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This paper presents the results of the Density Functional Theory (DFT) calculations and reactive molecular dy-
namics (RMD) simulations of the furazanotetrazinedioxide (FTDO) explosive, a novel highly energetic material.
The details of the mechanism of the FTDO decomposition have been elucidated for the first time. The calculated
activation energy was found to be 30.96 + 2.25 kJ/mol. The DFT calculation results suggested that FTDO is
prone to the fragmentation and decomposition processes. The study results present original mechanisms for the

FTDO detonation/decomposition along with the values for the activation energy and frequency factor with high

linear determination coefficient.

1. Introduction

Energetic materials have been broadly used in both civil and military
areas; compounds such as nitroglycerin, black powder, and nitrocellu-
lose have been among the most used over the last few decades [1-11].
Among the characteristic properties of these compounds and/or for-
mulations, the ability to release a large amount of energy in a short
period of time when exposed to thermal or electrical stimulation or due
to an impact can be highlighted. Due to these characteristics, numerous
studies have been performed with the focus on increasing the perfor-
mance of these energetic materials [1-10]. Explosives usually contain
nitrogen, oxygen and/or other oxidizers in their composition, so the
combustion process can occur extremely fast and without the need for an
external oxidizer [2,12]. The most common explosives currently used
are TNT, RDX, and HMX [13], however, CL-20, PETN, and TATP are also
potent and perspective energetic materials, despite of their handling
difficulties. Research of novel explosives is being constantly developed,
and 1,2,5-oxadiazolo[3,4-e]-1,2,3,4-tetrazine-4,6-dioxide or fur-
azanotetrazine dioxide (FTDO) is one of the most recent explosives
under investigation (Fig. 1). FTDO is one of the most powerful explosives
ever known [14,15]. Its synthesis was first reported in 1995 [16] and
later several alternative synthetic methods were reported not involving
nitronium salts [17-20]. Despite the noticeably high sensitivity of the
pristine FTDO to mechanical stresses [21], this compound is quite
attractive as a component of various high-energy compositions due to its

* Corresponding author.
E-mail address: aleksey.kuznetsov@usm.cl (A. Kuznetsov).

https://doi.org/10.1016/j.comptc.2022.113723

high formation enthalpy, AH{, varying within 158-176.5 kcal mol !
[22-24], and relatively high density, d20, 1.84-1.85¢g cm 3 [19,25]. The
detonation rate of an FTDO single crystal was found to be as high as 9.14
km/s [15].

Due to its outstanding properties, FTDO has been the subject of
several computational investigations and its applications are currently
being analyzed and tested. However, it should be emphasized that the
computational studies of FTDO are relatively scarce so far. Thus, in
2007, the standard enthalpy of formation of FTDO was calculated using
a theoretical value of its formation heat in the gas phase and an exper-
imentally measured value of its sublimation enthalpy [22]. The calcu-
lations were performed using the G2, G3, and CBS-QB3 high-accuracy
multilevel quantum chemical approaches. In 2019, Baraboshkin et al.
reported the combined X-ray study and computational modeling of the
FTDO-benzene (1:1) solvated structure [15]. Using the atom-atom po-
tentials method, the original methodology and elaborated program
packages, the crystal structure of the pure FTDO was predicted. Opti-
mizations of molecular structures were performed using the restricted
Hartree-Fock method with the 6-31G(d,p) basis. In 2014, Lai et al. re-
ported the structural investigation of FTDO using density functional
theory (DFT) method (B3LYP functional with cc-pvdz and 6-31G** basis
sets) [26]. The FTDO stability was evaluated by potential energy surface
scanning and structure interconversion thermodynamics under different
temperatures. The spontaneous isomerization of FTDO and its effects on
the FTDO stability were investigated as well. The dissociation of FTDO
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Fig. 1. FTDO structure.

to No, N5O, and furoxan fragments was also studied. Recently, Zelenov et
al. reported a quantum chemical simulation of the cocrystal structures of
FTDO with benzotrifuroxan (BTF) in ratios of 1:1, 2:1, and 3:1, along
with the results of the studies of their thermodynamic stability and
physical-chemical characteristics [27]. According to their calculations,
the (3:1) cocrystal was found to be thermodynamically the most stable
structure. An ab initio simulation of the crystal structures of FTDO-BTF
cocrystals was carried out in the framework of the atom-atom potentials
method. The geometry and distribution of the molecular electrostatic
potential (MEP) of the BTF and FTDO molecules were obtained by
B3PWO1 calculations with the 6-31G(d,p) basis set.

Combustion and explosive behavior of energetic materials are
experimentally difficult to analyze, so the chemical mechanisms and the
elementary steps of these processes for FTDO are not well-known so far.
The combination of quantum mechanical calculations with the reactive
molecular dynamics (RMD) methodologies enables ab initio analyses of
various materials, thus providing the most probable structures and
behavior during combustion or pyrolysis along with means to determine
the mechanism and kinetics of the whole process.

Reactive molecular dynamics has been proved useful for simulating
energetic materials in several studies of physical-chemical character-
ization [28,29], catalyst analysis [30,31] or combustion/detonation
performance analysis [32,33]. HMX and RDX, two of the most common
and effective explosives, were studied by molecular dynamics methods.
Zhu et al. (2009) [34] analyzed the structure of pure RDX and RDX
bonded with different polymers (PBX), thus gaining better understand-
ing of their mechanical properties, binding energies, and detonation
performances. The force fields used in RMD simulations are built using
quantum mechanical methodologies, therefore there are many groups
developing different force fields for studying combinations or formula-
tions of energetic materials [35]. Zhang et al. in 2009 [36] and Wu et al.
in 2020 [37] studied the thermal decomposition of HMX under different
conditions, showing that RMD methods are reliable and can be used to
assist in the development of new materials or technologies.

In the current study we present the results of the FTDO investigation
using DFT and RMD simulations aimed at evaluation of its structure,
electronic properties, mechanism of pyrolysis, and stability. The kinetic
parameters of the FTDO pyrolysis were determined based on an Arrhe-
nius model approach. The mechanisms for the pyrolysis process were
elucidated, based on the behavior of the participating species during the
decomposition.

The paper is organized as follows. In the next section, we provide
first the details of DFT methodology and next the details of RMD sim-
ulations. Then, the results of the RMD simulations of pyrolysis and DFT
studies of the structural, electronic, and reactivity features are provided
and discussed. Finally, conclusions and perspectives of future research
are given.
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2. Methodology
2.1. DFT studies

DFT studies of FTDO were performed employing the Gaussian 09
software, revision B.01 [38]. We optimized the FTDO geometry in the
singlet state and Cs; symmetry and then performed frequency calcula-
tions to ensure that the optimized structure indeed is the energy mini-
mum. The calculations were done using the hybrid density functional
B3LYP [39] along with the split-valence polarized basis set 6-311+G*
[40,41], having a set of diffuse functions and a set of polarization
functions, in the gas phase (vacuum). This approach is furthermore
referred to as B3LYP/6-311+G*. The analysis of charge distribution was
performed using the Natural Bond Orbital (NBO) method as imple-
mented in the Gaussian 09 software [42,43], using the B3LYP/6-
311+G* approach. Frontier molecular orbitals (FMOs) were calculated
at the B3LYP/6-311+G* level. Below we consider calculated structural
parameters, NBO charges, and frontier molecular orbitals of the B3LYP/
6-311+G* optimized structure. Furthermore, we used the values of the
energies of the HOMO (highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital) and the values of the HOMO/
LUMO gaps to calculate the values of global reactivity parameters (GRP)
[44,45] (Egs. (1)-(6) below). Egs. (1) and (2) were used to calculate the
values of the ionization potential (IP) and electron affinity (EA):

IP = — Egomo 1)

EA = — Eruvmo 2

For global hardness 5 and electronegativity X values we used Egs. (3)
and (4):

g = P = EA) _ [Evono — Enowel

7 ) 3
X — [IP — EA] _ (ELumo + Enomol 4)
2 2
And global electrophilicity o value was calculated by Eq. (5):
2
w="t- ®)

where y = wm”vwzw is the chemical potential of the system.
Finally, the global softness ¢ value was computed with the Eq. (6):

1

=5 ©

Open GL version of Molden 5.8.2 visualization program was used for
the visualization of the structure and FMOs of the title compound [46],
and Avogadro, version 1.1.1, was used to visualize the molecular elec-
trostatic potential (MEP) [47,48].

2.2. Reactive molecular dynamics simulations

Molecular-scale pyrolysis reactions of FTDO was simulated using
LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator)
software [49,50], which has high applicability for molecular dynamics
(MD) studies of solid-state materials (metals, semiconductors) and soft
matter (biomolecules, polymers), as well as coarse-grained or meso-
scopic systems. It can be used to model atoms or, more generically, as a
parallel particle simulator at the atomic, meso, or continuum scale.

The resolution of MD equations through the ReaxFF model [51] of
interatomic interactions provides a complete description of the temporal
evolution of the system, which includes the formation and breaking of
chemical bonds. In this force field, the general energy function takes the
following formulation:
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Eqysiem = Ebona + Eover + Eunder + Evai + Epen + Evors + Econj + Evawaats + Ecoutomb
@)

where

e Epond represents the bond energy;

o Egver and Eypder denotes the over- and under-coordinated atom in the
energy contribution, respectively;

Eval, Epen, Etors are the valence angle term, penalty energy and torsion
energy, respectively;

Econj» Evdwaats and Ecoulomb represent the conjugation effects to mo-
lecular energy, nonbonding van der Waals interactions and Coulomb
interactions, respectively.

MD simulation results also enable kinetic analysis of the chemical
reactions by allowing to calculate the reaction Arrhenius parameters.
Kinetic parameters are calculated based on the reactant consumption
with the time course. Using the first-order approach, the rate constant is
calculated for each temperature applied in the system. Then, the line-
arized Arrhenius equation is applied to obtain the activation energy (E,)
and the frequency factor (A) values.

The pyrolysis simulation was performed using the condensed phase
structure of FTDO, at eleven different temperatures ranging from 1000
to 2000 K. In a unit cell with the dimensions 13.26 x 23.72 x 26.12 A 59
molecules of FTDO were placed, generating a condensed phase structure
with approximate density of 1.86 g cm ™ (experimental density: 1.86 g
cm 3 [52]). For the simulations, the domain size was increased to 58.00
x 68.00 x 71.00 A, thus allowing free expansion of the molecules, as
periodic boundary conditions were applied in three dimensions. The
domain expansion was done to prevent interactions among the bound-
aries. During the temperature increase, the system may expand, thus
reducing the overall density. Low-temperature energy minimization was
performed with 100 maximum amounts of iterations and the system was
then equilibrated at 200 K employing the canonical ensemble, using a
linear temperature increase from 5 to 200 K during 10 ps, then it was
maintained at constant temperature. Different equilibration times were
used for the simulations, varying from 20 to 45 ps, so the results pre-
sented are averaged over all simulations. For the production phase the
NVT was also applied during 100 ps, with the temperatures in the range

60

55

50
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of 1000 to 2000 K, controlled by a Nose-Hoover thermostat with
damping frequency of 100 steps.

3. Results and discussion

Pyrolysis simulations of energetic materials have been of utmost
importance. Depending on the conditions, these materials may detonate
or deflagrate. Thus, their behavior when subjected to increasing tem-
peratures can reveal some of their most important properties. In this
work, FTDO was subjected to the isothermal simulations, with the
temperatures ranging from 1000 K to 2000 K. Fig. 2 presents a com-
parison of the first decomposition process development over time
depending on the decomposition temperature. As expected, the increase
of temperatures leads to faster decomposition of the substance.

In RMD simulations, the temperature is supplied to the system in
terms of velocity, i.e., spatial displacements of the atoms. High tem-
peratures are used to speed up the process and to reduce the computa-
tional costs of the simulations. As the timestep used was 0.1 fs, a high
number of interactions is needed to evaluate the behavior of the system
in a minimum amount of time (in this case, the simulation time was 100
ps). Therefore, high temperatures are applied to the system for enabling
reactions (bonds breakage/formation) in the timeframe selected.

As previously stated, one of the simulation results is the variation of
the species number over time. As the species decompose, new ones are
produced, which may participate in other reactions, thus following a
specific reaction mechanism. Each elementary reaction/step observed
can occur both forward and backward, having specific activation en-
ergies, reaction enthalpies etc. Therefore, the mechanism is totally
dependent on the system temperature.

Table 1 presents the elementary reactions with the highest occur-
rences during the FTDO pyrolysis over 100 ps for each simulation
temperature. Only forward reactions are presented, as our aim is to show
the difference in occurrences at different temperatures. As observed,
different temperatures lead to different mechanisms, with various
number of reaction occurrences, as every elementary step has specific
kinetic/thermodynamic parameters. Higher temperatures lead to the
increase of the collision frequency, so the probability of chemical re-
actions increases substantially. Also, reactions with higher energetic
barriers (activation energies) become feasible when the atoms/
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Fig. 2. FTDO molecules decomposition over time in different isothermal simulations.
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Table 1

Most occurring elementary reactions (forward) for the FTDO decomposition for each set temperature.
Reaction Occurrence

1000 K 1100 K 1200 K 1300 K 1400 K 1500 K 1600 K 1700 K 1800 K 1900 K 2000 K

1 C2N603 <> 10 + 1 C2N602 81 66 72 34 37 35 17 17 20 11 17
1 C2N603 <> 1 C2N503 + 1 N 94 73 113 76 34 48 17 26 31 18 24
1 C2N603 <> 1 NO + 1 C2N502 15 7 89 9 8 5 5 6 2 5 3
1 C2N603 <> 1 C2N402 + 1 N20 12 17 4 4 6 6 6 3 6 1 12
1 C2N503 <> 1 NO + 1 C2N402 130 72 1 89 1 0 1 202 59 116 0
1 C2N503 <> 1 CNO + 1 CN402 14 22 0 15 0 0 19 17 14 0
1 C2N402 <> 1 NO + 1 C2N30 17 36 19 21 17 20 10 41 16 12 10
1 C2N402 <> 1 C2N20 + 1 N20 23 34 30 13 28 17 24 19 11 29 25
1 C2N30 <> 1 NO + 1 C2N2 78 17 42 54 8 38 36 29 14 7 31
1 C2N30 <> 1 N2 + 1 C2NO 26 0 0 1 0 0 0 1 2 2 0
1 C2N2 + 10 <> 1 C2N20 31 54 88 33 53 73 61 46 29 47 25
1N20 <> 1N2 + 10 1 2 4 0 583 71 10 132 696 117 21
1C2NO <>1CN +1CO 0 1 1 52 0 0 46 20 80 24 119
1NO + 10 <> 1 NO2 2 5 1 0 0 16 1 6 47 14 42

molecules have increased velocities due to the temperature variation.

The first two reactions (initiation steps) are preferable over the others Table 2 L .

ST . Calculated kinetic parameters for the FTDO pyrolysis.

for lower temperatures. There are several initiation reactions, but only

the main reactions were presented; in the systems with higher temper- Eq A

atures the initiation reaction occurrence is more equilibrated, as there is (kJ/mol) s

enough energy for any of the reactions to be activated. Calculated 30.96 + 2.25 1.45 £+ 0.11E + 12

Experimental [10,11] 110.77 -

Initiation steps where FTDO molecules lose an atom and radicals
(intermediate species) are produced and participate in the propagation
reactions are easily observed. Like most of the mechanisms, the propa-
gation steps are the most numerous ones, with formation and decom-
position of numerous radicals and other species. As the number of
radicals and other species decreases, the termination steps start leading
the process, thus producing the main pyrolysis products (in this specific
case, CN, CO, NO, and NO,). Faster product formation is observed at
higher temperatures, due to the consequent increase in the reaction
rates.

Application of the Arrhenius rate law over the FTDO concentration
range enabled the calculations of the FTDO pyrolysis kinetic parameters
(Fig. 3), with their values provided in Table 2. The E, value calculated
for the system is noticeably lower than the literature reported value
[10,11], which might be explained by the peculiarities of the reaction
force field optimization. Energetic materials are hazardous substances,
and FTDO is one of the materials with higher detonation potential, when
compared to the other common explosives like HMX, RDX, CL-20 or
PETN [29]. Therefore, it is not uncommon to observe a low activation
energy for this material. Experimental determination of these properties,
if possible, is troublesome, especially for reactive and sensitive
substances.

3.1. DFT study results

In Fig. 4 the optimized FTDO structure along with the FMOs and MEP
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Fig. 3. Arrhenius fit for the FTDO decomposition.

plots are provided. As can be seen from Fig. 4a, two N—O bonds
attached to the six-membered ring are not equal, being different by
0.013 A, and all N—N bonds in this ring are also noticeably unequal,
varying within 1.307-1.464 A. In the azole ring two N—O bonds are also
unequal, being different by 0.024 A. Also, these bonds are noticeably
longer than the N—O bond distances in the six-membered ring, by ca.
0.15-0.16 A. The C—N bond distances in both rings are noticeably un-
equal as well. Furthermore, the valence angle N4-N1-O1 is noticeably
smaller than 120°. In general, the molecule should be considered as a
quite strained species. It should be noticed that the results of our cal-
culations are in nice agreement with the results provided by Lai et al.
[26].

Results of natural charges calculation, as shown in Table 3, demon-
strate that all three oxygens of FTDO bear quite high negative charges,
—0.117 to —0.307e, with the higher negative charges on the terminal
oxygens O1 and O2. Among the nitrogens, the highest negative charge,
—0.252e, is accumulated on N3, whereas the atoms N1 and N2, bound
with terminal oxygens, bear significant positive charges, 0.407e and
0.285e, respectively. Interestingly, the N’s in the oxazole ring bear
relatively low negative charges, especially N6. The two carbons of the
molecule have high positive charges. Again, these results are in nice
agreement with the results obtained by Baraboshkin et al. [15] and
Zelenov et al. [27], even though the schemes for charge calculations
used are different.

The HOMO and LUMO of FTDO both are of a” symmetry and have
contributions from both rings (Fig. 4b). HOMO is essentially dominated
by contributions from the azole ring and from the N1-O1 group, whereas
LUMO is dominated by contributions from non-carbon atoms of the
molecule. It can be seen that HOMO provides bonding interactions be-
tween two rings of the molecule and within the rings, whereas LUMO
essentially provides antibonding interactions within the oxazole and six-
membered rings. The MEP plot (Fig. 4c) shows accumulation of positive
electrostatic potential on the bridging carbons (as indicated by blue
color) and certain accumulations of negative electrostatic potential on
three oxygens, as indicated by reddish color.

The consideration of the calculated global reactivity parameters,
provided in Table 4, shows the following. (i) The FTDO molecule has
high ionization potential value, 8.72 eV, along with quite high electron
affinity value, 4.96 eV. This implies that FTDO would not lose electrons
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(a) (b)

Z(N6-03-N5)=113.68
Z/(N4-N1-01)=111.14
Z(N3-N1-01)= 121.59
Z(N4-N2-02)= 120.42
Z(C2-N2-02)=121.38

LUMO, a”,-0.18234 A.U.
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(c)

HOMO, a”, -0.32051 A.U.

Fig. 4. The optimized structure (a), HOMO and LUMO plots (b), and MEP plot (c) of FTDO. Color mapping: brown for C, blue for N, red for O. Bond distances are
given in A, bond angles are given in degrees. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3
Natural charges, e, on the FTDO atoms (numbering scheme according to Fig. 4a).
Atom N1 N2 N3 N4 N5 N6 01 02 03 C1 c2
Charge, e 0.407 0.285 —0.252 —0.106 —0.059 —0.009 —0.296 —0.307 -0.117 0.245 0.209
Table 4
The FTDO calculated GRPs (eV).
Enomo Erumo AEmomo/1.umo) AEtpprT P EA X n p c o
—8.72 —4.96 3.76 3.29 8.72 4.96 6.84 1.88 —6.84 0.266 12.44

due to oxidation but rather would readily attain electrons, which would
lead to bond breakage in its molecule and its further decomposition. (ii)
Next, the values of global electronegativity X as well as global electro-
philicity o for FTDO, 6.84 and 12.44 eV, respectively, should be
considered as noticeably high (especially the o value), which implies
that this compound would act as a strong oxidizer/electron acceptor,
which is also supported by its high EA value. (iii) The FTDO global
hardness value, 7, 1.88 eV, is noticeably small, and its global softness ¢
value, 0.266, is quite low, too.

These results imply that FTDO should be considered as a quite
reactive compound, which would behave in redox reactions as a
noticeably strong electron acceptor or oxidizer. Furthermore, attach-
ment of electrons to the LUMO of the FTDO molecule would cause extra
repulsions and increase antibonding interactions withing the azole and
six-membered rings, which, in turn, would result in bond breaking and
decomposition of the molecule, thus making it quite unstable towards
reduction.

Also, it is interesting to notice that no experimentally measured
HOMO/LUMO gap values or TDDFT gap values calculated by other re-
searchers can be found. Therefore, due to the fact that TD-B3LYP is
considered as underestimating the TDDFT gaps for some systems [53],
we decided to make control calculations of this gap using the TDDFT
with the ®B97XD [54] and BLYP [55,56] functionals. The first func-
tional, which uses a version of Grimme’s D2 dispersion model, gave
noticeably larger gap value compared to TD-B3LYP (3.29 eV), 3.84 eV,
whereas the second functional, the combination of the Becke exchange
functional (B) and the LYP correlation functional, gave noticeably lower

gap value compared to TD-B3LYP, 2.84 eV. The TD-DFT calculation with
the ®B97XD functional gave the gap values relatively close to the B3LYP
calculated HOMO/LUMO gap value, 3.76 €V (see Table 4).

4. Conclusions and perspectives

Here we have reported the first combination of the comprehensive
DFT study (structure, natural charge distribution, FMOs, MEP, and
reactivity parameters) and detailed analysis of the FTDO decomposition
behavior by RMD calculations, using eleven different temperatures in
isothermal simulations. The mechanism for the FTDO decomposition
has been elucidated in detail showing significant differences among the
occurrences of each elementary reaction, therefore proving that, when a
small increase on the system temperature occurs, different elementary
steps are activated and become feasible in each situation. Kinetic pa-
rameters were calculated for the overall process, using the Arrhenius
approach for the set of simulations.

The DFT results showed that FTDO should be considered as quite
strained molecule, highly prone to electron attachment and thus
significantly prone to fragmentation and decomposition processes. The
charges in the FTDO molecule were studied using more sophisticated
NBO approach, and the global reactivity parameters for the compound
in the gas phase have been first time determined, implying the FTDO
increased reactivity.

Thus, the first combined DFT and RMD study of the important highly
energetic compound, FTDO, has been reported. The results obtained will
definitely fill the gaps in the knowledge about this species and assist in
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further studies and design of high-energy N-containing compounds.
The following questions might be the subject of the follow-up
studies.

(1) Detailed study of thermodynamics (reaction enthalpies and
activation barriers, intermediate structures) of the most impor-
tant processes of the FTDO pyrolysis, partially based on the re-
sults of Lai et al. [26].

(2) Detailed studies of the FTDO properties in various solvents:
possible effects on the structure, explicit solvation with different
small molecules, solvent effects on charges and reactivity
parameters.

(3) Detailed investigation of various co-crystals of FTDO, as stimu-
lated by the works of Baraboshkin et al. [15] and Zelenov et al.
[27]: types and energies of intermolecular interactions, charge
distribution, electronic properties, etc.
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