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Abstract Different nitro azole isomers based on five
membered heterocyclics were designed and investigated
using computational techniques in order to find out the
comprehensive relationships between structure and per-
formances of these high nitrogen compounds. Electronic
structure of the molecules have been calculated using
density functional theory (DFT) and the heat of formation
has been calculated using the isodesmic reaction approach
at B3LYP/6-31G* level. All designed compounds show
high positive heat of formation due to the high nitrogen
content and energetic nitro groups. The crystal densities of
these energetic azoles have been predicted with different
force fields. All the energetic azoles show densities higher
than 1.87 g/cm3. Detonation properties of energetic azoles
are evaluated by using Kamlet-Jacobs equation based on
the calculated densities and heat of formations. It is found
that energetic azoles show detonation velocity about
9.0 km/s, and detonation pressure of 40GPa. Stability of
the designed compounds has been predicted by evaluating
the bond dissociation energy of the weakest C-NO2 bond.
The aromaticity using nucleus independent chemical shift
(NICS) is also explored to predict the stability via
delocalization of the π-electrons. Charge on the nitro group
is used to assess the impact sensitivity in the present study.
Overall, the study implies that all energetic azoles are found

to be stable and expected to be the novel candidates of high
energy density materials (HEDMs).
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Introduction

Heterocycles that contain a large amount of nitrogen are
relatively dense, they possess higher heat of formation
(HOF) due to higher percentage decomposition products
usually dinitrogen. Additionally, smaller amounts of hydro-
gen and carbon contribute to a better oxygen balance; with
enhanced good thermal stability more than normally is
found with their carbocyclic analogues [1–5]. Five member
nitrogen containing rings such as imidazole, pyrazole, and
triazole are the natural framework for energetic materials as
possesses high nitrogen content [6–8]. Their performance
can be optimized and improved through substituting
hydrogen atoms with explosophore like nitro, amino, azido
etc. Among various explosophores, nitro group is a vital
constituent of energetic materials. The performance of the
polynitro compounds is enhanced by excellent oxygen
balance; results in a higher exothermicity of the combustion
and detonation process while ring strain improves HOF and
density. Hence in the search of novel HEDMs, nitro azoles
expected to be promising candidates.

The key properties of energetic materials in relation to its
electronic structure are HOF, density (ρo), detonation
velocity (D), detonation pressure (P) and sensitivity. The
density functional theory methods can produce reliable
geometries and energies with less time and computer
resources [9–13]. Isodesmic approach has been employed
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for computing heat of formation [14–17]. Density is a
condensed phase property and its prediction involves
challenges as it is associated with different intermolecular
interactions, which affect the crystal pattern and cell
volume. It is being widely predicted by crystal structure
packing calculations as it is superior to the group additive
approaches [18]. The general possible ways of improving
the density are increasing the number of nitro groups which
increases the opportunity for hydrogen bonding, introduc-
tion of smaller heterocyclic chains (such as imidazole,
pyrazole, triazole, and tetrazole) and replacement of the
single bonds with double bonds reduces the bond length,
expected to decrease the molecular volume [19–21].

Recently, nucleus independent chemical shift (NICS) can
be used as an indicator of aromaticity that usually correlates
well with the energetic, structural and magnetic criteria.
NICS was defined by Schleyer et al. as the negative value
of the absolute magnetic shielding computed in centers of
ring or 1 Å above the molecular plane [22–24]. NICS at an
empty point in space equals zero and in principle does not
require reference molecules and calibrating equations for
evaluation of aromaticity [25]. Aromatic compounds are
stable relative to some non-aromatic reference. In the
present study, NICS of the azole isomers were predicted
using density functional theory involving the gauge
invariant atomic orbitals (GIAO) method for analyzing the
relative stability of the designed molecules. Recently,
Zhang et al. demonstrated the relationship between the
impact sensitivities and electronic structures of some nitro
compounds can be established by the charge analysis of the
nitro group [26–28].

The present study aims to design the novel nitrogen-
rich azole isomers for the energetic material applications
by systematic structure-property relationships. Molecules
with bi & tri nitrogen heterocycles with varying nitro
groups are designed and their structures are shown in
Fig. 1. Density functional theory (DFT) is used for the
prediction of HOF by employing isodesmic approach,
while crystal density by force field based packing
calculations. The stability of the designed molecules has
been attempted by bond dissociation energy (BDE) and
NICS, while the sensitivity correlations by atomic charge
analysis on nitro groups.

Calculation methodology

All quantum mechanical calculations were performed with
Gaussian 03 program suite [29]. The Becke three-parameter
hybrid (B3) [30] functional was used along with Lee-Yang-
Parr (LYP) [31, 32] correlation. For all optimization and
harmonic vibrational frequency calculations, 6-31G* basis
set has been employed. HOF has been predicted by

designing appropriate isodesmic reactions [33, 34]. In an
isodesmic reaction, the number of each kind of formal bond
is conserved according to bond separation reaction (BSR)
rules. The target molecule is broken down into a set of
heavy atom molecules containing same component bonds.
BSR rules cannot be applied to the molecules with
delocalized bonds and cage skeletons because of large
calculated errors of HOFs. In view of the above, present
study involves the design of isodesmic reactions in which
the numbers of all kinds of bonds keep invariable to
decrease the calculation errors of HOF. Imidazole, pyrazole,
and triazole rings are kept intact while constructing
isodesmic reactions and this approach proved to be reliable
[35–37].

The density for crystal structure of all compounds was
predicted by the rigorous molecular packing calculations
using polymorph module of Material Studio Suite [38]. The
calculation involves defining a molecule in an asymmetric
cell unit, packing into a crystal under a given space group
symmetry, geometry optimization to achieve energy mini-
mized structure and removal of duplicate crystal structures
by the clustering process as implemented in the polymorph
module [39]. The approach was based on the generation of
possible packing arrangements in all reasonable space
groups (P21/c, P-1, P212121, P21, C2/c, Pbca, Pna21,
Pbcn, Cc, and C2) [40, 41] to search for the low-lying
minima in lattice energy surface.

The empirical Kamlet-Jacobs [42–44] equations were
employed to estimate the values of D and P for the high
energy materials containing C, H, O and N as the following
equations:

D ¼ 1:01 NM1=2Q1=2
� �1=2

ð1þ 1:30roÞ ð1Þ

P ¼ 1:55ro
2NM1=2Q1=2 ð2Þ

Where in above equations D is detonation velocity (km/s),
P is detonation 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-1) defined as the difference of the
HOFs between products and reactants, and ρo is the density
of explosive (g/cm3).

Thermal and kinetic stability could be evaluated by the
bond dissociation energy (BDE) and is defined as the
difference between the zero point energy corrected total
energies at 0K of the parent molecules and those of the
corresponding radicals in the unimolecular bond dissociation
[45–47]. In an energetic molecule, generally, C-NO2 is the
trigger bond which undergoes fission due to the applied heat
or mechanical impact, so we have presented the BDE values
of these bonds. In the present study, BDE of all out-of-rings
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C-NO2 bonds have been calculated at B3LYP/6-31G* level
using this equation:

BDE298 R1 � R2ð Þ ¼ ½ΔfH298 R1ð Þ þΔfH298 R2ð Þ�
�ΔfH298 R1 � R2ð Þ: ð3Þ

Where, R1 – R2 is the neutral molecule, and R1 and R2

are the corresponding radicals [48]. Nucleus independent
chemical shifts (NICS) at the ring center of the different
rings of the designed compounds in the gas phase were
predicted using the gauge invariant atomic orbitals (GIAO)
method. B3LYP hybrid functional with 6-31G* basis set
was employed for the prediction at centers of ring. NICS
values of the individual rings has been represented NICS
(1) for the rings having two nitrogens in the ring (imidazole
and pyrazole), while NICS (2) for the rings having three
nitrogens in the ring (triazoles). The NICS (1) and NICS (2)
values have been listed in the Table 1.

Atomic charges have been computed for the optimized
geometries of designed molecules by natural bond orbital
(NBO) analysis [25] at B3LYP/6-31G* level. In the present
study, charge on the nitro group (�QNO2 ) has been
considered for its correlation to impact sensitivity.

QNO2 ¼ QN þ QO1 þ QO2 ð4Þ

Charge on the nitro group (�QNO2 ) is calculated by the
sum of net Mulliken charges on the nitrogen (QN ) and
oxygen atoms (QO1 and QO2 ) in the nitro group.

Results and discussion

Energetic azoles are rich in nitrogen and the designed
molecules having nitrogen content of about 40% and
oxygen balance is -12.7%. The present study brings out
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Fig. 1 Chemical structures of
the azole isomers studied
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the structure-property relationships of energetic azole
isomers possessing molecular formula C5HN9O8 by com-
paring their characteristics like gas phase HOFs, density
(ρo), detonation performance (D and P), stability and the
insensitivity. The predicted energetic properties of the
designed molecules have been compared with 1-methyl-
2,4,5-trinitroimidazole (MTNI) to evaluate the perfor-
mance. MTNI is an insensitive melt-cast high explosive,
whose explosive performance is comparable to RDX and its
sensitivity is intermediate between RDX and TNT [49, 50].

Heat of formation

The HOF is the indicative of the energy content of the high
energy materials and hence, important to predict accurately.
The energy of high nitrogen compounds is derived from
their high positive HOFs rather than from the combustion
of the carbon backbone or ring strain as traditional and
modern energetic polynitro compounds. The zero point
energies and thermal correction at the B3LYP/6-31G* level
have been calculated for designed azole isomers. The
calculated total energies at 298K upon inclusion of zero-
point energy and thermal corrections and experimental gas
phase HOFs [34, 51–54] of the reference compounds
imidazole, pyrazole, triazoles, CH4, NH3, CH3NO2,
CH3NH2 are listed in Table 2. Previous studies [55] show
that the theoretically predicted values are in good agree-
ment with experiments by choosing the appropriate
reference compounds in the isodesmic reaction. The
numbers of electron pairs and chemical bond types are
conserved in the isodesmic reaction [56–58]. Fig. 2
represents the constructed isodesmic reaction scheme for
the designed molecules. The calculated gas phase HOFs at

298.15K using isodesmic approach have been shown in
Table 3.

The calculated HOFs of the designed molecules have been
compared with MTNI to evaluate the performance. The
predicted gas phase HOF of MTNI using isodesmic reaction
approach is 170.41 kJ mol-1 which is comparable with earlier
reported values by Su et al. (173.4 and 176.15 kJ mol-1)
[3, 8]. The high positive HOFs for the reference azole
skeletons confirm that these will contribute for the positive
HOFs of the designed isomers. The HOFs for predicted
compounds show high positive values in the range of 420 to
660 kJ mol-1. The high HOFs can be attributed to the
presence of a large number of N-N and C-N bonds and
energetic nitro groups. The molecules H1 and H2 differ only
by the position of 1,2,4-triazole ring on the imidazole. H1
shows higher HOF than H2, this may be due to the repulsion
associated with the adjacent nitro groups in the imidazole
ring. Similar is observed in the case of H3 and H4 too. In
general, it is observed that energy contribution by pyrazole
and 1,2,3-triazole rings are higher than the imidazole and
1,2,4-triazole rings, respectively. Among the designed
molecules, the molecules H5 and H6 show higher HOFs
viz., 586.5 and 663.8 kJ mol-1, respectively. This may be
attributed to the presence of adjacent bulky nitro groups and
energetic pyrazole/ triazole rings. Comparison of H7 and H8
reveals that, H8 has higher HOFs due to the higher repulsive
energy between three adjacent nitro groups on the pyrazole
ring. The adjacent nitro groups can affect the free orientation
and arrangement on the ring and causes the repulsion.
Overall study shows that all designed compounds possess
higher positive HOFs than the MTNI due to the presence of
four nitro groups and nitrogen-rich heterocyclic framework.

Density

Density has been referred to as the primary physical
parameter in detonation performance because detonation
velocity and pressure of the explosives increase propor-
tionally with the packing density and square of it,
respectively. Fig. 3 shows the relation between density

Table 2 Total energy (E0) at 298K and gas phase HOF for the
reference compounds at the B3LYP/6-31G* level

Compd. E0 (au) HOF (kJ/mol)

CH4 -40.46935 -74.6

NH3 -56.50961 -45.9

CH3-NH2 -95.78444 -22.5

CH3-NO2 -244.95385 -74.7

Imidazole -226.13859 129.5

Pyrazole -226.12249 179.4

1,2,4-triazole -242.18479 192.7

1,2,3-triazole -242.15867 271.7

Compd. H1 H2 H3 H4 H5 H6 H7 H8

NICS (1) -14.4 -14.2 -14.9 -14.3 -15.7 -15.7 -15.9 -16.9

NICS (2) -12.7 -12.7 -13.7 -12.9 -13.1 -12.8 -12.8 -12.9

Table 1 Predicted NICS (ppm)
values for designed
compounds

Fig. 2 Isodesmic reactions scheme for designed molecules
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and detonation velocity. The densities of designed com-
pounds have been predicted using five different force fields
such as Dreiding, Cvff, Pcff, Compass, and Universal
presented in Table 4 to assess the reliability of the classical
force fields for predicting the densities of energetic azoles.
Density predicted from Cvff force field is used for the
calculation of detonation characteristics as it provides
marginally better results for nitro compounds [59]. Predicted
density of MTNI molecule (1.82 g/cm3) using Cvff force
field is found close to experimental value (1.79 g/cm3) [60].
The density for designed molecules has been found to be
remarkably high and varies from 1.86 to 1.98 g/cm3. The
molecule H3 shows the highest density (1.98 g/cm3) while,
H1, H7, and H8 shows lowest density of about 1.88 g/cm3.
Analysis of molecular framework of H3 reveals that the two
azole rings attached via C-N linkage are perpendicular to
each other, minimizes the torsional strain and avoids the
steric hindrance between nitro groups. This molecular
arrangement minimizes the total molar volume and further,
improves the density via intra and intermolecular hydrogen
bonding. The repulsion associated with the adjacent nitro

groups affects the molecular orientation in space and hence,
molecules H1, H7, and H8 exhibits lower densities. The
predicted minimum energy crystal structures for the H1, H3,
and H7 are shown in Fig. 4. H2 shows density higher than
H1. This may be due to adjacent nitro groups on the
imidazole of H1 which causes the repulsion while; H2 shows
less repulsion due to the better arrangement of nitro groups
on the rings. Similar trend is found in the case of H5 and H6
and their predicted densities are 1.92 and 1.93 g/cm3,
respectively. Replacement of 1,2,4-triazole in H1 with
1,2,3-triazole in H3 increases the density. In general,
pyrazole derivatives show higher densities than imidazole
and this is clearly seen in pyrazole ring based molecules viz,
H5, H6 and H8 in comparison to imidazole based molecules
H4, H2, and H7.

Detonation performance

The detonation velocity (D) and detonation pressure (P) of
the molecules have been computed by Kamlet-Jacobs
empirical equations and summarized in Table 3. The

Compd. HOF (kJ/mol) D (km/s) P (GPa) BDE (kJ/mol) -QNO2 (e)

H1 445.01 8.92 36.13 262.16 0.137

H2 420.02 9.03 37.44 261.33 0.179

H3 535.15 9.41 41.50 251.92 0.158

H4 510.24 9.11 37.96 253.58 0.162

H5 586.47 9.26 39.54 267.27 0.167

H6 663.87 9.39 40.73 260.29 0.186

H7 444.92 8.95 36.52 249.55 0.165

H8 506.21 9.07 37.51 250.98 0.103

MTNI 170.41 8.82 34.75 250.34 0.170

Table 3 Predicted explosive
characteristics for designed
compounds

Fig. 3 Plot of density (g/cm3)
versus velocity of detonation
(km/s)
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calculated D and P values differ for energetic isomers as
they posses different density and HOF. Detonation perfor-
mance is mainly dependent on crystal density (Fig. 3) and
less on HOF of the compound. Molecules H3, H5, and H6
show higher performance in comparison to others due to
their higher densities and HOFs. The calculated D and P
for these compounds are higher than 9.25 km/s and
39.5 GPa, respectively. The substitution of 1,2,4-triazole
with the 1,2,3-triazole enhances the performance in H3
and H4 as compared to H1 and H2, respectively.
Introduction of pyrazole in H5 improves the performance
of the compound than its imidazole isomer H4 due to its
higher density and HOFs. This shows that nitro groups
and the five membered heterocycles that contain large
amount of nitrogen could be responsible for the high
performance of these compounds. All designed molecules
show higher detonation performance than MTNI which
may be due to the better oxygen balance, higher densities
and HOFs.

Thermal stability

Stability of the energetic compounds is the prime impor-
tance for the practical interest of the explosive material. The
present study explores the stability of the designed
compounds by analyzing bond dissociation energy (BDE)
and nucleus independent chemical shift (NICS).

Bond dissociation energy

The BDE could evaluate the strength of bonding that is
fundamental to understand chemical process and provide
useful information for understanding the stability of
designed compounds. Recent reports revealed the relation-
ship between BDE and stability; a higher value of the BDE
brings stability in the respective compounds [33, 61]. The

Table 4 Densities (g/cm3) of the most stable polymorphs obtained
from different force fields

Compd. Force field

Dreiding Cvff Pcff Compass Universal

H1 1.97 1.87 1.87 2.12 1.82

H2 2.03 1.91 1.93 2.17 1.88

H3 2.06 1.98 1.88 2.22 1.92

H4 2.01 1.90 1.92 2.22 1.85

H5 2.01 1.92 1.92 2.25 1.90

H6 2.01 1.93 1.99 2.16 1.87

H7 1.96 1.88 1.92 2.14 1.77

H8 2.05 1.89 1.87 2.15 1.94

MTNI 1.85 1.82 1.79 2.10 1.80

(a)

(b)

(c)
Fig. 4 Predicted crystal structures for the (a) H1, (b) H3, and (c) H7
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calculated bond dissociation energies (kJ mol-1) of designed
molecules are listed in Table 3. According to the criteria
of HEDMs, BDE should be higher than 80-120 kJ mol-1

[62, 63]. Predicted BDE ofMTNImolecule (250.34 kJmol-1)
is found very close to earlier reported values [8]. BDE is
dependent on the electronic structure of the molecules and
among the energetic azole isomers studied H1, H2, H5,
and H6 show BDE higher than 260 kJ mol-1. In these
compounds, nitro groups are far from each other due to
the perpendicular arrangement of the azole rings which
cause less repulsion between nitro groups. The nitro
groups are attached to hetero aromatic ring and hence
bond strength of C-NO2 increases via π-electron delocal-
ization. In case of H3 and H4 where the attachement of
1,2,3-triazole on imidazole ring differs, exhibits BDE of
about 252 kJ mol-1. The repulsion between adjacent nitro
groups is very high in these molecules. Similarly, H7 and
H8 possess three nitro groups on imidazole and pyrazole
rings, respectively and hence these compounds show
lower BDE in the series. Overall study showed that
designed molecules are having high BDE of about
250 kJ mol-1 and hence these molecules are expected to
be stable. All designed molecules possess BDE higher
than MTNI may be due to the extended conjugation in
molecular skeleton.

Nucleus independent chemical shift (NICS)

Negative values of NICS indicate shielding presence of
induced diatropic ring currents understood as aromaticity at
specific point [64]. Table 1 represents the predicted NICS
values for azole isomers at the ring center. The more
negative NICS represents the more aromaticity through π-
electron delocalization, results in enhanced stability, bond
length and equalization. The NICS at the ring center for the
imidazole, pyrazole, 1,2,4-triazole, and 1,2,3-triazole are -
14.4, -15.02, -13.8, and -14.6 ppm, respectively. The
presence of electron withdrawing nitro groups on the azoles
enhances the diatropic ring current of the corresponding
ring and NICS value become more negative. The imidazole,
pyrazole rings of MTNI, H7 and H8 shows more negative
NICS -16.55, -15.9 and -16.7 ppm, respectively. The
presence of three nitro groups in heterocyclic ring of
MTNI, H7 and H8 increases the electron density at the ring
centers. In general, diatropic ring current increases due to
the substitutions and the electrons are expected mainly to
be located on the nitrogen atoms because of its
comparably higher electronegativity than carbon atom.
In H5 and H6, two nitro groups on the pyrazole ring in
the molecular framework shows NICS values higher than
-15 ppm. In all designed molecules NICS of the triazole
rings found to be lower than the imidazole and pyrazole
rings of the corresponding molecules. The replacement of

the 1,2,4-triazole with 1,2,3-triazole increases the ring
current on its attached ring like imidazole or pyrazole
and this can be clearly seen by comparing H1-H3, H2-
H4, and H5-H6.

Impact sensitivity correlations

According to the criteria of high energy materials, com-
pounds should be stable and insensitive enough for the
practical use and safe handling. The relationship between
the impact sensitivity and electronic structures of some
nitro compounds can be established by the charge analysis
of nitro group [26]. The higher negative charge the nitro
group possesses, the lower the electron attraction ability
and therefore the more stable the nitro compound. Com-
puted �QNO2 values of molecules are presented in Table 4.
The higher�QNO2, the larger is the impact insensitivity and
hence �QNO2 can be regarded as the criteria for estimating
the impact sensitivities. Among the designed compounds
H2 and H6 show �QNO2 values higher than MTNI
(0.170e). The nitro groups in these compounds are away
from each other and minimize the repulsion and steric
hindrance. H8 shows lower value of the �QNO2 due to the
presence of three adjacent nitro groups on the pyrazole ring.
�QNO2 of the H3 and H4 are 0.158 and 0.162e,
respectively. The adjacent nitro groups in H3 increases
the sensitivity of the molecule more than H4. The
compounds H1, H5 and H7 show �QNO2 values higher
than 0.130e.

Conclusions

Electronic structures of the designed energetic azoles have
been studied using the density functional theory at the
B3LYP/6-31G* level. The HOF of azole isomers has been
computed by designing appropriate isodesmic reactions and
the detonation characteristics using Kamlet-Jacobs method.
Results revealed that the azole isomers possess very high
positive HOFs due to the presence of high nitrogen
content five membered azoles. Crystal density has been
predicted using molecular packing calculations using the
Cvff force field and the predicted density is above
1.90 g/cm3. Designed molecules have detonation velocity
higher than 9.1 km/s and pressure above 37GPa. Analysis
of BDE and NICS reveals that energetic azoles are
expected to be stable. Charge on the nitro group has been
analyzed to correlate the impact sensitivity and it has been
found that designed molecules are having better impact
insensitivity. Energetic properties of the designed mole-
cules are compared with 1-methyl-2,4,5-trinitroimidazole
and found that these molecules have higher energetic
performance with better insensitivity. A structure-property

J Mol Model (2011) 17:1507–1515 1513



relationship on these energetic azole isomers demonstrates
that these molecules will be promising candidates for
future HEMs.

Acknowledgments The authors thank the HEMRL, Pune and
University of Hyderabad, Hyderabad for providing necessary
facilities. We thank Prof. M. Durga Prasad, School of chemistry,
University of Hyderabad, Hyderabad for their constant support. The
author V. D. Ghule thanks ACRHEM, University of Hyderabad for
financial support.

References

1. Miller DR, Swenson DC, Gillan EG (2004) J Am Chem Soc
126:5372–5373

2. Ye C, Gard GL, Winter RW, Syvret RG, Twamley B, Shreeve JM
(2007) Org Lett 9:3841–3844

3. Su X, Cheng X, Meng C, Yuan X (2009) J Hazard Mater
161:551–558

4. Fried LE, Manaa MR, Pagoria PF, Simpson RL (2001) Annu Rev
Mater Res 31:291–321

5. Huynh MHV, Hiskey MA, Hartline EL, Montoya DP, Gilardi R
(2004) Angew Chem Int Ed 43:4924–4928

6. Pagoria PF, Lee GS, Mitchell AR, Schmidt RD (2002) Thermo-
chim Acta 384:187–204

7. Gutowski KE, Rogers RD, Dixon DA (2006) J Phys Chem A
110:11890–11897

8. Su X, Cheng X, Ge S (2009) J Mol Struct THEOCHEM 895:44–51
9. Parr RG, Yang W (1989) Density functional theory of atoms and

molecules. Oxford University Press, Oxford
10. Perdew JP, Chevary JA, Vosko SH, Jackson KA, Pederson MR,

Singh DJ, Fiolhais C (1992) Phys Rev B 46:6671–6687
11. Jursic BS (1997) J Mol Struct THEOCHEM 417:99–106
12. Byrd EFC, Rice BM (2007) J Phys Chem C 111:2787–2796
13. Osmont A, Catoire L, Gokalp I, Yang V (2007) Combust Flame

151:262–273
14. Disch RL, Schuiman JM (1988) J Am Chem Soc 110:2102–2104
15. Sana M, Leroy G, Peeters D, Wilante C (1988) J Mol Struct

THEOCHEM 164:249–274
16. Raghawachari K, Stefanov BB, Curtiss LA (1997) Mol Phys

91:555–559
17. Raghawachari K, Stefanov BB, Curtiss LA (1998) J Chem Phys

108:692–697
18. Peralta-Inga Z, Degirmenbasi N, Olgun U, Gocmez H, Kalyon

DM (2006) J Energ Mater 24:69–101
19. Sikder AK, Sikder N (2004) J Hazard Mater 112:1–15
20. Cho SG, Goh EM, Cho JR, Kim JK (2006) Propellants Explos

Pyrotech 31:33–37
21. Licht HH, Ritter H (1997) Propellants Explos Pyrotech

22:333–336
22. Schleyer PvR, Kiran B, Simion DV, Sorensen TS (2000) J Am

Chem Soc 122:510–513
23. PvR S (2001) Chem Rev 101:1115–1118
24. Cyranski MK, Krygowski TM, Katritzky AR, PvR S (2002) J Org

Chem 67:1333–1338
25. Zahedi E, Aghaie M, Zare K (2009) J Mol Struct THEOCHEM

905:101–105
26. Zhang C, Shu Y, Huang Y, Zhao X, Dong H (2005) J Phys Chem

B 109:8978–8982

27. Zhang C (2006) Chem Phys 324:547–555
28. Zhang C (2009) J Hazard Mater 161:21–28
29. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,

Cheeseman JR, Montgomery JA, Vreven T, Kudin KN, Burant
JC, Millam JM, Iyengar SS, Tomasi J, Barone V, Mennucci B,
Cossi M, Scalmani G, Rega N, Petersson GA, Nakatsuji H, Hada
M, Ehara M, Toyota K, Fukuda R, Hasegawa J, Ishida M,
Nakajima T, Honda Y, Kitao O, Nakai H, Klene M, Li X, Knox
JE, Hratchian HP, Cross JB, Adamo C, Jaramillo J, Gomperts R,
Stratmann RE, Yazyev O, Austin AJ, Cammi R, Pomelli C,
Ochterski JW, Ayala PY, Morokuma K, Voth GA, Salvador P,
Dannenberg JJ, Zakrzewski VG, Dapprich S, Daniels AD, Strain
MC, Farkas O, Malick DK, Rabuck AD, Raghavachari K,
Foresman JB, Ortiz JV, Cui Q, Baboul AG, Clifford S, Cioslowski
J, Stefanov BB, Liu G, Liashenko A, Piskorz P, Komaromi I,
Martin RL, Fox DJ, Keith T, Al-Laham MA, Peng CY,
Nanayakkara A, Challacombe M, Gill PM, Johnson B, Chen W,
Wong MW, Gonzalez C, Pople JA (2003) Gaussian 03, Revision
A.1. Gaussian Inc, Pittsburgh, PA

30. Becke AD (1993) J Chem Phys 98:5648–5652
31. Lee C, Yang W, Parr RG (1988) Phys Rev B 37:785–789
32. Miehlich B, Savin A, Stoll H, Preuss H (1989) Chem Phys Lett

157:200–206
33. Ju XH, Li YM, Xiao HM (2005) J Phys Chem A 109:934–938
34. Ju XH, Wang X, Bei FL (2005) J Comput Chem 26:1263–1269
35. Zhang J, Xiao HM, Gong XD (2001) J Phys Org Chem

14:583–588
36. Zhang J, Xiao HM, Xiao JJ (2002) Int J Quantum Chem

86:305–312
37. Xu XJ, Xiao HM, Ju XH, Gong XD, Zhu WH (2006) J Phys

Chem A 110:5929–5933
38. Materials Studio 4.01 (2004) Accelrys Inc, San Diego, CA
39. Wang GX, Shi CH, Gong XD, Zhu WH, Xiao HM (2009) J

Hazard Mater 169:813–818
40. Baur WH, Kassner D (1992) Acta Crystallogr B 48:356–369
41. Belsky VK, Zorkii PM (1977) Acta Crystallogr A 33:1004–1006
42. Kamlet MJ, Jacobs SJ (1968) J Chem Phys 48:23–35
43. Kamlet MJ, Ablard JE (1968) J Chem Phys 48:36–42
44. Kamlet MJ, Dickinson C (1968) J Chem Phys 48:43–50
45. Benson SW (1976) Thermochemical Kinetics. Wiley Interscience,

New York
46. Yao XQ, Hou XJ, Wu GS, Xu YY, Xiang HW, Jiao H, Li YW

(2002) J Phys Chem A 106:7184–7189
47. Shao J, Cheng X, Yang X (2005) J Mol Struct THEOCHEM

755:127–130
48. Fan XW, Ju XH, Xia QY, Xiao HM (2008) J Hazard Mater

151:255–260
49. Cho SG, Cho JR, Goh EM, Kim JK, Damavarapu R, Surapaneni

R (2005) Propellants Explos Pyrotech 30:445–449
50. Jadhav HS, Talawar MB, Sivabalan R, Dhavale DD, Asthana SN,

Krishnamurthy VN (2007) J Hazard Mater 143:192–197
51. Williams CI, Whitehead MA (1997) J Mol Struct THEOCHEM

393:9–24
52. Lide DR (2003) CRC Handbook of Chemistry and Physics, 84.

edn. CRC Press
53. Wei T, Zhu WH, Zhang XW, Li YF, Xiao HM (2009) J Phys

Chem A 113:9404–9412
54. Su XF, Cheng XL, Meng C, Yuan XL (2009) J Hazard Mater

161:551–558
55. Ghule VD, Jadhav PM, Patil RS, Radhakrishnan S, Soman T

(2010) J Phys Chem A 114:498–503
56. Li YF, Fan XW, Wang ZY, Ju XH (2009) J Mol Struct

THEOCHEM 896:96–102

1514 J Mol Model (2011) 17:1507–1515



57. Li J, Huang Y, Dong H (2004) Propellants Explos Pyrotech
29:231–235

58. Hehre WJ, Radom L, PvR S, Pople JA (1986) Ab initio molecular
orbital theory. Wiley VCH, New York

59. Mondal T, Saritha B, Ghanta S, Roy TK, Mahapatra S, Durga
Prasad M (2009) J Mol Struct THEOCHEM 897:42–47

60. Badgujar DM, Talawar MB, Asthana SN, Mahulikar PP (2008) J
Hazard Mater 151:289–305

61. Rice BM, Sahu S, Owens FJ (2002) J Mol Struct THEOCHEM
583:69–72

62. Qiu L, Gong XD, Zheng J, Xiao HM (2009) J Hazard Mater
166:931–938

63. Chung GS, Schimidt MW, Gordon MS (2000) J Phys Chem A
104:5647–5650

64. Turker L, Atalar T, Gumus S, Camur Y (2009) J Hazard Mater
167:440–448

J Mol Model (2011) 17:1507–1515 1515


	Theoretical studies on nitrogen rich energetic azoles
	Abstract
	Introduction
	Calculation methodology
	Results and discussion
	Heat of formation
	Density
	Detonation performance
	Thermal stability
	Bond dissociation energy
	Nucleus independent chemical shift (NICS)

	Impact sensitivity correlations

	Conclusions
	Section113



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


