.

2. THEORETICAL CALCULATIONS

Thermal decomposition of DNTF was studied with the
efficient approximate density functional theory, such as the
density functional-based tight binding (DFTB) with the DFTB
+ source software package. DFTB+ has been successfully
employed in studying EM applications as it enables simulations
of large systems and large timescales with a reasonable
accuracy while being considerably faster for typical simulations
than the ab initio methods. The SCC-DFTB method is
adopted to describe the charge fluctuations in the system as it
offers a quantitative accuracy of the structural and energy
parameters.w’34

MD simulations were conducted on DFTB+ 1.3.1 with the
30b-2-1 parameter set,”” and the SCC tolerance was set to 1.0
X 107 e. The k-points for the Brillouin-zone integration were
specified as a 1 X 1 X 1 Monkhorst—Pack (MP) sampling. The
Lennard-Jones dispersion model was used for dispersion
correction.””*” Before MD simulations, the feasibility of the
DFTB method needs to be verified. A conjugate gradient
method was applied to relax the unit cell of DNTFE. The
maximum force component was set to 1.0 X 107* e.
Comparing the optimized DNTF cell parameters of the
SCC-DFTB method with those of the other DFT methods, the
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relative error with the experimental value is only 2.6% (Table
1), which is far lower than that of the GGA-PBE method,
indicating the reliability of the SCC-DFTB method. Consid-
ering the computational time and resources of the MD
simulations, a 2 X 2 X 1 supercell with 16 DNTF molecules or
352 atoms was built by repeating the unit cell. The unit cell of
DNTF and the simulation models are shown in Figure 2.

By

R Rt

y 2o

S
(@) (b)

Figure 2. (a) Crystal structure of DNTF and (b) structure of the
DNTF supercell.

Then, the MD simulations were performed using the NVT
ensemble (constant number of atoms, constant volume, and
constant temperature), and the temperature control was
implemented with the Berendsen thermostat, at 300 K for
500 fs with a time step of 0.25 fs to release the stress in the
DNTEF supercell.**~** After that, MD simulations were carried
out under four heating conditions, including constant temper-
ature heating at 1800, 2000, and 2500 K and programed
heating from 300 to 3000 K at a rate of 135 K/ps. Programed
heating is similar to the cook-off test in practical application,
while constant temperature heating at 1800, 2000, and 2500 K
is selected in the hope of rapid energy exchange between the
system and the external at relatively high temperatures, so that
obvious initial reaction steps can be observed in a very short
time (several tens of picoseconds). The time step of all
simulations is 0.2 fs, and the total simulation time is 20 ps. The
MD trajectories were recorded every 10 steps (2 fs). After the
simulation, the FORTRAN program, written and provided by
Zhang’s team,*”' ™ was used to analyze the evolution of PE,
reaction path, and products in the MD process.

3. RESULTS AND DISCUSSION

3.1. Evolution of Potential Energy. PE is an important
factor to describe the whole dynamic process as it determines
the reaction activity at a given temperature. The increase of PE
indicates that the reaction is in the endothermic stage, that is,
the delay period or induction period in the thermal
decomposition process of explosive. The PE drops and the
reaction is in an exothermic stage, when the explosive begins to
decompose rapidly.”” Figure 3a illustrates the change of PE
under programed heating from 300 to 3000 K. With the
increase of the temperature, DNTF absorbs heat, causing a
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Figure 3. PE evolutions of DNTF under four heating conditions: (a)
programed heating from 300 to 3000 K and (b) constant temperature
heating at 1800, 2000, and 2500 K [the blue line in (a) represents the
change of temperature with time, and the same curves in the following
figures all follow this description].

gradual increase in PE, accompanied by a small amount of
decomposition reaction. At ~10 ps, T = 2000 K, the PE curve
shows a turning point. At 10—1S ps, the PE changes slightly
slowly, which was caused by the decomposition reaction
gradually intensified with the increasing temperature. At ~15
ps, T > 2000 K, PE peaked, and the violent decomposition
reaction began. A large number of molecular fragments further
broke down, and PE dropped gradually. However, decom-
position is slow at 15—18 ps. At ~18 ps, the temperature
approached 2500 K, the decomposition rate accelerated, and
the equilibrium was not reached at the end of the simulation
time.

Figure 3b shows the evolution of PE at 1800, 2000, and
2500 K, respectively. PE peaked rapidly and then decreased.
The higher the initial decomposition of PE, the higher the
reaction activity at a given temperature.44 As can be seen, the
higher the temperature, the maximum value of PE is higher,
and the higher PE causes the decomposition reaction much
faster, as shown by the rapid reduction of PE. Before ~4 ps, the
decomposition rates at 1800, 2000, and 2500 K are almost the
same. At 4—8 ps, the decomposition rates at 1800 and 2000 K
are basically the same, while at 2500 K, the decomposition
rates are obviously accelerated. At 8—20 ps, the PE curve at
1800 K tends to be stable first, and the rate at 2000 K remains
unchanged, while the decomposition at 2500 K begins to slow
down and is still faster than that at 2000 K. In general, the
reaction activity is higher at 2500 K. Undoubtedly, the higher
the temperature, the worse the thermal stability of DNTF.

3.2. Initial Thermal Decomposition of the DNTF
Supercell. The FindMole procedure® was used in the
FORTRAN script to process the data and analyze the initial
dynamic decomposition trajectory of DNTF. In simulations, all
DNTF molecules were cleaved in a unimolecular way during
the initial thermal decomposition process. The results showed
three types of initial thermal decomposition: (1) the ring-
opening reaction caused by O—N bond fracture; (2) the ring-
breaking reaction caused by C—C bond fracture; and (3) the
NO, loss via C=NO, bond fracture. Among them, O—N and
C—C bond fractures occurred on both the furazan ring and the
furoxan ring. Therefore, the initial thermal decomposition is
broken down into six types: (a) the fracture of the O—N bond
on the furoxan ring; (b) the fracture of the O—N (O) bond on
the furoxan ring; (c) the fracture of the O—N bond on the
furazan ring; (d) the fracture of the C—C bond on the furoxan
ring; (e) the fracture of the C—C bond on the furazan ring;
and (f) the fracture of C—NO, bond (Figure 4). First, the
reaction types and initial time of the first three steps of initial
thermal decomposition under four heating conditions were
statistically analyzed (Tables 2—4).

Figure 4. Six initial thermal decomposition types of the DNTF
supercell: (a) fracture of the O—N bond on the furoxan ring, (b)
fracture of the O—N (O) bond on the furoxan ring, (c) fracture of the
O—N bond on the furazan ring, (d) fracture of the C—C bond on the
furoxan ring, (e) fracture of C—C bond on the furazan ring, and (f)
fracture of the C—NO, bond.

Tables showed that when T < 1000 K, only the (b) reaction
took place and at the first step of initial thermal
decomposition. With the increasing temperature, all kinds of
reactions appeared to varying degrees in the following two
steps. When T > 1300 K, the (f) reaction occurred. At 1800 K,
the (b) reaction was still the first to occur. With the
accumulation of heat, various reactions appeared in different
degrees in the initial thermal decomposition process, and the
proportion of the (f) reaction increased significantly. However,
at 2000 and 2500 K, the (f) reaction occurred fastest, and at
the third step of the initial thermal decomposition, the
proportion of the (f) reaction is the largest at 2500 K.
Therefore, we consider that when T < 1800 K, the O—N (O)
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Table 2. Comparison of the Reaction Types and Initiation Time in the First Step of Initial Thermal Decomposition under the
Four Heating Conditions

300—3000 K 1800 K
T, K reaction type t, ps reaction type
432.81 b 3.206 b
814.32 b 6.032 b
857.25 b 6.350 b
914.22 b 6.772 f
945.81 b 7.006 b
959.58 b 7.108 c
970.92 b 7.192 f
997.38 b 7.388 a
1101.60 b 8.160 f
1169.64 c 8.664 b
1182.60 b 8.760 b
1206.09 b 8.934 b
1236.06 b 9.156 b
1279.26 9.476 b
1284.39 a 9.514 b
1285.20 a 9.520 c

2000 K 2500 K
t, ps reaction type t, ps reaction type t, ps
0.102 f 0.014 f 0.008
0.110 c 0.016 c 0.012
0.126 c 0.040 f 0.020
0.148 c 0.042 c 0.022
0.162 b 0.074 b 0.022
0.188 f 0.126 f 0.022
0.208 f 0.154 f 0.024
0.218 f 0.194 b 0.040
0.294 b 0.210 c 0.052
0.334 c 0.210 f 0.070
0.364 b 0.246 c 0.082
0.510 c 0.380 b 0.154
0.752 b 0.396 c 0.156
0.958 b 0.404 b 0.176
1.056 f 0.590 c 0.356
1.254 b 2.234 b 1.202

Table 3. Comparison of the Reaction Types and Initiation Time in the Second Step of Initial Thermal Decomposition under

the Four Heating Conditions

300—3000 K 1800 K
T, K reaction type t, ps reaction type
1046.52 d 7.752 d
1075.68 c 7.968 d
1172.34 e 8.684 b
1207.98 d 8.948 e
1222.83 c 9.058 b
1279.26 c 9.476 c
1287.63 e 9.538 f
1315.17 c 9.742 b
1327.86 d 9.836 f
1328.94 c 9.844 d
1341.63 c 9.938 f
1342.44 c 9.944 e
1370.79 d 10.154 c
1382.40 c 10.240 c
1576.26 f 11.676 c
1576.53 c 11.678 f

2000 K 2500 K

t, ps reaction type t, ps reaction type t, ps
0.130 a 0.032 f 0.018
0.170 e 0.090 d 0.038
0.232 b 0.162 f 0.056
0.250 e 0.168 d 0.056
0.326 e 0.242 b 0.072
0.364 c 0.306 f 0.098
0.530 d 0.326 c 0.112
0.676 f 0.408 b 0.116
0.734 c 0.546 e 0.174
0.936 f 0.678 d 0.176
1.222 c 0.682 d 0.274
1.280 c 0.696 b 0.374
1442 b 0.956 e 0.374
1.762 b 1.464 c 0.63

3.536 f 1.924 b 0.904
4.126 f 3.208 d 1.220

bond on the furoxan ring is the key, which first occurs and
triggers the decomposition of the entire DNTF molecule
structure. When T > 2000 K, the fracture of the C—NO, bond
is the fastest reaction. At the same time, it can also be seen that
at 1800, 2000, and 2500 K, with the increase of temperature,
the earlier the initial thermal decomposition started, the faster
the reaction proceeded.

In order to more intuitively see the proportion changes of
various reactions, the statistical data of reaction types in each
step of initial thermal decomposition of the DNTF supercell
under four heating conditions are shown in Figure 5. The MD
results in the case of programed heating from 300 to 3000 K
showed that the first step of the initial thermal decomposition
was the ring-opening reaction caused by O—N bond fracture
with the (b) reaction as the dominant reaction. In the second
step, the (c) reaction was dominant. Due to the increase in
temperature, some C—C bonds fractured. Among them, the
(d) reaction was more frequent, and very few C—NO, bonds
fractured. In the third step, the number of C—C bond fractures

increased significantly, mainly manifested as the (e) reaction.
There is also a slight increase in the (f) reaction.

As can be seen from the figure, at 1800, 2000, and 2500 K,
the occurrence of the (a,b) reactions was inhibited due to the
increase of the (f) reaction at the first step of the initial thermal
decomposition with the increase of temperature; C—C bond
fracture always starts to occur in the second step.

At 1800 K, the first step is still dominated by the (b)
reaction despite the occurrence of the (f) reaction. In the
second step, the (c) reaction and (d) reaction were dominant
in the ring-opening reaction caused by the N—O bond fracture
and the ring-breaking reaction caused by C—C bond fracture,
respectively; the proportion of the (f) reaction increased. In
the third step, the C—C bond fracture was the main reaction,
and the (d) reaction dominated; the proportion of the (f)
reaction is the same. At 2000 and 2500 K, O—N bond fractures
were still the main reaction in the first step, but the proportion
of the (f) reaction was the same under the two temperature
conditions. In the second step, at 2000 K, O—N bond fractures
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Table 4. Comparison of the Reaction Types and Initiation Time in the Third Step of Initial Thermal Decomposition under the

Four Heating Conditions

300—3000 K 1800 K 2000 K 2500 K
T, K reaction type t, ps reaction type t, ps reaction type t, ps reaction type t, ps
1076.22 c 7.972 f 0.334 f 0.190 f 0.022
1156.68 e 8.568 d 0.360 e 0.196 f 0.068
1227.69 e 9.094 e 0.394 d 0.254 f 0.098
1267.92 b 9.392 d 0.970 e 0.324 d 0.112
1305.45 f 9.670 d 1.074 b 0.344 e 0.144
1320.30 e 9.780 c 1.092 e 0.454 e 0.182
1334.61 e 9.886 d 1.144 f 0.568 e 0.184
1348.11 e 9.986 f 1.328 b 0.598 c 0.192
1349.73 f 9.998 e 1.460 e 0.710 f 0.274
1357.56 f 10.056 f 1.586 b 0.714 b 0.456
1389.96 e 10.296 e 1.788 c 0.746 f 0.550
1476.90 c 10.940 c 1914 d 1.506 d 0.570
1550.88 c 11.488 f 2.262 d 1.686 c 0.656
1582.20 e 11.720 e 3.568 c 2.060 f 0.708
1714.23 d 12.698 d 4.282 f 3.870 c 0.908
1782.27 c 13.202 d 5.036 d 4.716 f 1.438
(a) 300-3000K (b) 1800K
uf uf
e e
16 d 16 d
14 wc 14 we
12 =b 42 b
ma ma
10 10
8 8
6 6
4 4
2 2
0 0
first step second step third step first step second step third step
(c) 2000K (d) 2500K
uf uf
e e
16 q 16 d
14 wc 14 e
12 "b 42 =b
ma ma
10 10
8 8
6 6
4 4
2 2
0 0
first step second step third step first step second step third step

Figure S. Number of molecules in the six decomposition types of the three DNTF supercells’ initial thermal decomposition steps under the four
heating conditions: (a) programed heating from 300 to 3000 K, (b) constant temperature heating at 1800 K, (c) constant temperature heating at

2000 K, and (d) constant temperature heating at 2500 K.

still occupied a large proportion, in which the (c) reaction was
dominant; at 2500 K, the C—C bond fractures mostly, and the
(d) reaction was the main reaction. In the third step, the C—C
bond fracture increased significantly at 2000 K, while the (f)
reaction’s proportion decreased with time; however, the (f)
reaction was dominant at 2500 K. Therefore, it can be found
that when T < 1800 K, the O—N (O) bond breaking reaction
on the furoxan ring not only takes place first but also is the
most important reaction in the first step of the initial thermal

33475

decomposition of DNTF. The rupture of the C—C bond
always lags behind that of the O—N bond or the C—NO,
bond.

Combined with the above tables and figures and the
animations of DNTF thermal decomposition, the main initial
thermal decomposition pathways under four heating con-
ditions were obtained, as shown in Figure 6. Tsyshevsky et al.*’
calculated the activation barriers (E), zero-point energy
corrected barriers (Epg), and pre-exponential factors (log A)
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Figure 6. Main initial thermal decomposition pathways of the DNTF supercell under the four heating conditions.

of each possible thermal decomposition path of DNTF (Figure
1), as shown in Table S. From the gas-phase data, they
obtained four fast, low-energy reaction paths, which were also

the paths that were focused on in the study of solid-state
decomposition. As shown in Table S, the paths correspond to
the activation barrier value of solid-state decomposition. The
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Table 5. Calculated Activation Barriers, Zero-Point Energy-Corrected Barriers, and Pre-Exponential Factors of DNTF
Thermal Decomposition Reactions using the Hybrid PBE Functional®’

gas-phase decomposition

solid-state decomposition

reaction E, kcal/mol E,pg, keal/mol log A, s7 E, kcal/mol E;pp, keal/mol log A, s7
DM1 NO, loss (I) 637 59.8 18.0 60.1 56.2 184
NO, loss (II) 66.1 62.0 18.3
DM2 CONO (I) 49.5 47.2 13.7 49.1 46.8 13.3
CONO (11) 533 50.8 139
DM3 RC (I) CN,O, 485 455 153 480 451 15.5
RC (II) CN,O, 48.0 45.0 152
DM4 RC (I) CN,0, 476 445 16.3 442 414 154
RC (II) CN,0, 475 444 154
DMS RC (central ring) 61.8 59.1 14.6
DMé6 O-transfer (I) 71.0 68.7 133
O-transfer (IT) 74.3 71.8 132
20 3000 20 1800K
o o [——300-3000K S —
g ' L —_2000K
S 14 120 8, ——2500K
Q 4r 12100 2
QO 12} O 12
s 11800 ~ = 10
« 10} X u
S 4l 11500 = S
S 6l J1200 § ¢
Q Q
E a4l 1900 E 4
S of {600 3 2
1 1 1 1 1 1 1 1 1 300 o I A % 1 i 1 A () L 1 A 1 " I} i 1 s
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(a) t (ps) (b) t (ps)

Figure 7. DNTF molecule evolutions under the four heating conditions: (a) programed heating from 300 to 3000 K and (b) constant temperature

heating at 1800, 2000, and 2500 K.

outer ring I is more likely to decompose than the outer ring I
Figure 6 also reflects that most of the reactions occur in the
outer ring I. The difference is that when T < 1000 K, the O—N
(O) bond fracture [i.e., (b) reaction] is the main reaction on
the central ring, rather than DM4 mentioned in the literature.
This will be the result of the interaction between molecules,
the spatial structure of the crystal, and the charge transfer. This
needs to be studied using advanced QC or MD methods on a
large scale but all need to be rigorously adapted to be useful for
modeling EMs.*® It is relatively difficult for the current
research methods. However, there is no denying that this
phenomenon has been observed. The similar situation also
appeared in the studies of thermal decomposition of a similar
structure to DNTE.*”**

It seems that the O—N (O) bond fracture requires a lower
activation barrier than the outer ring cleavage, which is also the
reason for DNTF’s high sensitivity. Combined with the
previous analysis, especially at 300—3000 K, the rupture of
O-N (O) bond triggers the beginning of decomposition
reaction, and the initial thermal decomposition is basically
completed in the endothermic stage. Thus, when the
temperature increases to the thermal decomposition temper-
ature, a violent decomposition reaction will occur. This is why
DNTF ignition is growing so fast.

In addition, the O—N bond fracture in the outer ring was
always followed by the C—C bond fracture in the same ring
because the cleavage of the outer ring always occurred under
the concerted action of N—O and C—C bonds. When T >
2000 K, the C—NO, bond first breaks, which triggers the

33477

cleavage of the central ring in the same molecular structure, but
inhibits the cleavage of outer rings due to its higher pre-
exponential factor. This is attributed to the fact that the
generation of NO, increases the number of molecules, thus
enhancing the entropy effect of the system and changing the
original decomposition law.*® It is worth mentioning that no
isomerization of CONO was found.

From the above discussion, we can know that the reaction
activity of the system increases with the increase of
temperature, and all kinds of reactions may occur, which is
also the reason why the initial thermal decomposition pathway
is not the only one. When T < 1800 K, the fracture of the O—
N (O) bond on the furoxan ring is the key step affecting
thermal decomposition. C—NO, bond breaks fastest at T >
2000 K and adds additional constraints to the thermal
decomposition mechanism.

3.3. Evolution of Reactants and Products during
DNTF Thermal Decomposition. The analysis of reactants
and products contributes to understanding the thermal
decomposition of EMs and the pyrolysis mechanism. The
thermal decomposition evolution of DNTF molecules under
the four heating conditions is shown in Figure 7. Figure 7a
shows that before 8 ps, DNTF molecules basically remained
unchanged, rapidly decreased at 8—10 ps, stabilized at 10—12
ps, and the number of DNTF molecules at ~13 ps became
zero. Because the ring-opening reaction in DNTF cannot be
reflected in the quantity statistics, it is only shown after the
ring-breaking or the NO, loss reaction. Therefore, no changes
of DNTF molecules were observed before 8 ps, and at ~13 ps,
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Figure 9. Evolutions of the six products under the three heating conditions.
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all DNTF molecules underwent initial thermal decomposition,
which was consistent with the time as shown in Tables 2 and 4.
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As can be seen from Figure 7b, under the three constant-
temperature heating conditions, the higher the temperature,
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Table 6. Comparison of the Most Frequent Reactions and the Relative Molecular Mass of Products at the End of the

Simulation Time under the Four Heating Conditions

T, K reaction frequency
300—3000 CN,0; = CNO + NO, 15
NO, = O + NO 14
1800 C;N,0, = C,N,0 + CN,0;4 15
CeNgOg = C3N,0, + C3N,O, 10
2000 CN,0; = CNO + NO, 12
NO, = O + NO 9
2500 NO, = O + NO 17
CN,0; = CNO + NO, 8

Products

small molecular fragment (M < 62)

large molecule fragment (M > 62)

86 26
27 S1
68 32
111 13

the faster the decomposition rate of DNTF, and the earliest the
number of DNTF molecules tended to zero, the worse its
thermal stability.

The six most frequently found products in DNTF thermal
decomposition include C,N,0O,, C,N,O, CNO, NO,, NO, and
CO. Figure 8 illustrates the evolution of six products in the
case of programed heating from 300 to 3000 K. After 8 ps,
C,N,0, CNO, and NO, were found to increase. At ~12 ps,
C,N,0, and NO began to appear, while the number of DNTF
molecules approached zero. At ~16 ps, T > 2000 K, all the
products except NO and CO reached the maximum value, NO
began to rise sharply, and CO began to appear and continued
to increase with the increase of temperature. At 16—20 ps, only
C,N,0, and NO, began to decrease, so it can be seen that the
further decomposition of C,N,0, and NO, is the reason for
the increase of NO and CO.

Figure 9 shows the evolution of these products under
constant heating at 1800, 2000, and 2500 K. The higher the
temperature, the earlier the products appeared. At the end of
the simulation time scale of 20 ps, more C,N,0, and C,N,O
larger molecular fragments remained at 1800 K, and the
emergence of NO was attributed to the decomposition of NO,,
while the emergence of CO was not observed, indicating that
compounds containing C and O elements did not decompose
further into stable small molecular gas products. This is
because the temperature of further DNTF decomposition is
higher than 1800 K. At 2000 K, C,N,0, and NO, reached a
peak value and decomposed at the same time, leading to the
rapid growth of NO and CO. At 2500 K, ~4 ps, C,N,0,,
C,N,0, and NO, all reached the peak value and began to
decompose further. Decomposition of C,N,O intensified the
generation of NO, so the number of NO was the largest among
all the products. At 4—8 ps, the decomposition rate of NO,
was the fastest, which accelerated the generation rate of NO in
this stage. The formation rate of NO, after 8 ps, was mainly
determined by the further decomposition rate of C,N,0O, and
C,N,0. Similarly, CNO, CO small molecular fragments also
became more. At the end of the simulation time, the contents
of C,N,0,, C,N,0, and NO, were the least at 2500 K under
the three heating conditions, indicating that DNTF molecules
decompose more thoroughly. In general, NO, is the most
active intermediate. The ring cleavage and NO, loss are the
most important reactions in the initial thermal decomposition
of the DNTF supercell. These are consistent with the PE
evolution.

Comparing the most frequent reactions and the relative
molecular mass (M) of products at the end of the simulation
time under the four conditions (Table 6), it can also be found
that at T = 1800 K, the cleavage of the central ring caused by
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O-N (O) bond fracture was the main reaction; at T > 2000 K,
NO, is the most active intermediate in the whole system. With
the increase of temperature, the remaining large molecular
fragments decreased and the corresponding small molecular
fragments increased. The increase of temperature promotes the
further decomposition of large molecule fragments.

Sinditskii et al.”” mentioned an unknown polymer in their
analysis of the thermal decomposition products of DNTF.
From the recent work of Lindsey et al,*” large C.N,O, species
were also observed in the thermal decomposition process of
DNTF under extreme conditions, which may be the kinetic
precursors to carbon precipitates observed in the experiment,
and important information of which needs to be simulated on
larger time scales. With the decomposition of DNTF, a large
number of small gaseous molecular products are produced, and
the system reached the metastable state earlier than other EMs
with similar oxygen equilibrium, such as HMX. In our study,
species such as C\N,O, also existed at the end of the
simulation time, including C,N,O and CNO. With the
increase of temperature, small gaseous molecules were rapidly
produced in large quantities and metastable state appeared,
showing poor security. Therefore, more work needs to be done
to improve the security of DNTEF.

4. CONCLUSIONS

In summary, a series of SCC-DFTB MD simulations were
conducted to better understand the thermal decomposition
process of DNTF. The initial thermal decomposition pathway
of DNTF is strongly dependent on the temperature. At
medium and low temperatures such as 1800 K, the O—N (O)
bond fracture on the central ring becomes the first and
dominant step of the initial thermal decomposition and
triggers the cracking of the whole DNTF molecular structure.
When T > 2000 K, however, the NO, loss on outer ring I is the
quickest pathway, which triggers the cleavage of the central
ring. High temperatures are more conducive to the formation
of small molecular gas products, such as NO and CO. Further
chemical reactions of C,.N,O, polymers need to be simulated
on a larger scale. Much more needs to be done in the future to
expand the scope of research to explore the effects of molecular
interactions, crystal spatial structure, and charge transfer on
HEDMs’ thermal decomposition under different conditions.
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