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Abstract: We report a reactive molecular dynamic (ReaxFF-MD) study using the newly parameterized
ReaxFF-lg reactive force field to explore the initial decomposition mechanism of 3-Nitro-1,2,4-triazol-
5-one (NTO) under shock loading (shock velocity >6 km/s). The new ReaxFF-lg parameters were
trained from massive quantum mechanics data and experimental values, especially including the
bond dissociation curves, valence angle bending curves, dihedral angle torsion curves, and unimolec-
ular decomposition paths of 3-Nitro-1,2,4-triazol-5-one (NTO), 1,3,5-Trinitro-1,3,5-triazine (RDX),
and 1,1-Diamino-2,2-dinitroethylene (FOX-7). The simulation results were obtained by analyzing
the ReaxFF dynamic trajectories, which predicted the most frequent chain reactions that occurred
before NTO decomposition was the unimolecular NTO merged into clusters ((C2H2O3N4)n). Then,
the NTO dissociated from (C2H2O3N4)n and started to decompose. In addition, the paths of NO2

elimination and skeleton heterocycle cleavage were considered as the dominant initial decomposition
mechanisms of NTO. A small amount of NTO dissociation was triggered by the intermolecular
hydrogen transfer, instead of the intramolecular one. For α-NTO, the calculated equation of state was
in excellent agreement with the experimental data. Moreover, the discontinuity slope of the shock-
particle velocity equation was presented at a shock velocity of 4 km/s. However, the slope of the
shock-particle velocity equation for β-NTO showed no discontinuity in the shock wave velocity range
of 3–11 km/s. These studies showed that MD by using a suitable ReaxFF-lg parameter set, could
provided detailed atomistic information to explain the shock-induced complex reaction mechanisms
of energetic materials. With the ReaxFF-MD coupling MSST method and a cheap computational cost,
one could also obtain the deformation behaviors and equation of states for energetic materials under
conditions of extreme pressure.

Keywords: 3-Nitro-1,2,4-triazol-5-one (NTO); ReaxFF-lg parameterization; reactive molecular dy-
namic; shock Hugoniot state; shock-induced initial decomposition mechanisms

1. Introduction

The decomposition mechanism of 3-Nitro-1,2,4-triazol-5-one (NTO) [1] under dif-
ferent conditions obviously influences the safety performance of NTO-based insensitive
ammunition (IM) [2–5]. The thermal-induced decomposition kinetic process and burning
characteristics of NTO [6–11] have been studied via various experimental techniques. In
addition, the theoretical works concerning the electron structures and possible decompo-
sition paths of NTO [12–14] were also reported. However, the atom-scale understanding
about the shock-induced chemistry reaction of NTO still remain unclear.

Due to the progress of simulation technology, non-equilibrium ReaxFF reactive molec-
ular dynamics [15–17] provided the high possibility to investigate the shock-induced
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decomposition reaction of NTO at the molecular level. ReaxFF [15], developed by van
Duin, is a bond-order-dependent reactive force field based on massive quantum mechanics
(QM) calculation, which enables the accurate simulation of energetic materials under a real-
istic condition with a cheap computation. The shock-induced decomposition mechanisms
of typical energetic materials (such as RDX [17], HMX [18], TATB [18], PETN [19], and
TNT [20]) revealed by the ReaxFF molecular dynamics were in good agreement with the
data from the experimental observations. To date, unfortunately, the poor transferability of
the existing ReaxFF force fields [17,18,21,22] has led to no suitable ReaxFF potentials for
simulating the thermal- and shock-induced chemistry reaction processes of NTO, hexani-
trohexaazaisowurtzitane (CL-20), and dihydroxylammonium 5, 5′-bistetrazole-1, 1′-diolate
(TKX-50). Therefore, developing a new ReaxFF parameter set to describe the physical and
chemical properties of NTO, CL-20, and TKX-50 is a basic work for the exploration of the
atom-scale decomposition chemistry of those energetic molecules.

In this study, we performed extensive QM calculations to parameterize a new ReaxFF-
lg force field for 3-Nitro-1,2,4-triazol-5-one (NTO). Then, we used the new ReaxFF-lg
parameters to model the shock-induced decomposition process of NTO crystal. The shock
Hugoniot states and kinetic decomposition mechanism in the shock velocity range of
6–11 km/s were studied to obtain a complete map of the shock-induced initial decomposi-
tion mechanisms of NTO under extreme conditions.

2. Method
2.1. ReaxFF Parameterization

The general ReaxFF potential functions partition the total energy into the contributions as:

EReax = Ebond +Elp + Eover + Eunder + Eval + Epen + Ecoa + Ec2
+Etriple + Etors + Econj + EH−bond + EvdW
+Ecoulomb

(1)

The low-gradient model (Elg) [21] is the long-range dispersion-correction for EReax to
improve the descriptions of molecule crystalline:

EReaxlg = EReax + Elg (2)

The critical difference between ReaxFF and unreactive force fields is that the bond
order (BO′ij) decides the connectivity for two atoms, instead of a fixed bond. The BO′ij
(Equation (3)) is updated in every iteration and allows for the breaking and recreation of
chemical bonds during the molecular dynamics. Therefore, all covalent interactions, such
as Ebond and Eval, are expressed in the terms of the corrected BO′ij.

BO′ij = BOσ
ij + BOπ

ij + BOππ
ij

= e
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rij
rσ
0
)
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]
+ e
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0
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]
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rππ
0

)
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To consider the Coulomb interactions between all atom pairs in the system, the atomic
charges are updated using the Electron Equilibration Method (EEM) [23] approach at each
iteration step. A similar method, called the QEq [24] charge derivation approach, is also
suitable for calculating the atomic charge distribution during the dynamics. The atomic
charge calculation in ReaxFF is the most time-consuming step, so the calculation cost of
ReaxFF-MD is about two orders of magnitude higher than that of the classic non-reaction
force field. However, the computation costs of ReaxFF are still far less than the ab-initio
molecular dynamics.

The parameters of the ReaxFF are usually fitted from massive QM data and experi-
mental values. In this study, the parametrization workflow of a new force field consisted of
the following steps (Figure 1):
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Figure 1. Workflow of the ReaxFF parameterization.

(1) Generation of the reference QM data (training set). In this study, the DFT meth-
ods with Grimme dispersion correction [25] were used to obtain the bond dissociation
curves, valence angle bending curves, dihedral angle torsion curves, and unimolecular
decomposition paths [13,26,27] of NTO, RDX, and FOX-7, respectively. Other important
properties, such as the geometries (bond length, valence angles, and dihedral angles), inter-
action energy of dimers by hydrogen bonds and vdW interaction, dissociation potential
energy surfaces of small molecules, cohesive energy, and crystal equations of state were
also added to the training set. The B3LYP-D3BJ and M062X-D3 functional [28] were used
to optimize the minimum points and transition state structures and predict the reaction
energies. Moreover, the dimers’ interaction energy and crystal equation of state were
evaluated by the PWPB95-D3BJ approach [29] and PBEsol [30] with TS dispersion correc-
tion [31], respectively. Finally, the training set contained over 40 chemical reactions and
over 1700 molecules for characterizing the atomic interactions under various environments.
For detailed information about the training data, please see the Supplementary Materials.

(2) The weights (σ) assignment of the objective function between the ReaxFF prediction
and QM data. The objective function has the form:

Error =
n

∑
i=1

[
xi,TS − xi,ReaxFF

σi

]2
(4)

where the sum runs over all the training set entries. Each difference between the reference
property (xi,TS) and the ReaxFF value (xi,ReaxFF) is weighted individually via the σi. In this
study, the properties of NTO were assigned smaller weights to highlight the importance
during the force field optimization.

(3) The Covariance Matrix Adaption Evolution Strategy (CMA-ES) optimizer of
AMS2020 [32], coupled with the RiPSOGM global optimization algorithm [33], was used
to fit the new ReaxFF parameter set. At the beginning of the optimization, the ReaxFF
parameters from reference [21] were chosen as a good initial force field.

(4) The crystal properties and reaction energy profiles were considered as the most
important items for validating the new force field. Other properties, such as the enthalpies
of sublimation and geometries, were also used for the evaluations.
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2.2. Molecular Dynamic Simulations

The shock-induced decompositions of β-NTO at various shock wave velocities
(6–11 km/s) were simulated by the multi-scale shock technique (MSST) [34], coupled
with ReaxFF-MD. The single crystal of β-NTO, obtained from the Cambridge Crystallo-
graphic Data Centre (CCDC No. 166510), was expanded to a 6 × 6 × 6 supercell that used
as the initial state of the 3D periodic box. In the simulation, a 1.5 ps isothermal isochoric
(NVT ensemble, langevin thermostat, 50 fs damping parameter) MD was firstly conducted
to relax the atomic positions of the initial state. Then, a shock wave along the lattice vector
direction a was loaded to study the non-equilibrium evolution of the modelling system.
For each simulation, the dynamic evolution time was 50 ps, and the integral step was set to
0.1 fs. The 0.3 bond’s cutoff was used for the analysis of intermediates and products. All
dynamic simulations were performed on the LAMMPS [35] package. For post-processing of
the dynamic trajectory, the python scripts embedded in the MAPS [36] package were used.

3. Result and Discussion
3.1. Parameterization and Verification
3.1.1. New Reaxff-Lg Parameterization for NTO

Based on the massive reference QM data and experimental values, we obtained
multiple ReaxFF-lg parameter sets of NTO from training. Then, one force field with the
best performance was chosen as the new ReaxFF-lg potentials of NTO. This ReaxFF-lg
parameters are presented in the Supplemental Materials.

3.1.2. Description of the Crystal Properties

To validate the chosen force field, we studied the equilibrium structure (3 × 3 × 3
supercell) of β-NTO by a 1 ps NVT-MD and subsequent 5 ps NPT-MD under standard
conditions (298 k and 1 atm). The damping parameters were 50 fs for the thermostat
and 500 fs for the barostat. After the 6 ps simulation, the calculated lattice constants
were compared to the experimental data. An additional 25 ps NVT-MD under a lower
temperature (5 k) was performed to calculate the heat of sublimation (∆Hsub). In order to
measure the differences between the equilibrium structures and initial geometries during
this NVT-MD, we also calculated the average values of the root-mean-square deviations
(RMSD) for the atomic position by considering all the dynamic trajectories. For comparison,
the calculation results by MD using the original and new ReaxFF-lg parameters, are listed
in Table 1.

Table 1. The lattice constants, density, heat of sublimation, and root-mean-square deviations of β-NTO.

Item New ReaxFF-lg Original ReaxFF-lg [21] Experiment

a 9.317 9.380 9.326
b 5.445 5.482 5.450
c 8.851 9.093 9.040
α 90.0 90.0 90.0
β 101.47 101.47 101.47
γ 90.0 90.0 90.0

density (g/cm3) 1.926 1.885 1.918
density error (%) −0.417 −1.721 −
∆Hsub (kcal/mol) 25.62 39.89 23.42–28.65 [37]

RMSD (Å)
crystal 0.204 0.660 −

molecule 0.063 0.247 −

As shown in Table 1, the lattice constants and density were predicted by the original
and new ReaxFF-lg force fields. Obviously, the results of the new ReaxFF-lg were closer to
the experimental density. In addition, the error of ∆Hsub, predicted by the original ReaxFF-
lg and obtained by the experiment, was more than 40% while it was reduced to a very low
level using the new ReaxFF-lg. Moreover, the RMSD of β-NTO and single-molecule NTO,
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calculated by the new ReaxFF-lg, showed lower values than that of the original ReaxFF-lg.
This fact indicated that the inner molecule vibration of the crystal predicted by the new
ReaxFF-lg MD was more similar to the original unit cell structure. Another noticeable
phenomenon observed from the original ReaxFF-lg MD was that the hydrogen atoms in
the nitrogen heterocycle ring were not on the same plane as the ring, exhibiting a bad
reproduction of original single crystal structure. Fortunately, this phenomenon did not
happen in the new ReaxFF-lg MD. For detailed information about this phenomenon, a few
animations are provided in the Supplemental Materials for visualizing the differences.

For investigating the prediction ability of the new ReaxFF-lg force field on the com-
pression properties of the NTO crystals, the equation of states of α-NTO were calculated
by ReaxFF-MD, coupled with the MSST methods (mentioned in Section 2.2). The calcu-
lated data are drawn in Figure 2, accompanied by the experimental data [38]. More shock
Hugoniot data are provided in the Supplemental Materials.

Figure 2. Comparisons of the compression equation of state for α-NTO.

From Figure 2, the calculated results from the new force field are in good agreement
with the experimental values, which means that the new ReaxFF-lg parameters accurately
reproduced the shock compression properties of the α-NTO crystals. While the equation
of state (EOS) data of α-NTO were not included in the training data, the new ReaxFF-lg
parameters still successfully predicted the equation of states for α-NTO between 0–25 GPa
with an excellent accuracy, indicating the good transferability of the new force field. There-
fore, the new ReaxFF-lg parameters were suitable for simulating the deformation behavior
of the NTO crystals during shock loading. However, the results from the original ReaxFF-lg
MD overestimated the pressure of the Hugonito state, indicating that the original ReaxFF-lg
almost failed to model the compression EOS of the NTO crystals.

3.1.3. Description of the Potential Energy Surface

The hydrogen transfer reaction and nitro group dissociation were vital for triggering
the decomposition of the NTO molecule. In this paper, the bond dissociation energy profile
of N-H and C-NO2 single bond prediction by the QM and ReaxFF methods were considered
for verification of the new ReaxFF-lg (shown in Figures 3 and 4).

From Figure 3, the prediction energy curves for the dissociation of the hydrogen atom
attached to the ring by the new ReaxFF-lg obtained a good consistency with the QM data,
indicating that the new ReaxFF-lg force fields could well reproduce the energies of the
proton dissociation process. While the original ReaxFF-lg could predict the dissociation
energy of one hydrogen atom, it could not describe the energy increases for another
hydrogen atom dissociation when the N-H bond length exceeded 1.5 Å.
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Figure 3. The dissociation energies for the two N-H single bonds at the skeleton ring of NTO
(gray—carbon atom; white—hydrogen atom; red—oxygen atom; blue—nitrogen atom).

Figure 4. The dissociation energies of the C-N single bond during NO2 and HONO elimination
(gray—carbon atom; white—hydrogen atom; red—oxygen atom; blue—nitrogen atom).
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From Figure 4, the original ReaxFF-lg failed to describe the NO2 and HONO dissocia-
tion reaction energy profiles, thus poorly describing the initiation decomposition step of
the NTO molecule. On the contrary, the predicted energy curves of the C-N bond broken
by the new ReaxFF-lg were more approximate to the QM curves, indicating that the new
ReaxFF-lg significantly improved the prediction accuracy of the energy changes in the NO2
and HONO dissociation. It was also noticeable that the prediction energy at the C-N bond
distances of 1.8–2.1 Å for the HONO dissociation by the new ReaxFF-lg were between the
energy curves of the single and triplet states. Thus, we thought the fitting errors were
acceptable for the HONO dissociation, and the fitting curves also gave a qualitatively
correct energy profile.

To verify whether the ReaxFF-lg force field can accurately predict the valence angle
bending and dihedral angle rotation energy barriers in the NTO molecule, the potential
energy surfaces of the N-C-N, C-N-H, H-C-N-O, and N-C-N-O angles were calculated
using the ReaxFF-lg and QM methods. These energy curves are shown in Figures 5 and 6.

As shown in Figures 5 and 6, the barriers of the N-C-N bond angle distortion and
dihedral angles rotation calculated by the original ReaxFF-lg showed unacceptable errors,
indicating that the original force field was completely unable to describe the angle potential
energy surfaces of NTO. However, the energy curves obtained from the new ReaxFF-lg
showed a good reproduction of the QM data. Thus, the new ReaxFF-lg could accurately
predict the energy barriers of the valence angle distortion and dihedral angle rotation for
the NTO molecule.

Figure 5. Energy barriers for the distortion of the N-C-N and C-N-H bond angles in NTO (gray—
carbon atom; white—hydrogen atom; red—oxygen atom; blue—nitrogen atom).
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Figure 6. Rotational energy barriers for the H-C-N-O and N-C-N-O dihedral angles in NTO (gray—
carbon atom; white—hydrogen atom; red—oxygen atom; blue—nitrogen atom).

3.2. Shock-Induced Chemistry of NTO
3.2.1. Shock Hugoniot State

For unreacted energetic materials, the shock wave velocity (Us) and particle velocity
(Up) usually have the following linear relationship:

Us = C0 + SUp (5)

where C0 and S are constants. Additionally, the pressures (P) of the shock compression are
calculated by:

P = ρ0UsUp (6)

where ρ0 is the initial density.
Since the calculated equation of state for α-NTO in Section 2.2 was a verification of the

new force field’s good description ability of the shock compression properties of NTO crystals,
we expanded the shock hugoniot data of α-NTO and calculated the Us–Up data of β-NTO.
These values are listed in Table 2, and the pressure-volume curves are shown in Figure 7.

From Figure 7a, when the shock wave velocity is 4 km/s, there is an obvious inflection
point at the curves of α-NTO, showing that the slope of equation 5 for α-NTO had differ-
ent values after the inflection point. Engelke [39] reported that the energetic molecules
containing aromatic rings showed discontinuities in the principal-shock Hugoniot. Our
simulation results for α-NTO also showed the same characteristics. Thus, the data before
and after the inflection point of α-NTO were fitted by the least squares method to obtain the
corresponding C0 and S. However, for β-NTO, the slope of equation 5 was no discontinuity
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in the range of the shock wave velocity of 3–11 km/s, indicating that the particle velocity
and the shock velocity maintain a good linear relationship.

α-NTO : Us = 1.5032 + 2.3005Up (2 km/s ≤ Us ≤ 4km/s, R2 = 0.9912) (7)

α-NTO : Us = 2.8039 + 1.4136Up (4 km/s < Us ≤ 11 km/s, R2 = 0.9966) (8)

β-NTO : Us = 2.6449 + 1.4469Up (3 km/s ≤ Us ≤ 11 km/s, R2 = 0.9940) (9)

Table 2. The shock Hugoniot state of α-NTO and β-NTO.

Us (km/s)
Up (km/s) V/V0 P (GPa)

α-NTO β-NTO α-NTO β-NTO α-NTO β-NTO

2 0.24 0.19 0.88 0.91 0.92 0.73
3 0.6 0.51 0.80 0.83 3.45 2.93
4 1.09 0.95 0.73 0.76 8.35 7.29
5 1.59 1.58 0.68 0.68 15.23 15.16
6 2.22 2.20 0.63 0.63 25.51 25.32
7 2.90 2.85 0.59 0.59 38.88 38.27
8 3.56 3.54 0.56 0.56 54.55 54.32
9 4.27 4.34 0.53 0.52 73.61 74.92

10 5.17 5.18 0.48 0.48 99.03 99.35
11 5.89 5.93 0.46 0.49 124.15 125.11

Note: V/V0 is the relative volume.

Figure 7. Shock Huoniot state data of α-NTO and β-NTO. (a) shock velocity and particle velocity
relation; (b) pressure via relative volume along Hugoniot line.
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From Figure 7b, it was clear that the pressure-relative volume curves of those NTO
crystals showed little differences, indicating that NTO crystals in α and β phase showed
similar compression properties. This phenomenon may be due to the similar molecular
arrangement characteristics and smaller density differences between the two crystals.

3.2.2. Initial Decomposition Mechanism

To understand the ideal detonation behavior of NTO, we mainly consider the evolution
and reaction mechanism of NTO under strong shock waves (shock velocity >6 km/s). The
massive reactions occurred during the ReaxFF-MD; therefore, we pointed out the cluster
formation and initial decomposition paths of NTO, while neglecting the final product
formation mechanism.

(1) Cluster formation: the aggregation of the NTO molecules was caused by the
strong compression during the shock wave front propagating across the NTO crystal.
This was manifested as the NTO molecules merging into dimers, trimers, and even larger
(C2H2O3N4)n. Figure 8 illustrates the formation process of the NTO clusters.

Figure 8. (C2H2O3N4)n formation.

The chemical reaction (1), listed in Figure 8, was the common chain reaction obtained
from all simulations, of which the NTO dimer formation was the most frequently and
earliest occurring reaction. From ReaxFF-MD, the mechanism of (C2H2O3N4)n formation
was that the intermolecular NH . . . O hydrogen bonds were broken by shock compression,
and then the oxygen atom of the nitro group attacked the hydrogen atom of the hetero-
cyclic ring to produce the O-H single bond. Thus, the hydrogen atom was the bridge to
form NTO clusters in the early evolution. In addition, (C2H2O3N4)n underwent a direct
polymerization reaction (Reactions (4) and (5) in Figure 8) to form larger clusters when
the shock wave velocity was higher than the Chapman-Jouguet detonation velocity of
NTO (~8 km/s). Furthermore, the higher the shock wave velocity, the higher the degree of
NTO polymerization.

(2) The initial decomposition paths of NTO: an interesting phenomenon was that
almost all reactants were forming into (C2H2O3N4)n clusters. After that, the unimolecular
NTO was dissociated from the (C2H2O3N4)n clusters and started to decompose along the
paths shown in Figure 9. In addition, the Gibbs free energy changes of the reaction at high
temperature and pressures (calculated by M062X-D3/def2-tzvp) are marked in Figure 9.
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Figure 9. The initial decomposition paths of NTO.

From Figure 9, there were four decomposition paths for unimolecular NTO. The
NO2 elimination (path A) was found to be the early and frequently decomposition path,
followed by heterocycle cleavage, thus forming the unstable intermediate (CH2ON2) and
radicals CN. In addition, heterocycle cleavage (path B) and hydrogen transfer (paths C and
D) both took place later and less frequently than path A because of their relative higher
Gibbs free energy barriers. However, the occurring frequency of NTO decomposition along
path B was far more than the intermolecular hydrogen transfer reactions.

Path A showed that NTO was first broken into the NO2 and C2H2ON3 ring, where
the ring was split into CN and a three-atom nitrogen heterocycle (CH2ON2). Then, the
C2H2ON2 with a high activity could spontaneously undergo an intermolecular proton
transfer to form CH3ON2 and CHON2, and CHON2 converted into CO and N2. The
CH2ON2 was also the product of the first decomposition step along path B and was accom-
panied by the O2N-CN formation. The intermediate O2N-CN could not only form NO2
and CN by breaking the C-N bond, but also dissociate a nitrogen atom and rearrange to
form O=CNO. The latter one spontaneously decomposed into CO and NO. The decompo-
sition along path C was triggered by the hydrogen transfer towards carbonyl. The stable
product C2H2O3N4 of path C broke the N-N bond of the heterocycle, then NO2 elimination
happened immediately, thus forming the C2H3ON3. The decomposition paths A, B, and C
all produced the same molecule, CH3ON2, and the C-NH2 bond of this molecule easily
lost its connection to produce OCNH and NH2. The reaction along path D was another
different hydrogen transfer situation. It should have been the case that the –NO2 group
captured surrounding protons due to its strong electronegativity. However, the unstable
intermediate, C2H2ON3-HONO, automatically dissociated into HONO and C2H2ON3,
undergoing decomposition along path A at last.
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Wang et al. explored the unimolecular decomposition mechanism of NTO by first-
principle calculation [13]. They proposed that the hydrogen transfer at the nitrogen hetero-
cycle and NO2 dissociation were the initial decomposition steps of single NTO. However,
our study did not find the intramolecular hydrogen transfer during MD; instead, we found
the intermolecular hydrogen transfer paths (path C and D in Figure 9). Moreover, we
found a new decomposition path: skeleton heterocycle cleavage (path B in Figure 9) under
shock. On the other hand, the calculation results of Wang et al. [13] indicated that the
energy barriers of hydrogen transfer were about 20 kcal/mol lower than that of NO2
elimination. The opposite results that we acquired showed that the high temperature and
high stress inside the NTO crystal significantly reduced the NO2 elimination energy barrier
and the NTO intramolecular stability. The spontaneous polymerization of NTO under a
strong shock wave (shown in Figure 8) also inhibited the intramolecular hydrogen transfer
reaction. Because of the contribution of the two parts, the NO2 elimination and heterocycle
cleavage became the primary decomposition pathways of NTO under shock wave.

4. Conclusions

A new ReaxFF-lg force field was customized to describe the properties of 3-Nitro-1,2,4-
triazol-5-one (NTO). This force field was trained from massive quantum mechanics data
and experimental values, especially including the bond dissociation curves, valence angle
bending curves, dihedral angle torsion curves, and unimolecular decomposition paths of
NTO. Through verification, the new ReaxFF-lg parametrization was proved to be a suitable
reactive force field for modelling the physical and chemistry properties of NTO.

Reactive molecular dynamic (ReaxFF-MD) simulations with the new ReaxFF-lg force
field were performed to explore the initial decomposition mechanism of NTO under shock
(shock velocity >6 km/s). These simulations showed that the most frequent chain reactions
occurred before NTO decomposition was the single NTO molecules merged into dimers,
trimers, and even large (C2H2O3N4)n clusters.

Then, the NTO single molecule started to decompose after dissociating from the
(C2H2O3N4)n clusters. The paths of NO2 elimination and skeleton heterocycle cleavage
were considered as the dominant initial decomposition mechanisms of NTO. A small
amount of NTO decomposition was triggered by the intermolecular hydrogen transfer,
instead of the intramolecular one. Moreover, the NTO crystals in α and β phase showed
similar compression properties due to the similar molecular arrangement and smaller
density differences between the two crystals.

These studies showed that MD, using a suitable ReaxFF-lg potential, provided de-
tailed atomistic information to explain the shock-induced complex reaction mechanisms of
energetic materials. By the ReaxFF-MD coupling MSST method, the deformation behaviors
and equation of states of energetic materials under conditions of extreme pressure could be
obtained with a cheaper computational cost.

Supplementary Materials: The following are available online. The Supplementary Materials pro-
duced the detailed information about the methods used in this study. The full training-data files can
be requested by contacting the author. Figure S1: N-H bond distance during NVT-MD.; Figure S2:
O=C-N-H bond distance during NVT-MD.; Table S1: Shock Hugoniot data of α-NTO.

Author Contributions: Data curation, P.N. and C.S.; Investigation, L.D.; Methodology, L.D.; Valida-
tion, S.J.; P.N.; C.S. and J.W.; Writing—original draft, L.D.; Writing—review and editing, L.D. and J.W.
All authors have read and agreed to the published version of the manuscript.

Funding: The research was funded by the Fundamental Research Funds for the National Basic
Research Program of China, giant number 2019-JCJQ-ZD-139-00.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The full training-data files can be requested by contacting the author.
Two email address are provided here: 3120185542@bit.edu.cn and dulixiaosong@163.com.



Molecules 2021, 26, 4808 13 of 14

Acknowledgments: The authors would like to thank the Fundamental Research Funds for the
National Basic Research Program of China (2019-JCJQ-ZD-139-00). The author also thanks David
Furman for providing the flocky package.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds used in this study are available from the authors.

References
1. Hanafi, S.; Trache, D.; Abdous, S.; Abdous, S.; Bensalem, Z.; Mezroua, A. 5-Nitro-1, 2, 4-triazole-3-one: A review of recent

ad-vances. Chin. J. Energetic Mater. 2019, 27, 326–347.
2. Nouguez, B.; Mahé, B. Achieving STANAG 4439 IM shaped charge requirements on 155 mm shells: An update. In Proceedings

of the The 2010 Insensitive Munitions & Energetic Materials Technology Symposium, Munich, Germany, 11–13 October 2010;
pp. 11–14.

3. Corley, J.D.; Stewart, A.C. Fuzed Insensitive General Purpose Bomb Containing AFX-645; Wright Lab Eglin Afb Fl Armament
Directorate, Ed.; Defense Technical Information Center: Fort Belvoir, VA, USA, 1995.

4. Richard, T.; Weidhaas, J. Dissolution, sorption, and phytoremediation of IMX-101 explosive formulation constituents: 2, 4-
dinitroanisole (DNAN), 3-nitro-1, 2, 4-triazol-5-one (NTO), and nitroguanidine. J. Hazard. Mater. 2014, 280, 561–569. [CrossRef]

5. Du, L.X.S.; Jin, S.H.; Shu, Q.H.; Li, L.J.; Chen, K.; Chen, M.L.; Wang, J.F. The investigation of NTO/HMX-based plastic-bonded
explosives and its safety performance. Def. Technol. 2021. [CrossRef]

6. Long, G.T.; Brems, B.A.; Wight, C.A. Thermal activation of the high explosive NTO: Sublimation, decomposition, and autoca-
talysis. J. Phys. Chem. B 2002, 106, 4022–4026. [CrossRef]

7. Williams, G.K.; Palopoli, S.F.; Brill, T.B. Thermal decomposition of energetic materials 65. Conversion of insensitive explosives
(NTO, ANTA) and related compounds to polymeric melon-like cyclic azine burn-rate suppressants. Combust. Flame 1994, 98,
197–204. [CrossRef]

8. Singh, G.; Kapoor, I.P.S.; Tiwari, S.K.; Felix, P.S. Studies on energetic compounds: Part 16. Chemistry and decomposition
mechanisms of 5-nitro-2, 4-dihydro-3H-1, 2, 4-triazole-3-one (NTO). J. Hazard. Mater. 2001, 81, 67–82. [CrossRef]

9. Sinditskii, V.P.; Smirnov, S.P.; Egorshev, V.Y. Thermal decomposition of NTO: An explanation of the high activation energy.
Propellants Explos. Pyrotech. Int. J. Deal. Sci. Technol. Asp. Energetic Mater. 2007, 32, 277–287. [CrossRef]

10. Sinditskii, V.P.; Egorshev, V.Y.; Serushkin, V.V.; Levshenkov, A.I.; Berezin, M.V.; Filatov, S.A.; Smirnov, S.P. Evaluation of
de-composition kinetics of energetic materials in the combustion wave. Thermochim. Acta 2009, 496, 1–12. [CrossRef]

11. Wang, J.F. The Decomposition of TKX-50 and NTO in Confined Space; Beijing Institute of Technology: Beijing, China, 2019.
12. Harris, N.J.; Lammertsma, K. Tautomerism, ionization, and bond dissociations of 5-nitro-2, 4-dihydro-3 H-1, 2, 4-triazolone. J.

Am. Chem. Soc. 1996, 118, 8048–8055. [CrossRef]
13. Wang, Y.M.; Chen, C.; Lin, S.T. Theoretical studies of the NTO unimolecular decomposition. J. Mol. Struct. THEOCHEM 1999, 460,

79–102. [CrossRef]
14. Liu, Z.C.; Wu, Q.; Zhu, W.H.; Xiao, H.M. Vacancy-induced initial decomposition of condensed phase NTO via bimolecular

hy-drogen transfer mechanisms at high pressure: A DFT-D study. Phys. Chem. Chem. Phys. 2015, 17, 10568–10578. [CrossRef]
15. Van Duin, A.C.T.; Dasgupta, S.; Lorant, F.; Goddard, W.A. ReaxFF: A reactive force field for hydrocarbons. J. Phys. Chem. A 2001,

105, 9396–9409. [CrossRef]
16. Chenoweth, K.; Van Duin, A.C.T.; Goddard, W.A. ReaxFF reactive force field for molecular dynamics simulations of hydro-carbon

oxidation. J. Phys. Chem. A 2008, 112, 1040–1053. [CrossRef]
17. Strachan, A.; Kober, E.M.; Van Duin, A.C.T.; Oxgaard, J.; Goddard, W.A. Thermal decomposition of RDX from reactive molec-ular

dynamics. J. Chem. Phys. 2005, 122, 54502. [CrossRef]
18. Zhang, L.Z.; Zybin, S.V.; Van Duin, A.C.T.; Dasgupta, S.; Goddard, W.A.; Kober, E.M. Carbon cluster formation during ther-mal

decomposition of octahydro-1, 3, 5, 7-tetranitro-1, 3, 5, 7-tetrazocine and 1, 3, 5-triamino-2, 4, 6-trinitrobenzene high ex-plosives
from ReaxFF reactive molecular dynamics simulations. J. Phys. Chem. A 2009, 113, 10619–10640. [CrossRef] [PubMed]

19. Sergeev, O.V.; Yanilkin, A.V. Hydrogen transfer in energetic materials from ReaxFF and DFT calculations. J. Phys. Chem. A 2017,
121, 3019–3027. [CrossRef]

20. Rom, N.; Hirshberg, B.; Zeiri, Y.; Furman, D.; Zybin, S.V.; Goddard, W.A.; Kosloff, R. First-principles-based reaction kinetics
for decomposition of hot, dense liquid TNT from ReaxFF multiscale reactive dynamics simulations. J. Phys. Chem. C 2013, 117,
21043–21054. [CrossRef]

21. Liu, L.C.; Liu, Y.; Zybin, S.V.; Sun, H.; Goddard, W.A. ReaxFF-lg: Correction of the ReaxFF reactive force field for London
dis-persion, with applications to the equations of state for energetic materials. J. Phys. Chem. A 2011, 115, 11016–11022. [CrossRef]

22. Wang, N.; Peng, J.H.; Pang, A.M.; He, T.S.; Du, F.; Botero, A.J. Thermodynamic simulation of the RDX–aluminum interface us-ing
ReaxFF molecular dynamics. J. Phys. Chem. C 2017, 121, 14597–14610. [CrossRef]

23. Mortier, W.J.; Ghosh, S.K.; Shankar, S. Electronegativity-equalization method for the calculation of atomic charges in mole-cules.
J. Am. Chem. Soc. 1986, 108, 4315–4320. [CrossRef]

24. Rappe, A.K.; Goddard, W.A. Charge equilibration for molecular dynamics simulations. J. Phys. Chem. 1991, 95, 3358–3363.
[CrossRef]

http://doi.org/10.1016/j.jhazmat.2014.08.042
http://doi.org/10.1016/j.dt.2021.04.002
http://doi.org/10.1021/jp012894v
http://doi.org/10.1016/0010-2180(94)90235-6
http://doi.org/10.1016/S0304-3894(00)00289-2
http://doi.org/10.1002/prep.200700029
http://doi.org/10.1016/j.tca.2009.07.004
http://doi.org/10.1021/ja960834a
http://doi.org/10.1016/S0166-1280(98)00308-X
http://doi.org/10.1039/C5CP00637F
http://doi.org/10.1021/jp004368u
http://doi.org/10.1021/jp709896w
http://doi.org/10.1063/1.1831277
http://doi.org/10.1021/jp901353a
http://www.ncbi.nlm.nih.gov/pubmed/19791809
http://doi.org/10.1021/acs.jpca.6b13088
http://doi.org/10.1021/jp404907b
http://doi.org/10.1021/jp201599t
http://doi.org/10.1021/acs.jpcc.7b03108
http://doi.org/10.1021/ja00275a013
http://doi.org/10.1021/j100161a070


Molecules 2021, 26, 4808 14 of 14

25. Moellmann, J.; Grimme, S. DFT-D3 study of some molecular crystals. J. Phys. Chem. C 2014, 118, 7615–7621. [CrossRef]
26. Chakraborty, D.; Muller, R.P.; Dasgupta, S.; Goddard, W.A. The mechanism for unimolecular decomposition of RDX (1, 3,

5-trinitro-1, 3, 5-triazine), an ab initio study. J. Phys. Chem. A 2000, 104, 2261–2272. [CrossRef]
27. Gindulytė, A.; Massa, L.; Huang, L.L.; Karle, J. Proposed mechanism of 1, 1-diamino-dinitroethylene decomposition: A density

functional theory study. J. Phys. Chem. A 1999, 103, 11045–11051. [CrossRef]
28. Goerigk, L.; Grimme, S. A thorough benchmark of density functional methods for general main group thermochemistry, ki-netics,

and noncovalent interactions. Phys. Chem. Chem. Phys. 2011, 13, 6670–6688. [CrossRef] [PubMed]
29. Goerigk, L.; Grimme, S. Efficient and Accurate Double-Hybrid-Meta-GGA Density Functionals—Evaluation with the Extended

GMTKN30 Database for General Main Group Thermochemistry, Kinetics, and Noncovalent Interactions. J. Chem. Theory Comput.
2011, 7, 291–309. [CrossRef] [PubMed]

30. Perdew, J.P.; Ruzsinszky, A.; Csonka, G.I.; Vydrov, O.A.; Scuseria, G.E.; Constantin, L.A.; Zhou, X.L.; Burke, K. Restoring the
density-gradient expansion for exchange in solids and surfaces. Phys. Rev. Lett. 2008, 100, 136406. [CrossRef]
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