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Abstract
The decomposition mechanism of 3-methyl-2,6-dinitrophenol (MDNP) was simulated by reaction
molecular dynamics using ReaxFF force �eld. The evolution of some main products with time at different
heating rates (10, 15 and 20 K·ps-1) were obtained as well. The simulation outcomes reveal that with the
elevation of the heating rate, the shorter the time required for the system to reach equilibrium, and the
more products are produced. At three heating rates, the main intermediate products are C7H7O5N2,
C7H6O4N2, C7H5O5N2, C7H5O4N2, HON, NO, NO2 and the primary �nal products are N2, CO2, H2O, H2, NH3,
amongst which C7H5O5N2 is the �rst produced intermediate product and H2O is the �rst produced �nal
product with the biggest abundance. The intermediate products �rst increase and then decrease to zero.
Moreover, the primary chemistry reactions in the MDNP pyrolysis are acquired by ReaxFF MD
simulations. 

1 Introduction
2,2’,4,4’,6,6’-Hexanitrostiblbenzil (HNBB) is an important intermediate in the preparation of heat-resistant
explosive 2,2’,4,4’,6,6’-hexanitrostiblbene (HNS) [1]. The yield of HNBB is high with TNT as raw material
and NaClO as oxidant. 3-Methyl-2,6-dinitrophenol (MDNP) is a by-product separated from the synthesis of
HNBB. MDNP is a potential explosive with a density of 1.605 g·cm−1, oxygen balance of – 88.9% and
Nitrogen content of 14.14%. For that reason, to guarantee the safeness of MDNP during usage, research
on the thermolysis features and causal links of MDNP is urgently needed.

On the battle �eld, ammunitions can easily suffer from unforeseen exterior stimulating factors, which
might trigger catastrophes during the transport, stockpile and usage of blasting materials. Heat stimuli
act as one of the most commonly seen exterior stimulating factors, which might cause the thermolysis of
blasting materials and further trigger explosion. As per the thermolysis causal link, the thermal risks of
MDNP could be decreased during usage. For that reason, to guarantee the safeness of MDNP during
usage, research on thermolysis features and causal links of MDNP is urgently needed. Experiment data
are often limited to the information acquired from TGA or TGA/MS, which could merely offer dynamic
rate constants of the general mass loss and yield of the eventual gas products,and information on
intermediates is not available.

ReaxFF force �eld is a brilliant technology to explore the thermolysis features and causal links of
materials [2], which could well compensate for the experimental �aws. Recently, the ReaxFF force �eld
has been one of the primary technologies to study the thermolysis process of energy materials via
reactive force �elds [3–8]. Those excellent instances offer vital assistance in the computation of other
energy materials [9–13].

In this study, ReaxFF force �eld is utilized to study the primary middle products, eventual products and
chemistry reaction processes at 10 K·ps−1, 15 K·ps−1 and 20 K·ps−1, respectively. The primary middle
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products, eventual products and chemistry reaction processes are acquired. On the foundation of the
emulated outcomes, the thermolysis causal link of MDNP is acquired.

2. Computational Methods And Simulation Details

2.1 Simulation methodologies
ReaxFF MD emulations are employed to explore the thermolysis of MDNP via ReaxFF-lg force �eld.
ReaxFF, put forward by van Duin [14], offers an almost ab initio level of depiction of the reaction potential
surface for multiparticle systems15. In the process of ReaxFF MD emulations, the charge and bond orders
are computed posterior to each step, which identi�es the forming and breaking of covalent linkages. In
the process of ReaxFF emulations, the entire atoms were considered individual interactive centers, and
the transient dot electric charge on every atom was identi�ed by the static electric �eld owing to the entire
charges around15. Chaban et al. [15–18] elucidated the methods of ReaxFF MD in a detailed way, and
such a method was successfully used in the past to tackle numerous intricate challenges. For that
reason, ReaxFF MD is leveraged to depict the forces on the atoms within the C/H/O/N system herein.

2.2 Temperature-dependent decomposition simulations
In the present research, the LAMMPS was utilized to implement the ReaxFF MD emulations of MDNP
(Fig. 1) at 10 K·ps−1, 15 K·ps−1 and 20 K·ps−1, respectively. The diffraction data of MDNP are from
experimental measurements, which pertains to the monoclinal system with the spacial group of P21/n,
and the crystal parameters of a = 9.59 Å, b = 17.3 Å, c = 9.90 Å, and β = 94.90°. Figure. 2 demonstrates the
unit cell (a) and super cell (b) of MDNP. The MDNP super cell was initially completed 10 ps MD emulation
with NVT (const. of particulates, volumes, and temperatures) ensemble at 298 K, and afterwards another
10 ps MD emulation was �nished with NPT (const. of particulates, pressures, and temperatures)
ensemble at 298 K and 0 Pa to remove the inner stress and to acquire the original structure. The relaxed
MDNP super cell was afterwards completed 270 ps, 180 ps and 135 ps MD emulations at 10 K·ps−1, 15
K·ps−1 and 20 K·ps−1, separately, via NVT ensemble with Berendsen thermostatic device with ReaxFF-lg
reaction force �eld. The intermediate products, eventual products and primary chemistry reaction
processes are obtained to explore the thermolysis path of MDNP. In the process of ReaxFF MD
emulations, the charge and bond orders are computed posterior to each step, for that reason, a
comparatively small integral time ought to be utilized to e�ciently cover the phase space enabling the
smooth occurrence of collision and reactions. During such emulation, the timestep of every ReaxFF MD
emulation was 0.1 fs, and the kinetic path involving atom locations and speeds was documented every
200 fs. Those acquired data were utilized to study the molecule species to offer knowledge pertaining to
chemistry reaction processes.

3 Results And Discussion
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3.1 Evolution of potential energy (PE) and total number of
MDNP
The PE development of MDNP could be applied for judging if the chemistry reactions reach balance, and
the sum of MDNP could be applied for assessing the thermolysis level of MDNP. For that reason, the PE
of MDNP is subjected to analysis posterior to emulations. PE development of MDNP varies with time at
different heating rates are shown in Figure. 3.

Figure. 3 shows the development of total PE with time at different heating rates. MDNP gradually absorbs
heat to reach primary decomposition energy at different heating rates. With increasing temperature, the
decomposing of MDNP generates a series of middle and eventual products and releases a large amount
of heat, so the potential energy decreases signi�cantly. Moreover, if the temperature is elevated, the
maximal results of PE and the PE reduction rate will be higher. With the increase of temperature, the
greater the stability value of PE, the shorter the time for PE to stabilize. The curves of MDNP show that at
10 K·ps-1, 15 K·ps-1 and 20 K·ps-1, MDNP molecules are converted into intermediate products via
decomposition in 178.02 ps, 110.60 ps and 100.00 ps, separately, revealing that faster heating rates
trigger more rapid thermolysis of MDNP. The time evolution of consumption of MDNP at various
temperatures is displayed in Fig. 4.

3.2 Evolution of intermediate products
In the process of MDNP thermolysis, substantial middle and eventual products were produced. The
generative time and the quantity of intermediate and eventual products are pivotal for the investigation of
the decomposing process of MDNP. The generative times of the primary intermediate generated by MDNP
decomposition are shown in Table. 1-3. Development of the primary intermediate product quantity
(C7H7O5N2, C7H6O4N2, C7H5O5N2, C7H5O4N2, HON, NO, NO2) generated by MDNP decomposition at 10

K·ps−1, 15 K·ps−1 and 20 K·ps−1 are displayed in Figure. 5.

Table 1
Main intermediate products generated by MDNP

decomposition at 10 K·ps−1

Products Time/ps Products Time/ps

MDNP 0 C7H5O4N2 121.52

C7H7O5N2 51.02 HON 152.38

C7H6O4N2 124.74 NO 143.18

C7H5O5N2 51.02 NO2 121.36
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Table 2
Main intermediate products generated by MDNP

decomposition at 15 K·ps−1

Products Time/ps Products Time/ps

MDNP 0 C7H5O4N2 82.58

C7H7O5N2 40.18 HON 96.46

C7H6O4N2 85.18 NO 92.80

C7H5O5N2 40.2 NO2 83.46

Table 3
Main intermediate products generated by MDNP

decomposition at 20 K·ps−1

Products Time/ps Products Time/ps

MDNP 0 C7H5O4N2 60.76

C7H7O5N2 16.54 HON 93.60

C7H6O4N2 60.82 NO 79.02

C7H5O5N2 16.54 NO2 62.56

We could deduce from Figure. 5 that the quantity of the middle products C7H7O5N2, C7H6O4N2, C7H5O5N2,
C7H5O4N2, HON, NO and NO2 molecules initially raised and afterwards progressively dropped to 0 with
the development of the reaction, where high-frequency reactions primarily happened between those
middle product molecules till the forming of eventual steady products. The chronology order of the
middle product occurrence was C7H5O5N2, C7H7O5N2, C7H5O4N2, C7H6O4N2, NO2, NO, HON. The order of
the maximum number of intermediates is C7H5O4N2, C7H5O5N2, NO2, HON, NO, C7H7O5N2, C7H6O4N2 at

10 K·ps−1. The order of the maximum number of intermediates is C7H5O5N2, NO2, C7H5O4N2, HON, NO,

C7H6O4N2, C7H7O5N2 at 15 K·ps−1. The order of the maximum number of intermediates is C7H5O4N2,

C7H5O5N2, HON, NO2, NO, C7H6O4N2, C7H7O5N2 at 20 K·ps−1. The order of the number of the maximum
intermediates of intermediates under different heating rates is different, in that the reaction time is
different at each heating rate, the maximum number of intermediates is different.

C7H7O5N2, C7H6O4N2, C7H5O5N2 and C7H5O4N2 were the primary middle products in the initial
thermolysis process of MDNP. With the development of thermolysis, HON, NO and NO2 turned into the
primary middle products. The entire middle products nearly vanished posterior to 2700 K. The quantity of
N2, CO2, H2O, H2 and NH3 was elevated with the development of the decomposition, revealing that the
production of N2, CO2, H2O, H2 and NH3 molecules were ongoing in the entire decomposing process.

3.3 Evolution of �nal products
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The entire eventual products were small molecule products like N2, CO2, H2O, H2, NH3, etc. The generation
times of the main eventual products produced by MDNP thermolysis are shown in Table. 4-6. The
development of the quantity of the primary eventual products (N2, CO2, H2O, H2, NH3) produced by MDNP
thermolysis are displayed in Fig. 6. We could deduce from the emulation outcomes that the chronology
order of the �nal product occurrence was H2O, H2, CO2, N2, NH3 at 10 K·ps−1. We could deduce from the
emulation outcomes that the chronology order of the �nal product occurrence was H2O, H2, N2, NH3, CO2

at 15 K·ps−1 and 20 K·ps−1. The order of the maximum number of eventual products was H2O, N2, H2,

CO2, NH3 at 10 K·ps−1 and 15 K·ps−1. The order of the maximum number of �nal products is H2O, N2, NH3,

H2, CO2 at 10 K·ps−1 and 15 K·ps−1.

Table 4
Main eventual products produced by MDNP

thermolysis at 10 K·ps−1

Products Time/ps Products Time/ps

MDNP 0 H2 129.66

H2O 99.70 CO2 173.50

N2 183.00 NH3 207.48

Table 5
Main eventual products produced by MDNP

thermolysis at 15 K·ps−1

Products Time/ps Products Time/ps

MDNP 0 H2 123.42

H2O 76.70 CO2 139.66

N2 137.76 NH3 138.80

Table 6 Main eventual products produced by MDNP thermolysis at 20 K·ps−1

Products Time/ps Products Time/ps

MDNP 0 H2 93.96

H2O 61.22 CO2 117.26

N2 106.68 NH3 116.50

The entire middle products nearly vanished posterior to 135 ps emulations at 20 K·ps−1. The quantity of
N2, CO2, H2O, H2 and NH3 was elevated with the development of the decomposition, revealing that the
production of N2, CO2, H2O, H2 and NH3 molecules are undergoing the entire decomposing process.
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During the �rst phase of MDNP thermolysis, there wasn't any production of H2 and CO2, which revealed
that the decomposing of MDNP didn't generate H2 and CO2 straightly, and H2O and CO2 were primarily

generated by the reactive process between middle products. H2O occurred at 61.22 ps at 20 K·ps−1,
revealing that some H2O were possibly produced by MDNP straightly. We could come to the conclusion
from Figure. 6 that with the rise of temperature, the quantity of N2, CO2, H2O, H2, NH3 was elevated,
unveiling that high-temperature facilitated the production of gas products.

For intermediate products, the main decomposition paths of C7H7O5N2 are (1) C7H6O5N2 + HON →
C7H7O6N3, (2) C7H7O6N3 → C7H7O5N2 + ON. The main decomposition paths of C7H6O4N2 are (1)
C7H6O5N2 → C7H5O4N2 + HO, (2) C7H5O4N2 + HON → C7H6O5N3, (3) C7H6O5N3 → ON + C7H6O4N2. The
main decomposition paths of C7H5O5N2 are (1) C7H6O5N2 → C7H5O4N2+ HO, (2) C7H5O4N2 + O2N →
C7H5O6N3, (3) C7H5O6N3 → C7H5O5N2 + ON. The main decomposition path of C7H5O4N2 is C7H6O5N2 →
C7H5O4N2 + HO. The main decomposition paths of HON are as follows: (1) H2O2N → HON + HO, (2)
H3O2N → H2O + HON, (3) C7H5O4N2 → C7H4O3N + HON. The main decomposition paths of NO are as
follows: (1) H2O2N → H2O + ON,(2) HO2N → ON + HO (3) C7H5O5N3 → C7H5O4N2 + ON. The main
decomposition paths of NO2 are (1) C7H5O5N2 → C7H5O3N + O2N (2) C7H5O6N3 → O2N + C7H5O4N2 (3)
H2O3N → H2O + O2N.

For �nal products, the main decomposition paths of H2O are (1) H2O2N → H2O + ON, (2) H3O2 → H2O +
HO, (3) H2ON2 → H2O + N2. The main decomposition paths of N2 are (1) H2ON2 → H2O + N2, (2) HON2 →
N2 + HO, (3) CO2N2 → N2 + CO2. The main decomposition paths of H2 are (1) H3O → H2 + HO, (2) H2ON
→ H2 + ON. The main decomposition paths of CO2 are as follows: (1) CO2N2 → N2 + CO2, (2) CO3N →
CO2 + ON, (3) CH3O2N → H3N + CO2. The main decomposition paths of NH3 are as follows: (1) H4ON →
H3N + HO, (2) H5ON → H2O + H3N, (3) H3ON2 → H3N + ON.

4 Conclusion
ReaxFF MD emulations were employed to explore the thermolysis process of MDNP. The primary middle
products were C7H7O5N2, C7H6O4N2, C7H5O5N2, C7H5O4N2, HON, NO, NO2 and the primary eventual
products were N2, CO2, H2O, H2, NH3. The chronology order of the occurrence of the middle products was
C7H7O5N2, C7H5O5N2, C7H5O4N2, C7H6O4N2, NO2, NO, HON. The chronology order of the occurrence of the
�nal products was H2O, H2, N2, NH3, CO2. Those outcomes veri�ed that ReaxFF could offer deep
inspirations as to the intricate reactive processes in MDNP thermal decomposition, and it serves as an
attractive approach to explaining the chemistry reaction processes in the thermal decomposition of
MDNP with more details.
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Figures

Figure 1

Molecular structures for MDNP
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Figure 2

The unit cell and supercell structures of MDNP
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Figure 3

Time evolution of PE at different temperatures

Figure 4

Time evolution of consumption of MDNP at various temperatures
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Figure 5

Comparative distribution curves of main intermediate product at various temperatures
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Figure 6

Comparative distribution curves of main �nal product at various temperatures


