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a b s t r a c t

In this work, the properties of the dinitro-triazole-based high nitrogen compounds were studied theoret-
ically to facilitate further developments. The gas-phase heats of formation were predicted based on the
isodesmic reactions by using the DFT-B3PW91/6-31G(d,p) method. The solid-phase heats of formation
and heats of sublimation were estimated in the framework of the Politzer approach. The designed mol-
ecules show solid-phase heats of formation above 180.0 kcal/mol. The crystal density has been computed
using molecular packing calculations with CVFF force field. Detonation properties of the designed com-
pounds were evaluated by using the Kamlet–Jacobs equation based on predicted densities and heats of
formation. Designed triazole-based derivatives show detonation velocity (D) over 8.3 km/s and detona-
tion pressure (P) above 30 GPa. Thermal stability was evaluated via bond dissociation energies (BDEs)
of the weakest C–NO2 bond at B3PW91/6-31G(d,p) level. Bond dissociation energy analysis revealed that
designed molecules are better candidates considering stability.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

The synthesis of nitrogen-rich energetic materials has been a to-
pic of extensive interest and much work has been devoted towards
the synthesis of azole-based energetic materials [1–3]. The devel-
opment of new energetic materials aimed for high positive heat
of formation, high detonation velocity and pressure, high thermal
stability and low sensitivity towards external forces like impact,
friction or electrostatic discharge. Nitrogen-rich compounds con-
stitute a unique class of energetic materials. The greater environ-
mental compatibility of nitrogen-rich compounds is due to the
fact that their combustion results mainly in environmental friendly
molecular nitrogen. Additionally, a large number of C–N and N–N
bonds in a compound leads to a high positive heat of formation
and also to high crystalline densities [4,5]. Both heat of formation
and density are important for determining the performance of
materials and governed by the molecular structure of the com-
pound [6].

Triazole-based energetic materials are most prominent in the
nitrogen-rich compounds appear to be the better compromise be-
tween high energy, performance and high stability due to nitrogen-
catenation and aromaticity. Many papers devoted to the design
and preparation of triazole-based energetic materials constantly
increases [7–9]. 1H-1,2,4-triazole [7,8], 1H-1,2,3-triazole [10,11],
1H-1,3,4-triazole [12] and 2H-1,2,3-triazole [13,14] derivatives
have widely been studied as energetic materials and shown in
Fig. 1. The primary reason for this stimulated interest is that nitro-

triazole compounds possess more favorable elemental composition
with relatively high energetic performance in regard to oxygen bal-
ance, density, and other thermodynamic properties when com-
pared to their hydrocarbon analogous aromatic compounds.
Triazole derivatives with more than two nitro groups are expected
to be potential energetic ingredients for insensitive explosive for-
mulations. Among triazoles, the gas-phase enthalpy of formation
of 1,2,4-triazole has been measured by the bomb combustion cal-
orimetry and there are no experimental data on the formation
enthalpies of 1,2,3-triazoles in the literature [15–20]. The perfor-
mance of triazole derivatives can be optimized through substitut-
ing hydrogen atoms with nitro explosophore as it improves
oxygen balance and density, results in a higher exothermicity of
the combustion and detonation process. Hence in the search of no-
vel HEMs, nitroazoles expected to be promising candidates.

The present study aimed to design the triazole-based isomers
for the energetic material applications by systematic structure–
property relationships. The designed molecules are shown in
Fig. 2. Density functional theory (DFT) is used for the prediction
of gas phase HOF by employing isodesmic approach. The solid
phase HOF is predicted from heat of sublimation using Politzer ap-
proach. The crystal density is calculated by force field based pack-
ing calculations. The stability of the designed molecules has been
attempted by bond dissociation energy (BDE) calculations.

2. Computational details

All DFT calculations were carried out using the Gaussian 03
package [21]. The geometry optimization of the structures and fre-
quency analyses were carried out by using the B3PW91 functional
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with the 6-31G(d,p) basis set. All of the optimized structures were
characterized to be true local energy minima on the potential-en-
ergy surface without imaginary frequencies. The heat of formation
and density are important parameter in evaluating the perfor-
mance of energetic materials. The gas phase heat of formation
ðDf Ho

GasÞ have been predicted by designing appropriate isodesmic
reactions [22,23]. The designed isodesmic reactions for the predic-
tion of Df Ho

Gas are given in supporting information. For estimation
of the potential performance of the energetic material, it is also sig-
nificant to calculate their solid phase heat of formation ðDf Ho

SolidÞ
because it is related directly with the detonation characteristics.
According to Hess’ law, Df Ho

Solid can be obtained by;

Df H
o
Solid ¼ Df H

o
Gas � DHSub

where DHSub is the heat of sublimation and can be evaluated by the
Byrd and Rice method [24] in the framework of the Politzer ap-
proach [25,26], using the following empirical relation,

DHSub ¼ b1A2 þ b2ðvr2
totÞ

0:5 þ b3

where A is the area of the isosurface of 0.001 electrons/bohr3 elec-
tronic density, m indicates the degree of balance between the posi-
tive and negative surface potentials, r2

tot is a measure of
variability of the electrostatic potential, and b1, b2, and b3 are deter-
mined through a least-squares with the experimental Df H

o
Solid of a

selected set of known materials [24]. Surface area, degree of balance
between the positive and negative surface potentials and variability
of the electrostatic potential are calculated using WFA program
[27]. The crystal densities of all triazole derivatives are predicted
by the molecular packing calculations using polymorph module of
Material Studio Suite [28]. The calculation involves defining a mol-
ecule in an asymmetric cell unit, packing into a crystal under a gi-
ven space group symmetry, geometry optimization to achieve
energy minimized structure and removal of duplicate crystal struc-
tures by the clustering process as implemented in the polymorph
module. The empirical Kamlet–Jacobs [29–31] equations were em-
ployed to estimate the values of D and P for the high energy mate-
rials containing C, H, O and N as following equations:

D ¼ 1:01ðNM0:5Q 0:5Þ0:5ð1þ 1:30qoÞ and P ¼ 1:55q2
oNM0:5Q 0:5

where in above equations D is detonation velocity (km/s), P is det-
onation pressure (GPa), N is moles of gaseous detonation products
per gram of explosives, M is average molecular weights of gaseous
products, Q is chemical energy of detonation (kJ/mol) defined as
the difference of the HOFs between products and reactants, and
qo is the density of explosive (g/cm3). The thermal stability of the

designed compounds has been evaluated by calculating the bond
dissociation energy (BDE) of the weakest C–NO2 bonds. BDE is the
difference between the zero point energy corrected total energies
at 0 K of the parent molecules and those of the corresponding rad-
icals in the unimolecular bond dissociation [32,33].

3. Results and discussion

The present study investigates important properties of ener-
getic materials including heats of formation, densities, detonation
performance and stability by employing density functional theory.
A systematic structure–property relationship has been established
by varying triazole backbone in the structure and the hydrogen
atoms are replaced with –NO2 groups (Fig. 2). The predicted ener-
getic properties of triazole derivatives are compared with the
benchmark explosives like, TNT (2,4,6-trinitrotoluene), TATB
(2,4,6-trinitro-1,3,5-triaminobenzene), RDX (hexahydro-1,3,5-tri-
nitro-1,3,5-triazine) and HMX (octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine).

3.1. Heat of formation

Heat of formation is one of the most important thermo-chemi-
cal properties of energetic materials because it is related directly
with detonation parameters. In this section, the effect of triazole
backbone, nitro substituent, and different linkages positions on
heat of formation has been investigated. Table 1 lists the total
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Fig. 1. Triazole moieties used in the development of energetic materials.
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Fig. 2. Molecular structure of designed triazole derivatives.

Table 1
Total energy (E0), zero point energy (ZPE) and thermal correction (DHT) at the
B3PW91/6-31G(d,p) level and experimental Df Ho

Gas for the reference compounds.

Compd. E0 (a.u.) ZPE (a.u.) DHT (a.u.) Df Ho
Gas (kcal/mol)

CH4 �40.459760 0.0451 0.0038 �17.83a

NH3 �56.499062 0.0346 0.0038 �10.97b

CH3NO2 �244.866353 0.0503 0.0052 �19.40c

NH2NH2 �111.767104 0.0533 0.0045 22.79d

CH3NNCH3 (cis) �189.104491 0.0840 0.0062 47.38e

1H-1,2,4-triazole �242.100678 0.0604 0.0045 46.06f

1H-1,3,4-triazole �242.090161 0.0595 0.0046 53.53e

1H-1,2,3-triazole �242.074950 0.0596 0.0045 64.94e

a Ref. [39].
b Ref. [40].
c Ref. [41].
d Ref. [42].
e Values calculated using G3 calculations.
f Ref. [43].
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