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Based on the full optimized molecular geometric structures at the B3LYP/cc-pVTZ level,
a new designed compound 5-nitro-2-nitratomethyl-1,2,3,4-tetrazole is investigated in order to
look for high energy density compounds (HEDCs). The IR spectrum, the heat of formation
(HOF), and frontier molecular orbitals are predicted. The detonation velocity and pressure are
evaluated using Kamlet—Jacobs equations based on the theoretical density and condensed
HOF. The bond dissociation energies (BDEs) and bond orders for the weakest bonds are ana-
lyzed to investigate the thermal stability of the title compound. The results show that the
0O;—Nj bond is the trigger bond. The crystal structure obtained by molecular mechanics be-
longs to thg Pna2, space group with lattice parameters Z=4, a = 13.7565 A, b=124737 A,
c=4.3445 A.
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INTRODUCTION

The design of nitrogen-rich energetic compounds and highly energetic materials for possible mili-
tary application has been focused because of their high positive heats of formation (the number of ni-
trogen atoms linked together is directly proportional to the performance of the compound) [ 1,2 ].
Tetrazoles are typical high-nitrogen compounds with a high nitrogen content (80 %), possess a high
positive heat of formation (HOF), and the tetrazole ring system is a powerful building block for high-
energy compounds. Recently, the tetrazole compounds have found wide application in agriculture,
medicine, biology, etc [ 3 ]. There is also a number of works investigating the potential of tetrazoles
and their metal salts for their use as explosives [ 3—6 ].

From the energetic material point of view, the most desirable properties are a high positive HOF,
a higher value of density etc. Nitrogen-rich heterocyclic compounds are considered to be suitable can-
didates for the high energetic density materials (HEDM) due to the inherent high density and the high
positive HOF when compared to their carbon analogues. The inherent properties of these species can
be tailor-made for suitable energetic application by replacing explosophoric groups, such as azides,
nitro etc., by these azoles [ 7 .

In addition, a high oxygen balance (OB) is required for a compound to be a high-performing ener-
getic. The oxygen balance is an expression used to indicate the degree to which an explosive can be
oxidized and is easily calculated by the equation
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Fig. 1. Molecular frameworks of the energetic tetrazole derivative O\\\NS'/’O
|
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where no, ny, and nc represent the numbers of O, H, and C atoms respectively; Cc2_
M is the molecular weight.
Researches show that the combination of high-nitrogen heterocycles with dif- N6=—

ferent oxygen-containing groups (such as the nitro group, N-oxidation, etc.) is an o

effective method to improve the properties of tetrazole energetic compounds, es-
pecially in the aspects of enhancing the oxygen balance and increasing density [ 8—11 ].

Recently, the chemistry of neutral 5-nitrotetrazole derivatives has been the subject of systematic
investigations [ 12, 13 ]. It is a pressing need to incorporate more oxygen atoms into the tetrazole de-
rivatives. Nitrate esters are one of the oldest classes of energetic materials which display an easy syn-
thesis, a high oxygen content, and good combustion characteristics. The introduction of nitrate ester
groups into the tetrazole ring may increase the number of oxygen atoms and push the limits of well-
explored tetrazole chemistry into a new, unexplored, dimension. Two-substituted S-nitrotetrazoles,
especially those with oxygen-containing group substituents, have a good oxygen balance and a high
density [ 14, 15].

Thomas first synthesized 5-nitro-2-nitratomethyl-1,2,3,4-tetrazole [ 16 | (Fig. 1), and the impro-
ved synthesis and characterization of the title compound together with a single crystal X-ray structure
determination was performed by Li et al. [ 17 ]. Considering the importance of the compound as the
energetic material, 5-nitro-2-nitratomethyl-1,2,3,4-tetrazole was first systematically studied by density
functional theory (DFT). Its structural and energetic properties, such as thermodynamic properties,
crystal density, detonation performance, frontier molecular orbitals, and thermal stability have been
studied. These results provide useful information for the molecular design of novel HEDMs.

COMPUTATIONAL METHODS AND DETAILS

The DFT-B3LYP method has emerged as a very reliable theoretical method [ 18—20 ] because it
could give reasonable energies, molecular structures, and infrared vibrational frequencies. In this pa-
per, the B3LYP/cc-pVTZ method in the Gaussian 03 package [ 21 | was used to optimize the molecu-
lar geometries of the title compound. The optimized structure was characterized to be the local energy
minimum on the potential energy surface by the vibrational analysis. The NBO calculations were per-
formed using the NBO 3.1 program as implemented in the Gaussian 03 package [21] at the
B3LYP/cc-pVTZ level.

Previous studies show that the DFT-B3LYP method has been successfully used to predict HOFs
of many organic systems via isodesmic reactions [ 22—25 |. In addition, the energies calculated with
the cc-pVTZ basis set are more reliable than those obtained with other basis sets. Thus, in many works
the cc-pVTZ basis set has been used to obtain the related parameters [ 26—29 |.

The computational details of isodesmic reaction processes are given in the previous studies [ 30 ].
Since the condensed phase for most energetic compounds is solid, the calculation of detonation prop-
erties requires a solid phase HOF (AH ). According to Hess's law of constant heat summation
[31], the gas-phase HOF (AH ) and the heat of sublimation (AH «s) can be used to evaluate their
solid phase HOF

AH ¢ otia =AH 7 gos —AH £ - (2)

Politzer et al. [ 32, 33 ] found that the heats of sublimation can correlate well with the molecular

surface area and the electrostatic interaction index v&., of energetic compounds. The empirical ex-
pression of the approach is as follows:

AH,, = ad® + by|v8Z, +c, 3)

where A is the surface area of the 0.001 electrons/bohr’ isosurface of the electron density of the mole-
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cule, v describes the degree of balance between the positive and negative potentials on the isosurface,
and Sfot is a measure of variability of the electrostatic potential on the molecular surface. Coefficients
a, b, and ¢ were determined by Byrd and Rice [ 34 ]. Descriptors 4, v, and 85, were calculated using
the computational procedures proposed by Lu [ 35 ].

For the title compounds, the explosive reaction is designed in terms of the maximum exothermal

principle. For the explosives with CHNO elements, detonation velocities and pressures can be calcu-
lated by the Kamlet—Jacobs equation [ 36, 37 |

D=101x 0% (1L0+13p), (4)
D= NMO.SQO.S
P=1558x®p’, %)

where each term in Egs. (4) and (5) is defined as follows: P is the detonation pressure (GPa); D is the
detonation velocity (km/s); p is the density of the explosive (g/cm’); @ is the characteristic value of
explosives; N is the number of gas moles produced per gram of explosives; M is the average molar
weight of detonation products; and Q is the estimated heat of detonation (cal/g). The density of each
compound was obtained from the molar weight (M) divided by the average molar volume (V') which
was obtained from the arithmetic average value of 100 single-point molar volumes, defined as the vo-
lume of the 0.001 electron-Bohr ™ electron density envelope and computed by the Monte Carlo integra-
tion implemented in the Gaussian 03 program based on the optimized geometrical structure.

The possible polymorphs and crystal structures of the title compound were predicted by rigorous
molecular packing calculations using a polymorph module of Material Studio [ 38 ] since the high-
energy compounds are usually in condensed phases, especially in the solid state. The COMPASS
force-field is used to search for the possible molecular packing among the most probable seven space
groups (P2,/c, P-1, P2,2,2,, Pbca, C2/c, P2,, and Pna2,) [ 39—42].

The bond dissociation energy (BDE) is used to evaluate the pyrolysis mechanism and thermal
stability. BDE is defined as the difference between the energies of the parent molecule and the corre-
sponding radicals in the unimolecular bond dissociation [ 43 ].

RESULTS AND DISCUSSION

Infrared spectrum. The IR spectrum is one of the basic properties of a compound. It is often
used to analyze or identify substances and has a direct relation to the thermodynamic properties.
Therefore, it is of great significance to calculate the IR and thermodynamic properties of the title com-
pound by a theoretical method. Here, the vibrational frequencies were calculated at the DFT
B3LYP/cc-pVTZ level. Fig. 2 presents the simulated IR spectrum based on the scaled harmonic vibra-
tional frequencies.

Obviously, there are five main characteristic regions. The modes at 3129—3213 cm™" are asso-
ciated with the C—H stretch. In this region, the strongest characteristic peak is at 3199 cm™'. The
modes at 1637—1668 cm ' are associated with the N=0O asymmetric stretch of nitro groups and the
strong characteristic peak is at 1668 cm™', which is in good agreement with the experimental N=0O

1000 o stretching vibration at 1676 cm™' [17]. At 1638 cm™
1 S there is a sharp C—NO, peak that corresponds to the

TB 800t = experimental value of 1562 cm ' [ 17 ]. These deviations
£ 600 between the theoretical and experimental vibrations are
£ 1 S generally acceptable in theoretical calculations [44].
2400+ g 7 The modes at 1361—1437 cm™' are mainly associated
£ 7 with the C—N stretch and the strongest peak is at
k= 200j ) 1400 cm'. The modes at 839—892 cm ' are composed
0 L NG of NO, wagging and CNO wagging and the strongest

T T T T T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500
Wavenumber, cm™! Fig. 2. Simulated IR spectrum of the title compound
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characteristic peak is at 862 cm . The weak peaks less than 800 cm ' are mainly caused by the defor-
mation of the ring skeleton and the bending vibration of the C—H bond.

Heat of formation. The heat of formation is taken to be indicative of the "energy content” of a
HEDM, which can be used to estimate the amount of energy released or absorbed in a chemical reac-
tion. The atomization reaction or isodesmic reaction method can be used to obtain the standard HOF at
298.15 K. In this paper the isodesmic reaction method is employed. The isodesmic reaction, where the
numbers of bonds and bond types are preserved on both sides of the reaction, often leads to cancella-
tion of systematic errors resulting from the bond environments, spin contamination, basis set super-
position, and other nonrandom factors [ 45 ]. The accuracy of the HOF obtained theoretically is condi-
tioned by the reliability of the HOF of the reference compounds.

The HOF for the title compound can be derived from the following isodesmic reaction:

o O
N
N*\N NOXIN
1\\\1— [ +2CH, + NH;— 1\\\1— [ +CH;NO, + CH;ONO, + CH;NH, (6)
o H
\
N=0
o'/

Table 1 lists the total energies, experimental HOFs, and zero-point energies at the B3LYP/cc-
pVTZ level for the compounds involved in the isodesmic reaction. In order to have a comparison, the
HOFs of 1,3,5-trinitro-1,3,5-triazacyclohexane (RDX) and 1,3,5,7-tetranitro-1,3,5,7-tetrazocane
(HMX) were also listed in Table 1. The HOFs of HMX and RDX were obtained through the isodesmic
reaction: X—(NO,),, + nCH; - X—H + nCH;3NO, (4 < n < 8), where the HOF of the X—H molecule
was found out for the atomization reaction by G2 theory.

It is noted that the HOF of the title compound is positive and larger than those of RDX and HMX,
which benefits the heat release during the detonation.

The solid-phase HOF (AH; i) 1s an important property to predict the detonation properties of the
energetic materials. Using the method of Politzer et al. [ 32, 33 ], the AH[ «, the descriptors 4, v, 8t2m,

and AH; ¢ were all listed in Table 2. Density is one of the critical factors that determine the energetic
properties of compounds. According to the Kamlet—Jacobs equation [ 36, 37 |, the density greatly
affects the detonation performance. The detonation pressure is dependent on the square of the density,
while the detonation velocity is proportional to the density. The density of the title compound is also
included in Table 2. For comparison, the experimental densities and HOFs of HMX and RDX are also

Table 1

Calculated total energy (E,), zero-point energy (ZPE), and experimental heats of formation of the reference
compounds at the B3LYP/cc-pVTZ level (Ey and ZPE are in a.u., HOF is in kJ/mol)

Compounds E, ZPE HOF Compounds E ZPE HOF
CH, —40.493635 [ 0.044609 | -74.8" | CH;0ONO, —-320.264996|0.05414 |-123.02°
CH;NO, —245.05974210.049712 | -80.7"|| The title compound | —781.929157|0.084112| 276.09
NH; ~56.550465(0.03426 |—45.9°|RDX —-897.2732  |0.143296| 175.37°
CH;NH, -95.836193|0.063781 |-23.5°| HMX -1196.3655 |0.192075| 210.39°
2H-1,2,3 4-tetrazole | -258.302005 | 0.047454 | 318.2¢

“Data [ 46 ]. 4Data from [ 48 ].
®Data from NIST Chemistry WebBook. “Data from [ 49 ].
‘Data from [47]. "Data from [ 50 ].
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Table 2
Density, A, v, Stzot , AH; o, and AHj g4 0f the title compound *
COIIlpOllIld A A% 5?01 AHf, sub AHf, solid P
Title compound | 183.79 | 0.07545 | 306.85 | 83.28 192.81 1.91
HMX 254.63 | 0.1684 | 141.18 | 118.36 | 92.00 (75.00)° 1.89(1.90)b
RDX 190.34 | 0.1805 171.17 | 91.16 84.21 1.78(1.82)b

“Unit: AH; o, (kJ/mol), AH} iiq (kKJ/mol), p(g/em’).
®Data in parentheses are the experimental values taken from [ 50, 51 ].
“Data from [ 52 ].

listed in this table. It is noted that the density of the studied compound is 1.91 g/cm’, which is higher
than those of RDX and HMX.

Detonation properties. To find a new energetic material, it is essential to have its detonation ve-
locity (D) and pressure (P) using the Kamlet—Jacobs equation [ 36, 37 ]. Based on the condensed
HOFs and densities of the title compound, the detonation properties, including O, D, and P, were es-
timated. Table 3 lists D, P, O, and OB of the title compound. For a better comparison and evaluation
of the detonation performance of the title compound, the experimental data [ 53 ] on RDX and HMX
are also listed in Table 3. As is evident from Table 3, the calculated detonation properties of RDX and
HMX agree well with the available experimental values [ 53 ]. Although the errors caused by the limi-
tations of the calculation method make the predicted properties somewhat deviate from the experimen-
tal values, these computational results are still reliable.

Obviously, the detonation velocity and pressure of the title compound are all larger than those of
RDX, but smaller than those of HMX. This shows that the title compound is a potential HEDM.

Electronic structure and thermal stability. A main concern for the energetic materials is
whether molecules are thermally stable enough to be of practical interest. At present, the strength of
the weakest bond is most widely used to index the relative sensitivity. The stronger the weakest bond,
the more stable the energetic materials are. The stability of the energetic material is related to a certain
extent to the strength of the weakest bond and this can be evaluated via the bond dissociation energy
(BDE). The BDE can evaluate the strength of the bonding that is fundamental to understand the de-
composition process of the energetic materials. Since there may be several bonds of the same kind in a
molecule, the Wiberg bond indexes (WBIs) from NBO analysis were used to ascertain the weakest
bond. A high WBI value indicates a stronger bond, whereas a low WBI value shows a weaker bond, so
the bond with the smallest WBI among all bonds of the same type was considered. Table 4 lists some
WBISs of the title compound.

Table 3 Table 4
Predicted detonation properties of the considered Wiberg bond order and BDEs (kJ/mol)
compounds* of the title compound
Compound OBpo® | © D P Title compound | WBI BDE
Title compound 42.1 | 5794 | 9.03 37.4 N,—N, 1.2664 —
RDX"° -21.6 | 6500 | 8.98 | 35.13 N>—N; 1.2481 | 118.2867
(8.75) | (34.00) N;—Ny 1.5467 —
HMX ° -21.6 | 6700 | 9.35 | 38.24 N~—C; | 1.3348 | 122.729
9.10) | (39.00) C—N, | 14836 | —
C—Ns 0.8974 | 259.5018
N,—C, 0.9514 —
“Units: ¥, cm®-mol ™', 0,J-g"', D, km-s™), P, GPa. C,—O, 0.9013 | 251.14
®Data for RDX and HMX are from [ 52 ]. 0,—N, 0.8552 9927
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Table 5

Unit cell parameters of the possible molecular packings of the title compound

Parameters Space groups

C2/c Pl P2,2,2, P2, P2/c Pna2, Pbca
VA 8 2 4 2 4 4 8
E,kJ-mol'-cell! | 4.40 7.24 | -5.14 0.56 -5.07 | -18.29 4.16
[oR g/cm’3 1.825 1.953 1.956 1.980 2.004 1.901 1.932
a, A 36.459 5.107 | 11.700 | 10.599 8.398 13.757 | 14.011
b, A 10.552 8.399 | 5.957 5.336 8.932 12.474 | 7.623
c, A 8.481 8.143 | 9.376 5.593 9.611 4.345 | 13.677
o, deg. 100.65
B, deg. 23.69 105.23 | 90.00 87.22 117.14 90.00 | 90.00
v, deg. 73.46

In this paper, five possible initial steps, i.e. the cleavage of C—N and N—N bonds in the tetrazole
skeleton and the C—N, C—O and O—N bonds in the side chain are considered. It is noted that
O,—N, C,—O0,, and C;—N5s bonds in the side chain and C;—Ny and N,—N; bonds in the tetrazole
ring have smaller WBIs among the same kind of bonds. The corresponding BDEs are also calculated
and listed in Table 4.

It is noted that the BDE of O,—Njg is 99.27 kJ/mol ™', which is weaker than those of C;—Nis,
Ci—Ny, C,—O0Oy, and N,—Nj3 bonds. This indicates that the O;—Ng bond breaks more easily and may
be the trigger bond.

Molecular packing prediction and density. The crystal structure of the title compound is pre-
dicted by the COMPASS force field [ 54 ], which can produce the gas- and condensed-phase properties
reliably for a broad range of systems [ 55 ]. Using the COMPASS force field, we can pack arrange-
ments in all reasonable space groups to search for the low-lying minima on the lattice energy surface.
The structure optimized by the B3LYP/cc-pVTZ method is considered as an input structure for the
polymorph search. Table 5 lists the lattice parameters in all reasonable space groups.

It is noted from Table 5 that the energies range from —18.29 kJ-mol " -cell ' to 7.24 kJ-mol - cell !
and the structure with the Pna2; symmetry has the lowest energy. Therefore, the most possible space
group of the title compound predicted by the COMPASS force field is the space group Prna2;. The cor-
responding lattice parameters are Z=4, a=13.757 A, b=12474 A, c=4345A, p=1.901 g/em™.
Obviously, the density (1.901 g/cm™) obtained by the COMPASS force field is closer to the density
(1.91 g/cm™) obtained by density functional method. Fig. 3 gives the molecular packing of the title
compound in the space group Prna2;.

CONCLUSIONS

In this paper, theoretical investigations have been performed on the energetic material 5-nitro-2-
nitratomethyl-1,2,3,4-tetrazole using the B3LYP/cc-pVTZ
method. The IR spectrum, detonation properties, HOF, and
the weakest bond were predicted. The results show that the
title compound possesses a very high HOF, which is larger
than that of HMX. The detonation velocity and pressure
are also larger than those of RDX and smaller than those
of HMX. The O—Ng bond is predicted to be the trigger
bond during pyrolysis, based on the results of the bond
order and bond dissociation energy. In addition, the most

Fig. 3. Molecular packing of the title compound in the space
group Pna2,
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possible space group of the title compound predicted by the COMPASS force field is Pra2,. All calcu-
lation results indicate that the title compound is a potential candidate of HEDM.

We gratefully thank the National Natural Science Foundation of China (Grant U1304111), China
Postdoctoral Science Foundation (No. 2013M531361) and Jiangsu Planned Projects for Postdoctoral
Research Funds (No. 1201015B) for their support of this work.
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