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Abstract: The initial channels of thermal decomposition mechanism of 2,6-diamino-3,5-
dinitropyrazine-1-oxide (LLM-105) molecule were investigated. The results of quantum chemical
calculations revealed four candidates involved in the reaction pathway, including the C~-NO, bond
homolysis, nitro-nitrite rearrangement followed by NO elimination, and H transfer from amino to
acyl O and to nitro O with the subsequent OH or HONO elimination, respectively. In view of the
further kinetic analysis and ab initio molecular dynamics simulations, the C-NO, bond homolysis
was suggested to be the dominant step that triggered the decomposition of LLM-105 at temperatures
above 580 K. Below this temperature, two types of H transfer were considered as the primary
reactions, which have advantages including lower barrier and high rate compared to the C-NO,
bond dissociation. It could be affirmed that these two types of H transfer are reversible processes,
which could buffer against external thermal stimulation. Therefore, the excellent thermal stability of
LLM-105, that is nearly identical to that of 1,3,5-triamino-2,4,6-trinitrobenzene, can be attributed to
the reversibility of H transfers at relatively low temperatures. However, subsequent OH or HONO
elimination reactions occur with difficulty because of their slow rates and extra energy barriers.
Although nitro-nitrite rearrangement is theoretically feasible, its rate constant is too small to be
observed. This study facilitates the understanding of the essence of thermal stability and detailed
decomposition mechanism of LLM-105.

Keywords: LLM-105; initial channels; thermal decomposition mechanism; quantum chemical
calculations

1. Introduction

Thermal decomposition mechanisms for energetic materials, and their corresponding series
of intermediates and products, are extremely important because they guide systematic predictions
about unknown explosives, influence feasibility of large-scale synthesis, predict long-term stability for
purposes of storage, and predict sensitivity to various stimuli, such as heat and mechanical impact [1].
The safety and performances of explosives are intimately associated with the thermal decomposition
processes; therefore, knowledge of mechanistic pathways can assist researchers to understand the
behaviors of explosives rather than by empirical ways.
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2,6-Diamino-3,5-dinitropyrazine-1-oxide (code: LLM-105), which was first synthesized by P.F.
Pagoria [2] in 1995, is an explosive material with good performance. It was found to be a stable
species with a high differential scanning calorimetry (DSC) decomposition temperature peak at
342 °C [3], equivalent to the stability of trinitrotoluene (TNT). Tarver et al [4] found that the thermal
sensitivity of LLM-105 is between that of octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazine (HMX) and
1,3,5-triamino-2,4,6-trinitrobenzene (TATB). However, the impact sensitivity test showed that the
Dhsy was up to 117 £ 1.0 cm, indicating its lower sensitivity than that of HMX. Furthermore,
its energy content was found to be 20% more than that of TATB, thus LLM-105 has been regarded as a
representative of insensitive and high-energy explosives similar to 1,1-diamino-2,2-dinitroethylene
(FOX-7) [5,6]. Figure 1 shows the crystal structure of LLM-105. This material consists of monoclinic
crystal with P21/n space symmetry group, as determined by single crystal X-ray diffraction (XRD) [7].
Averkiev et al. found through X-ray study that there are a large number of intramolecular and
intermolecular hydrogen bonding in LLM-105 crystals [8]. Subsequently, He et al [9] confirmed the
viewpoint of Averkiev through density functional theory (DFT) study. Their conclusion indicated
that the hydrogen bonding plays an important role in the stability of the LLM-105. Existence of
intramolecular hydrogen bonding makes LLM-105 a relatively stable planar molecule. Intramolecular
and intermolecular hydrogen bonding result in a high crystal density of LLM-105 (1.9139 g cm~2) [10].
In the crystal, LLM-105 molecules are arranged and packed in zigzag layered structure via hydrogen
bonding and 7—t stacking. All these features could be invoked to explain the low mechanical sensitivity
and high stability of LLM-105 [11,12].
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Figure 1. Crystal structure of LLM-105.

From the practical perspective, the responses and mechanisms during storage and ageing as well
as during performance should be concerned. Gump et al [13] investigated the isothermal equations of
state (EOS) of LLM-105 at static high-pressure and temperature by synchrotron angle-dispersive XRD
and diamond anvil cells for the first time. Thereafter, Manaa et al [14] reported dispersion-corrected
DFT calculations of the unreacted equation of state of crystal LLM-105 under hydrostatic compression
of up to 45 GPa. They estimated the heat of sublimation to be 32.4 kcal mol~! and obtained solid
heat of formation of LLM-105 to be —9.9 kcal mol~! based on the G4 method. They found that
with the increase in the pressure from 0 to 45 GPa, the band gap of the electron energy decreased
from 1.3 to 0.6 eV. Then, Stavrou and Manaa [15] continued to measure the EOS by XRD and
isobaric—isothermal atomistic molecular dynamics simulations, and results showed good agreement
between the experimental and theoretically derived EOS. Recently, Wang et al [16] tried to determine
the initial decay details of LLM-105 based on quantum chemistry calculations and molecular dynamics
simulations. They presented four pathways for its decay, and found that the intramolecular H transfer
from amino group to acyl O was a reversible process so that it could buffer against the external stimuli,
which may partly be responsible for the low sensitivity of LLM-105.

There has been more than two decades since LLM-105 was first made. Numerous research reports
have provided information about the characteristics and performances of LLM105. Yet, little is
known about its thermal decomposition process, in particular the initial step in the reaction.
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Thus, this aroused our interest in the decomposition mechanism of LLM-105. In our previous
research, we used the method proposed by Byrd and Rice [17] to predict the sublimation enthalpy
of LLM-105 to be 24.7 kcal mol~!, while Manaa estimated this value to be 32.4 kcal mol~! [14].
Significantly low sublimation enthalpy indicates that LLM-105 is prone to sublimation during heating.
Temperature-dependent Fourier transform infrared (FTIR) [18] spectroscopy and thermal analysis
experiments [19] proved that LLM-105 has a high tendency to sublimate. When the temperature
reaches 260 °C, the existence of a large amount of gaseous LLM105 molecules is observed due to
violent sublimation. It can be foreseen that increase in local temperature during storage and aging will
result in significant sublimation, leading to the probable decomposition of LLM-105 molecule in the
hot atmosphere.

Therefore, systematic exploration of the decomposition mechanism of gaseous unimolecular
LLM-105 is highly desirable. Unimolecular behavior is the first step in the energy release reactions
in both gas and condensed phases [20-22], and the unimolecular decomposition that triggers the
energetic materials can provide key information about properties and decomposition details of these
materials [23]. Furthermore, the revealed mechanism can provide a hand to the design of new energetic
materials [23,24]. Therefore, unimolecular results represent a reasonable approximation to the primary,
initial behavior for the decomposition of energetic molecules in general condensed phase materials [25].

In this study, the initial mechanism for unimolecular decomposition of LLM-105 was investigated
and four possible initial reaction channels were proposed. The geometries, frequencies, energies,
and thermodynamic parameters of the species on each path were obtained via quantum chemical
computations. Intrinsic reaction coordinates (IRC) and energy barriers were calculated to confirm the
intermediates and energy profiles of these channels, respectively. In order to debate the possibility
of actual occurrence, kinetics analysis was conducted according to the transition state theory (TST)
to find the dependences of rate constants on temperatures for these channels. Finally, the ab initio
molecular dynamics simulation was used to verify the initial steps of unimolecular decomposition at
different temperatures.

2. Computational Methods

All quantum chemical computations were executed by using the Gaussian 09 software
package [26]. Geometric optimization of critical points (minimum, transition state, intermediates,
and products) was carried out at the M062X/6-311+G (d, p) level of theory [27]. Frequencies, zero-point
energies, and thermal corrections to enthalpy and Gibbs free energy were calculated at the same level
of theory. All the reactants, intermediates, and products have no imaginary frequencies, and every
transition state should have only one imaginary frequency. Their single point electronic energies
were calculated at the B2PLYPD3/aug-cc-pVTZ level of theory [28]. Calculation of the minimum
energy paths was carried out by using the intrinsic reaction coordinate (IRC) algorithm. No symmetry
restrictions were applied for all the calculations. Electron localization function (ELF) analysis and their
color-filled maps were obtained by using the Multiwfn program [29].

In order to clarify the kinetics of initial decomposition channels, the rate constants of
unimolecular reactions in this study were computed in accordance with the canonical TST [30,31] as

following formula: o ksT AGH "
= — eX —_———
n “P\TRT
where « is a proportionality constant (referred to as the transmission coefficient), kg is the Boltzmann
constant, £ is the Planck constant, R is the gas constant, T is thermodynamic temperature, and AGtisa

free energy of activation. All rate constants were calculated in the temperature range of 300-600 K
with a step size of 50 K and then approximated by using the Arrhenius equation as follows:

k = Aexp(—E./RT) 2)

where A is pre-exponential factor and E, is activation energy.
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Further, gas phase dynamics simulations were performed in the generalized gradient corrected
approximation (GGA) using the Perdew-Burke-Ernzerh (PBE) exchange correlation functional [32] as
implemented in CASTEP code [33]. The constant-temperature constant-volume (NVT) ensemble was
used to simulate dynamics at fixed volume using a thermostat to maintain a constant temperature.
The gamma point was selected as k-point that was used to integrate the wavefunction in reciprocal
space. A plane wave basis with a kinetic energy cutoff of 700 eV was selected by convergence test.
The electronic wavefunctions were obtained by using a Pulay density-mixing minimization scheme
for the self-consistent field calculation [34], while the structures relaxation was implemented by the
Broyden, Fletcher, Goldfarb, and Shanno (BFGS) method [35]. In the simulations, an optimized
LLM-105 molecule was place in a cubic vacuum box with dimension of 20 x 20 x 20 A3. The ab initio
molecular dynamics computations were carried out at different temperatures to observe the initial
decomposition reactions. Each simulation lasted for 2 ps with a time step of 0.5 fs.

3. Results and Discussion

3.1. Initial Decomposition Channels

There are four reaction channels as candidates for the initial pathways in the gas phase
decomposition of LLM-105 according to our calculated results. That is, the C-NO, bond homolysis;
the NO elimination after the nitro-nitrite rearrangement [36] the H transfer from amino to acyl O
or to nitro O followed by OH or HONO elimination, respectively [37-39]. The C-NO, homolysis
was modeled by moving the NO, group away along the C-NO, bond direction. To simulate the
nitro—nitrite rearrangement, the C-NO; bond was extended and NO, was slightly rotated. After the
relaxation, one of the O atoms of the NO; group binding on the C atom of the C~-NO, bond, combined
with the corresponding N-O bond cleavage to form the CONO isomer. The two types of H transfer
were modeled by transferring H atom from amino to acyl O and to the O atom in ortho-nitro group,
respectively. All the energy profiles of the stationary points are shown in Figure 2. The geometries of
LLM-105, transition state species, intermediates, and corresponding decomposition products are given
in Figure 3, with the relevant geometric parameters labeled when needed.
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Figure 2. Calculated minima and transition states for the possible initial dissociation channels of
LLM-105 on the ground state potential energy surface.



Molecules 2019, 24, 125 5o0f 14

4y8 0.
a XA') o*

LLM-105

Figure 3. Calculated geometries for stationary points shown in Figure 2. The C, H, O, and N atoms are
represented in gray, white, red, and blue, respectively.

Guirguis and co-workers [40] pointed out that the thermal decomposition of nitro-containing
compounds usually begins with the dissociation of C-NO, or N-NO, bond. For the compounds such
as nitroaliphatics, nitramines, and nitropyrazines, the X-NO, bond is usually the weakest bond in the
molecule,’ where X can be C, N or O. In this study, the C-NO, bond was gradually elongated for the
flexible scanning; however, the transition state for this bond dissociation reaction was not obtained.
Thus, the energy barrier of this reaction was obtained by calculating the bond dissociation energy
(BDE) of C-NO, bond. Figure 2 shows that the BDE of C-NO, in LLM-105 is 63.8 kcal mol~!, which is
consistent with the BDE ranges (61-70 kcal mol 1) [1,41] for many nitro compounds, e.g., nitrobenzene
(71 kcal mol 1) [1,42], TNB (64.0 kcal mol~1), TATB (69.4 kcal mol 1) [43], and so on. The fission of
C-NO, yields a nitropyrazine radical (P0) and NOy, and then the PO further undergoes decomposition
to produce final products.

Though the dissociation of C-NO; is recommended as the dominant decomposition path for the
nitro-containing aromatic compounds, there is evidence that this is not always the case. A typical fact
is that the thermal decomposition of nitrobenzene in the gas phase is insensitive to the presence of
excess NO; [44]. The nitro—nitrite rearrangement on an aromatic backbone could be very important
in the initial steps relative to C-NO, homolysis [1]. In the present study, the LLM-105 molecule
could form a transition state (TS1) with a barrier of 57.3 kcal mol~!. The TSI has a traditional
nitro-nitrite isomerization geometry with a C-N-O three-member ring structure, which is almost
perpendicular to the pyrazine backbone plane. In this ring structure, the C3-O12 bond length is
1.79 A. The C3-N9 and N9-O12 bond lengths are 1.66 and 1.29 A respectively, which are longer than
the corresponding values in LLM-105 (1.47 and 1.20 A, respectively). Electron localization function
(ELF) [45,46] analysis (see Figure 4) of TS1 shows strong electronic localization between C3 and N9,
indicating a strong covalent bond between these two atoms [47]. Moreover, relatively small ELF value
between C3 and O12 indicates that the covalent bonding between them has not been fully formed
yet. This actually meets the feature of the transitional state of chemical reaction. After crossing the
transition state, TS1 transforms to a stable intermediate (IM1) accompanying an exothermic value
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of 60.8 kcal mol~!. In IM1, C3-O12 bond length shortens to 1.36 A, the ELF map indicates a firm
covalent bonding between these two atoms (see Figure 5). Moreover, C3-N9 bond completely ruptures,
and N9-O12 bond elongates to 1.50 A; however, still remains as strong covalent interaction (see
Figure 5). Then, IM1 undergoes endothermic process to release NO and yields P1 radical. The BDE of
this C-NO bond is only 11.1 kcal mol !, thus this NO loss occurs quite easily.

The third channel for initial decomposition of LLM-105 is a hydrogen transfer from the amine to its
neighbor acyl O with subsequent OH elimination, as shown in green in Figure 2. First, H17 approaches
O7 to form a five-number ring-like transition state TS2 with a barrier of only 12.7 kcal mol~! relative
to LLM-105. ELF map of TS2 (Figure 6) shows darker orange/red coloration between N11-H17
and O7-H17, indicating strong covalent interaction in these two bonds. As H17 goes closer to O7,
the O7-H17 covalent bonding is enhanced accompanied by the rupturing of N11-H17 bond, eventually
forming the intermediate IM2 with a slight exothermic value of 1.9 kcal mol ! relative to TS2. Then the
H17 expects to migrate back from IM2 to amino group attributed to the quite low reverse barrier.
Another possibility is that IM2 cracks to yield P2 and hydroxyl radicals in the case of continued heat
absorption of 56.6 kcal mol~!. This type of H shift process seems to occur easily on grounds of its
quite low barrier compared to C-NO; bond homolysis. The result is consistent with the findings
of Wang et al., indicating that H transfer dominates the initial fission of LLM-105 at relatively low
temperatures due to its low energy barrier [16].
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Figure 4. Color-filled electron localization function (ELF) map of C-N-O three-center ring in TS1.
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Figure 5. Color-filled electron localization function (ELF) map of C-O-N-O in IM1.
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Given the fact that there is an adjacent nitro group to each amino group in the LLM-105 molecule,
the H transfer from amino group to the O on ortho-nitro is also a possible initial decomposition
pathway. Figure 2 exhibits the plot of the energy profile of this pathway in purple. According to our
calculations, H transfers from the amino to the oxygen on the adjacent nitro group to form a transition
state TS3 with the barrier of 38.8 kcal mol™L. In this transition state, H-O bond with a bond length
of 0.97 A was completely formed. The H turned to one side of the nitro group with -ONOH group
twisted and bent out of the plane. Evidently, this geometry was different from that of TS2, in which H
moved to the position between the N and O and formed a five-member ring that was almost coplanar
with the pyrazine backbone. This unusual geometry (TS3) was confirmed by the IRC calculation
(Figure 7) which clearly shows that when H shifted to the point between N and O, its energy did
not reach the maximum but a shoulder along the reaction coordinate. Until H bonded with O and
turned to the position out of the plane, energy became the maximum along the IRC, and this is the
saddle point called TS3. Accompanying a slight exotherm, H rotated to the same plane of nitro group,
and the entire molecule returned to a nearly planar structure, forming intermediate IM3. Of course,
this intermediate is unstable, it can easily back to the TS3 and then to LLM-105 ground state molecule,
or can release HONO radical by rupturing the C~-NO,H bond with absorption of 47.6 kcal mol !
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Figure 6. Color-filled electron localization function (ELF) map of TS2.
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Figure 7. Intrinsic reaction coordinate (IRC) profile of the pathway from LLM-105 to IM3.
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3.2. Kinetics Analysis

The rate constants for initial reactions were calculated in the temperature range of 300-600 K
with a step size of 50 K, and then the rate constants were approximated and extrapolated by using the
Arrhenius equation. The logarithmic dependences of rate constants (logk) on temperatures (1000/T)
were fitted and shown in Figure 8. These linear relations provided activation energies (E,) and
pre-exponential factors (A) for reactions which are listed in Table 1. Figure 8(a) exhibits that the
reaction of H transfer to acyl O is the fastest at 1200 K, and its rate constant (k,) can reach 10* at
ambient temperature. However, it grows slowly with increasing temperature as this reaction has the
lowest preexponential factor A. The ky, gets exceeded by ky beyond 1200 K, as well as by k1, and
ks, at higher temperatures. The entire OH elimination reaction rate is slow at low temperatures due
to the activation energy being up to 75.5 kcal mol~!. In high temperature regions, the rate of this
dissociation channel is greatly accelerated, but still unable to compete with C-NO, bond dissociation
(see Figure 8(b)). With respect to the HONO elimination channel, the first step of H transfer seems
faster than the direct C-NO;, bond homolysis in the low temperature range, soon the former gets
outstripped by the latter at 580 K. Yet the entire HONO elimination reaction is the slowest below
600 K. Above this temperature, rate constant rapidly increases with increasing temperature. Even so,
it is still below the rates of NO, partition and OH elimination unless at extremely high temperatures.
As previously shown in Figure 2 that the NO elimination reaction (LLM-105 — P1 + eNO) should
overcome the same barrier as to nitro-nitrite rearrangement, thus their rate constants are the same
according to our calculations. Although NO elimination reaction has the lowest activation energy
in the case of LLM-105 decomposition, it also has the minimum pre-exponential factor. However,
Figure 8 shows that nitro-nitrite rearrangement is relatively slow, indicating that this rearrangement
and following elimination reaction only contribute at low temperatures. Thus, when the temperature is
above 400 and 600 K, this reaction rate is exceeded by that of OH elimination and HONO elimination,
respectively. Furthermore, rate constant of C-NO, homolysis is unfavorable at low temperatures;
however, it increases rapidly and ultimately surpasses two types of hydrogen transfer reactions at the
temperatures above 1200 K. Therefore, C-NO; homolysis dominates in the initial decomposition of
LLM-105 at high temperatures owing to its highest pre-exponential factor (logA = 23.9). The channels
of OH elimination and HONO elimination have larger activation energies and high pre-exponential
factors that are close to those of the C-NO, bond dissociation, indicating that they will contribute
more to the initial decomposition of LLM-105 under very high temperatures.

Table 1. Preexponential factors A and activation energies E, for four candidates of initial thermal
decomposition channels of LLM-105 molecule.

Reaction Log(4, s™1 Ea, kcal mol—1

LLM-105—Py+eNO, (ko) 23.9 65.8
LLM-105—IM1 (k12) 14.0 58.7
LLM-105—P;+eNO (k) 14.0 58.7
LLM-105—1IM2 (koa) 13.1 13.1
LLM-105—P>+eOH (ko) 229 75.5
LLM-105—IM3 (K3a) 14.2 40.0
LLM-105—P;+eONOH (k3) 23.8 86.2

Owing to low barrier and reversibility of H transfer from amino group to the acyl O, such H
transfer can buffer against thermal stimulation during moderate heating. Assuming that the
temperature continues to increase, once LLM-105 molecule accumulates sufficient energy to overcome
the barrier of 38.8 kcal mol~! H atom can migrate to the O of nitro group. However, this type of H
transfer is also reversible, as well it has high rate, thus it can buffer against thermal stimulation at this
stage. Above 580 K, C-NO, bond dissociation proceeds faster than the transfer of H to the nitro group.
Combined thermal analysis results indicated that mass loss of LLM-105 and heat release started at
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about 580 K and decomposition temperature peak was 615 K (342 °C). We would suggest that it is the
occurrence and rapid progressing of C-NO, dissociation that led to the final thermal decomposition.
This analysis indicates that NO; loss reaction is maybe the real initial channel, at least a decisive step,
in the thermal decomposition of LLM-105. At higher temperatures, sufficient energy is present to
facilitate the OH or HONO elimination after corresponding H transfer, respectively. These elimination
reactions provide the rate constants that can approximate the C-NO; dissociation, signifying that these
two channels contribute to initial decomposition of LLM-105 at high temperatures.
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(a) (b)

Figure 8. The logarithmic dependences of rate constants (logk) on temperatures (1000/T) for initial
decomposition channels of LLM-105 molecule. Subfigure (a) shows the first steps of four channels and
(b) shows the whole reactions of four channels.

The obtained results clearly indicate that LLM-105 is more thermally stable than most known
high-energy explosives and is nearly identical to TATB [10]. This is attributed to two types of reversible
H transfer that can buffer against thermal accumulation during heating. In particular, the H transfer
between amino and nitro, which also occurs frequently in TATB, could be invoked to explain the fact
that thermal stability of LLM-105 is almost equal to that of TATB.

3.3. Molecular Dynamics Simulations

Ab-initio molecular dynamics simulations were carried out to observe the thermal decomposition
behavior of LLM-105 molecule in the gas phase. We selected 1500, 2000, and 3000 K for
constant-temperature heating on account of the fact they are appropriate temperatures for simulations
to search primary steps within the limited time scale. Figure 9 illustrates that at 1500 K, first the H
migrates to acyl O at 56 fs and then it returns back to the amino group at 105 fs. Further, H transfer
occurs between amino and nitro groups. At 108 fs, the transition state geometry is obtained as
calculated above (see Figure 3), and the intermediate IM3 appears at 121 fs. Soon, the H returns back
to amino group at 164 fs. Further, these two types of H transfer occur several times, and the former
is more frequent than the latter. However, the C-NO; bond dissociation is not observed within 2 ps,
explicating that it may take longer time to accumulate enough energy to make C-NO; bond rupture at
this temperature. At 2000 K, the primary reaction is the C-NO; homolysis at 54 fs, and then another
C-NO; bond ruptures at 61 fs. Two types of H transfer occur several times; however, their lifetime
is very short (< 20 fs) [48], thus we could not determine whether it really happened or it was just
instantaneous fluctuations. At the constant temperature of 3000 K, the two C-NO; bonds dissociations
occurred at 17 and 19 fs, respectively. The reversible H transfer between amino group and acyl O
was captured from 548 to 642 fs. This type of H transfer and C-INO, homolysis appeared several
times again afterwards. We found that the H migrated to the nitro O at 880 fs, and was released
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back to amino group soon. The dynamics simulations in this study did not explain the nitro-nitrite
rearrangement, mainly attributed to its higher barrier and lower rate constant than other reactions.

1500K, 56fs 1500K, 108fs 1500K, 121fs
2000K, 54fs 2000K, 61fs 3000K, 171s
J C )
O
3000K, 19fs 3000K, 548fs 3000K, 880fs

Figure 9. Snapshots of initial decomposition step of LLM-105 molecule in dynamics simulations.

3.4. Discussion

The X-NO, bond scission is a key reaction or even a decisive step in the initiation of thermal
decomposition of many nitro-containing explosives, and thus can be correlated with the sensitivity of
these explosives [49-51]. In the case of LLM-105, C-NO; homolysis is the dominant channel of the
initial pathways for dissociation processes based on its moderate reaction energy barrier and high
rate constants over large temperature ranges. Although nitro—nitrite rearrangement has lower barrier
compared to C-NO, bond scission and easily releases NO radical immediately, its pre-exponential
factor is much smaller than that of other pathways that causes lower rate constants especially at
high temperatures. Therefore, it was difficult to observe this reaction based on dynamics simulations.
The barrier corresponding to the migration of H to acyl O is so low that it can occur even at ambient
temperature. However, this type of H transfer has been proven to be a reversible process, which can
buffer the external stimuli [16]. Moreover, further dissociation of N-OH bond requires an extra
endothermic value of 56.6 kcal mol™!, indicating that OH elimination is hard to actually happen.
This conclusion was also affirmed by kinetics analysis, which indicated that the reaction rate of this
pathway was much lower than that of C-NO, homolysis at all temperatures. As a matter of fact,
dynamics simulations in this study indicated that this type of H transfer occurred frequently; however,
the subsequent N-OH dissociation was not observed. Another type of intramolecular H transfer
between amino and nitro groups has a barrier much higher than the former, but visibly lower than the
C-NO, homolysis or the nitronitrite rearrangement. Similar to the former H transfer case, the reverse
process of this type of H transfer requires almost no energy consumption. Thus, one can speculate that
this type of H transfer is reversible too, thereby buffering against the enhanced thermal stimulation
from increased temperature. Furthermore, kinetics analysis and thermal analysis data revealed that
LLM-105 exhibited good thermal stability until this H transfer rate was exceeded by the rate of C-NO,
homolysis at above 580 K, providing evidence for our speculation. Calculation showed that additional
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47.6 kcal mol™! of energy was required to release HONO radical after H transfer, causing the entire
HONO elimination pathway to have lower rate compared to NO; loss or OH elimination within the
reaction temperature range. As expected, we detected the formation of HONO isomer a few times
based on the dynamic simulations; however, subsequent HONO elimination could not yet be observed.
All HONO isomers eventually returned back to the LLM-105 molecular structure, demonstrating the
reversibility of this type of H transfer.

This study is mainly about the mechanism for gas phase unimolecular decomposition of
LLM-105; however, in the condensed phase there may be differences. In the crystal, LLM-105
molecules are packed by 7—m stacking to form a zigzag-like layered structure. The presence of
intramolecular and intermolecular hydrogen bonding complicates the stresses of hydrogens and
nitro groups. Intermolecular hydrogen transfer probably becomes frequent, while nitro—nitrite
rearrangement is expected to be more difficult to occur under the influence of hydrogen bonds
and steric hindrance. Moreover, intermolecular hydrogen transfer may couple with the NO, partition.
Such coupling interactions between the initial decomposition reactions are likely to be the key steps in
the decomposition of LLM-105 crystal, thereby affecting their sensitivities and explosive performances.
The corresponding investigations will be implemented in our next program.

4. Conclusions

The initial channels of thermal decomposition mechanism of 2,6-diamino-3,5-
dinitropyrazine-1-oxide (LLM-105) molecule were investigated. The results of quantum chemical
calculations revealed four steps involved in the reaction pathway, including the C-NO, bond
homolysis, nitronitrite rearrangement followed by NO elimination, and H transfer from amino to acyl
O and to nitro O with the subsequent OH or HONO elimination, respectively. The results indicated
that when the temperature was below 580 K, the H transfer from amino group to acyl O exhibited the
lowest barrier and the highest rate, thus it could happen frequently even at ambient temperatures.
Another type of H transfer between amino and nitro group exhibited barrier and rate second only
to the former. These two types of H transfer seemed to dominate the initial decomposition at this
temperature stage. However, the subsequent OH or HONO elimination reactions were difficult to
occur for their additional energy consumption. Moreover, they were reversible reactions due to their
extremely low reverse barriers, connoting that they could buffer against external thermal stimulation
to different degrees, which were mainly responsible for the thermal insensitivity of LLM-105.
Above 580 K, C-NO, homolysis rate surpassed the latter type of hydrogen transfer. Moreover, at such
temperatures, it was easy to accumulate enough energy to rupture the C-NO, bond. Therefore,
the C-NO, bond dissociation reaction occurred more often, leading to the rapid decomposition
of LLM-105. This is consistent with the results of many thermal analysis experiments that rapid
exothermic decomposition of LLM105 occurs at about 300 °C (around 580 K) and decomposition
temperature peak is 342 °C (615 K). At high temperatures, e.g., above 2000 K, the rate of C-NO,
homolysis was significantly higher than that of H transfers. Even though the OH or HONO elimination
reaction rates were significantly improved, they still could not compete with C-NO, homolysis from a
kinetic point of view.

In summary, we tentatively propose that the C-NO; bond dissociation dominates the initial
thermal decomposition of LLM-105 molecule. Two types of reversible H transfer play a role in
buffering against thermal stimulation to maintain thermal stability of LLM-105 molecule before the
decomposition. The corresponding OH or HONO elimination following H transfer may contribute
to the primary decomposition reaction at very high temperatures. The rates of the nitro—nitrite
rearrangement and the subsequent NO elimination are always lower than those of other reactions,
thus it could not be the initial decomposition channel. Noteworthy, our conclusions are gained and
speculated in the case of unimolecular gas phase decomposition. These results may be anfractuous
with regard to the thermal decomposition mechanism of condensed phase LLM-105. Our findings are
expected to give insights into the thermal stability and decomposition mechanism of LLM-105.



Molecules 2019, 24, 125 12 of 14

Author Contributions: Conceptualization, C.F; Methodology, Q.Y. and C.F.; Software, R.L.; Validation, C.E,
Q.G. and N.C.; Formal Analysis, Q.G.; Investigation, X.Z.; Resources, Q.Y.; Data Curation, N.C. and C.F;
Writing-Original Draft Preparation, N.C.; Writing-Review & Editing, N.C.; Visualization, C.F.; Supervision,
C.F; Project Administration, C.F,; Funding Acquisition, Q.G. and 5.Q.

Funding: This study is supported by National Natural Science Foundation of China (21703216), Natural Science
Fund of Education Department of Anhui province (KJ2017A507) and Project of State Key Laboratory of Explosion
Science and Technology (Beijing Institute of Technology) (QNKT18-02).

Acknowledgments: We gratefully acknowledge the Supercomputing Center of Chinese Academy of Sciences for
the technical support and service.

Conlflicts of Interest: The authors declare no competing financial interest.

References

1. Brill, T.B.; James, K.J. Kinetics and mechanisms of thermal decomposition of nitroaromatic explosives.
Chem. Rev. 1993, 93, 2667-2692. [CrossRef]

2. Pagoria, PF. Synthesis of LLM-105. Propellants Explos. Pyrotech. 1995, 20, 38—42.

3. Synthesis, Scale-up, and Characterization of 2,6-Diamino-3,5-dinitropyrazine-1-oxide. Available online:
https:/ /www.osti.gov/biblio /672328 (accessed on 27 April 1998).

4. Tarver, C.M,; Urtiew, P.A. Sensitivity of 2,6-diamino-3,5-dinitropyrazine-1-oxide. J. Energetic Mater. 2005, 23,
183-203. [CrossRef]

5. Crawford, M.],; Evers, J.; Gobel, M.; Klapotke, T.M.; Mayer, P.; Oehlinger, G.; Welch, .M. y-FOX-7: Structure
of a High Energy Density Material Immediately Prior to Decomposition. Propellants Explos. Pyrotech. 2007,
32,478-495. [CrossRef]

6. Evers, ].; Klapotke, T.M.; Mayer, P; Oehlinger, G.; Welch, J. a-and 3-FOX-7, Polymorphs of a High Energy
Density Material, Studied by X-ray Single Crystal and Powder Investigations in the Temperature Range
from 200 to 423 K. Inorg. Chem. 2006, 45, 4996-5007. [CrossRef]

7. Gilardi, R.D.; Butcher, R.]. 2, 6-Diamino-3, 5-dinitro-1, 4-pyrazine 1-oxide. Acta Crystallogr. Sect. E: Struct.
Rep. Online 2001, 57, 0657—-0658. [CrossRef]

8. Averkive, B.B.; Antipin, M.Yu. X-ray structural study of three derivatives of dinitropyrazine. J. Mol. Struct.
2002, 606, 139-146. [CrossRef]

9.  Wen-Di, He. Intramolecular H-bonds in LLM-105 and its derivatives: A DFT study. J. Mol. Struct. THEOCHEM.
2005, 723, 217-222.

10. Characterization of 2,6-diamino-3,5-dinitropyrazine-1-oxide (LLM-105) as an insensitive high explosive
material. Available online: https://www.osti.gov/biblio /15005695 (accessed on 9 April 2002).

11. Zhang, C.; Wang, X.; Huang, H. m-stacked Interactions in Explosive Crystals: Buffers against External
Mechanical Stimuli. J. Am.Chem. Soc. 2008, 130, 8359-8365. [CrossRef]

12. Ma, Y.; Zhang, A.; Zhang, C.; Jiang, D.; Zhu, Y.; Zhang, C. Crystal Packing of Low-Sensitivity and
High-Energy Explosives. Cryst. Growth Des. 2014, 14, 4703—4713. [CrossRef]

13. Gump, J.C,; Stoltz, C.A.; Mason, B.P; Freedman, B.G.; Ball, J.R.; Peiris, S.M. Equations of state of
2,6-diamino-3,5-dinitropyrazine-1-oxide. J. Appl. Phys. 2011, 110, 073523. [CrossRef]

14. Manaa, M.R,; Kuo, LF; Fried, L.E. First-Principles High-Pressure Unreacted Equation of State and Heat of
Formation of Crystal 2,6-Diamino-3,5-dinitropyrazine-1-oxide (LLM-105). ]. Chem. Phys. 2014, 141, 064702.
[CrossRef] [PubMed]

15. Stavrou, E.; Riad Manaa, M.; Zaug, ].M.; Kuo, I.-EW.; Pagoria, P.E; Kalkan, B.; Crowhurst, ].C.; Armstrong, M.R.
The high pressure structure and equation of state of 2, 6-diamino-3, 5-dinitropyrazine-1-oxide (LLM-105) up
to 20 GPa: X-ray diffraction measurements and first principles molecular dynamics simulations. J. Chem. Phys.
2015, 143, 144506. [CrossRef] [PubMed]

16. Wang, J.; Xiong, Y,; Li, H.; Zhang, C. Reversible Hydrogen Transfer as New Sensitivity Mechanism for Energetic
Materials against External Stimuli: A Case of the Insensitive 2, 6-Diamino-3, 5-dinitropyrazine-1-oxide. J. Chem.
Phys. C 2018, 122, 1109-1118. [CrossRef]

17.  Byrd, E.E; Rice, B.M. Improved prediction of heats of formation of energetic materials using quantum
mechanical calculations. J. Chem. Phys. A 2006, 110, 1005-1013. [CrossRef] [PubMed]

18. Pan, Q.; Zheng, L. Some Key Techniques of Measuring Propellants and Explosives by Temperature-dependent
FTIR. Chin. ]. Energ. Mater. 2007, 15, 676-680.


http://dx.doi.org/10.1021/cr00024a005
https://www.osti.gov/biblio/672328
http://dx.doi.org/10.1080/07370650591001853
http://dx.doi.org/10.1002/prep.200700240
http://dx.doi.org/10.1021/ic052150m
http://dx.doi.org/10.1107/S1600536801010352
http://dx.doi.org/10.1016/S0022-2860(01)00862-6
https://www.osti.gov/biblio/15005695
http://dx.doi.org/10.1021/ja800712e
http://dx.doi.org/10.1021/cg501048v
http://dx.doi.org/10.1063/1.3646492
http://dx.doi.org/10.1063/1.4891933
http://www.ncbi.nlm.nih.gov/pubmed/25134585
http://dx.doi.org/10.1063/1.4932683
http://www.ncbi.nlm.nih.gov/pubmed/26472388
http://dx.doi.org/10.1021/acs.jpcc.7b11393
http://dx.doi.org/10.1021/jp0536192
http://www.ncbi.nlm.nih.gov/pubmed/16420001

Molecules 2019, 24, 125 13 of 14

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Wang, Y.B.; Ge, Z.X.; Wang, B.Z. Preparation and thermo performance studying of fine LLM-105. Chin. .
Energ. Mater. 2011, 19, 523-526.

Politzer, P.; Murray, ].S.; Seminario, ] M.; Lane, P.; Grice, M.E.; Concha, M.C. Computational characterization
of energetic materials. ]. Mol. Struct. THEOCHEM 2001, 573, 1-10. [CrossRef]

Politzer, P.; Murray, ].S. Some perspectives on sensitivity to initiation of detonation. Green Energ. Mater. 2014,
3, 45-62.

Miao, M.; Dreger, Z.A.; Patterson, J.E.; Gupta, Y.M. Shock wave induced decomposition of RDX: Quantum
chemistry calculations. J. Phys. Chem. 2008, 112, 7383-7390. [CrossRef]

Tsyshevsky, R.V.; Kuklja, M.M. Decomposition mechanisms and kinetics of novel energetic molecules BNFE-1
and ANFF-1: Quantum-chemical modeling. Molecules 2013, 18, 8500-8517. [CrossRef]

Owens, EJ. Calculation of energy barriers for bond rupture in some energetic molecules. J. Mol. Struct.
THEOCHEM 1996, 370, 11-16. [CrossRef]

Yuan, B.; Bernstein, E.R. Initial mechanisms for the unimolecular decomposition of electronically excited
bisfuroxan based energetic materials. . Chem. Phys. 2017, 146, 014301. [CrossRef]

Frisch, M.].; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, ].R.; Scalmani, G.; Barone, V.;
Mennucci, B.; Petersson, G.A. Gaussian 09, Revision, D.01; Gaussian Inc.: Wallingford, CT, USA, 2013.

Zhao, Y.; Truhlar, D.G. The M06 suite of density functionals for main group thermochemistry, thermochemical
kinetics, noncovalent interactions, excited states, and transition elements: Two new functionals and
systematic testing of four M06-class functionals and 12 other functionals. Theor. Chem. Accounts 2008,
120, 215-241.

Grimme, S. Semiempirical hybrid density functional with perturbative second-order correlation. J. Chem.
Phys. 2006, 124, 034108-034116. [CrossRef]

Lu, T.; Chen, E. Multiwfn: A multifunctional wavefunction analyzer. |. Comput. Chem. 2012, 33, 580-592.
[CrossRef] [PubMed]

Eyring, H. The activated complex in chemical reactions. J. Chem. Phys. 1935, 3, 107-115. [CrossRef]

Evans, M.G.; Polanyi, M. Some applications of the transition state method to the calculation of reaction
velocities, especially in solution. Trans. Faraday Soc. 1935, 31, 875-894. [CrossRef]

Perdew, ].P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett.
1996, 77, 3865-3868. [CrossRef]

Segall, M.D,; Lindan, PJ.D.; Probert, M.A.; Pickard, C.J.; Hasnip, PJ.; Clark, S.J.; Payne, M.C. First-principles
simulation: Ideas, illustrations and the CASTEP code. Phys. Rev. B: Condens. Matter 2002, 14, 2717-2744.
Kresse, G.; Furthmdiller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave
basis set. Phys. Rev. B: Condens. Matter 1996, 54, 11169-11186. [CrossRef]

Pfrommer, B.G.; Coté, M.; Louie, S.G.; Cohen, M.L. Relaxation of crystals with the quasi-Newton method.
J. Comput. Phys. 1997, 131, 233-240. [CrossRef]

Velardez, G.F; Alavi, S.; Thompson, D.L. Theoretical predictions of the initial decomposition steps of
dimethylnitramine. J. Chem. Phys. 2005, 123, 074313. [CrossRef] [PubMed]

Behrens Jr, R.; Bulusu, S. Thermal decomposition of energetic materials. 2. Deuterium isotope effects and
isotopic scrambling in condensed-phase decomposition of octahydro-1, 3, 5, 7-tetranitro-1, 3, 5, 7-tetrazocine.
J. Phys. Chem. 1991, 95, 5838-5845. [CrossRef]

Chakraborty, D.; Muller, R.P.,; Dasgupta, S.; Goddard, W.A. Mechanism for unimolecular decomposition of
HMX (1, 3, 5, 7-tetranitro-1, 3, 5, 7-tetrazocine), an ab initio study. J. Phys. Chem. A. 2001, 105, 1302-1314.
[CrossRef]

Zhang, L.; Zybin, S.V.; van Duin, A.C.T.; Dasgupta, S.; Goddard III, W.A.; Kober, E.M. Carbon cluster
formation during thermal decomposition of octahydro-1, 3, 5, 7-tetranitro-1, 3, 5, 7-tetrazocine and 1, 3,
5-triamino-2, 4, 6-trinitrobenzene high explosives from ReaxFF reactive molecular dynamics simulations.
J. Phys. Chem. A. 2009, 113, 10619-10640. [CrossRef] [PubMed]

Guirguis, R.; Hsu, D.; Bogan, D.; Oran, E. A mechanism for ignition of high-temperature gaseous
nitromethane—The key role of the nitro group in chemical explosives. Combust. Flame 1985, 61, 51-62.
[CrossRef]

Glascoe, E.A.; Zaug, ].M.; Armstrong, M.R,; Crowhurst, J.C.; Grant, C.D.; Fried, L.E. Nanosecond
Time-Resolved and Steady-State Infrared Studies of Photoinduced Decomposition of TATB at Ambient and
Elevated Pressure. J. Phys. Chem. A. 2009, 113, 5881-5887. [CrossRef]


http://dx.doi.org/10.1016/S0166-1280(01)00533-4
http://dx.doi.org/10.1021/jp8008282
http://dx.doi.org/10.3390/molecules18078500
http://dx.doi.org/10.1016/S0166-1280(96)04673-8
http://dx.doi.org/10.1063/1.4972259
http://dx.doi.org/10.1063/1.2148954
http://dx.doi.org/10.1002/jcc.22885
http://www.ncbi.nlm.nih.gov/pubmed/22162017
http://dx.doi.org/10.1063/1.1749604
http://dx.doi.org/10.1039/tf9353100875
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1006/jcph.1996.5612
http://dx.doi.org/10.1063/1.1990121
http://www.ncbi.nlm.nih.gov/pubmed/16229576
http://dx.doi.org/10.1021/j100168a025
http://dx.doi.org/10.1021/jp0026181
http://dx.doi.org/10.1021/jp901353a
http://www.ncbi.nlm.nih.gov/pubmed/19791809
http://dx.doi.org/10.1016/0010-2180(85)90072-0
http://dx.doi.org/10.1021/jp809418a

Molecules 2019, 24, 125 14 of 14

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Shao, J.; Cheng, X.; Yang, X. Density functional calculations of bond dissociation energies for removal of the
nitrogen dioxide moiety in some nitroaromatic molecules. J. Mol. Struct. 2005, 755, 127-130. [CrossRef]
Rice, B.M.; Sahu, S.; Owens, EJ. Density functional calculations of bond dissociation energies for NO;
scission in some nitroaromatic molecules. J. Mol. Struct. 2002, 583, 69-72. [CrossRef]

Gonzalez, A.C.; Larson, C.W.; McMillen, D.F.; Golden, D.M. Mechanism of decomposition of nitroaromatics.
Laser-powered homogeneous pyrolysis of substituted nitrobenzenes. J. Phys. Chem. 1985, 89, 4809-4814.
[CrossRef]

Becke, A.D.; Edgecombe, K.E. A simple measure of electron localization in atomic and molecular systems.
J. Chem. Phys. 1990, 92, 5397-5403. [CrossRef]

Savin, A.; Jepsen, O.; Flad, J.; Andersen, O.K,; Preuss, H.; von Schnering, H.G. Electron localization in
solid-state structures of the elements: The diamond structure. Angew. Chem. Int. Ed. 1992, 31, 187-188.
[CrossRef]

Lu, T.; Chen, EW. Meaning and Functional Form of the Electron Localization Function. Acta Phys.-Chim. Sin.
2011, 27, 2786-2792.

Manaa, M.R.; Reed, E.J.; Fried, L.E.; Goldman, N. Nitrogen-rich heterocycles as reactivity retardants in
shocked insensitive explosives. |. Am. Chem. Soc. 2009, 131, 5483-5487. [CrossRef] [PubMed]

Murray, J.S.; Lane, P; Politzer, P. Relationships between impact sensitivities and molecular surface
electrostatic potentials of nitroaromatic and nitroheterocyclic molecules. Mol. Phys. 1995, 85, 1-8. [CrossRef]
Rice, B.M.; Hare, ].]. A quantum mechanical investigation of the relation between impact sensitivity and the
charge distribution in energetic molecules. J. Phys. Chem. A. 2002, 106, 1770-1783. [CrossRef]

Zhang, C.; Shu, Y,; Huang, Y.; Zhao, X.; Dong, H. Investigation of correlation between impact sensitivities
and nitro group charges in nitro compounds. J. Phys. Chem. B 2005, 109, 8978-8982. [CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.theochem.2005.08.008
http://dx.doi.org/10.1016/S0166-1280(01)00782-5
http://dx.doi.org/10.1021/j100268a030
http://dx.doi.org/10.1063/1.458517
http://dx.doi.org/10.1002/anie.199201871
http://dx.doi.org/10.1021/ja808196e
http://www.ncbi.nlm.nih.gov/pubmed/19323461
http://dx.doi.org/10.1080/00268979500100891
http://dx.doi.org/10.1021/jp012602q
http://dx.doi.org/10.1021/jp0512309
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Computational Methods 
	Results and Discussion 
	Initial Decomposition Channels 
	Kinetics Analysis 
	Molecular Dynamics Simulations 
	Discussion 

	Conclusions 
	References

