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Abstract The changes of bond dissociation energy
(BDE) in the C–NO2 bond and nitro group charge upon
the formation of the intermolecular hydrogen-bonding
interaction between HF and the nitro group of 14 kinds
of nitrotriazoles or methyl derivatives were investigated
using the B3LYP and MP2(full) methods with the 6-311
++G**, 6-311++G(2df,2p) and aug-cc-pVTZ basis sets.
The strength of the C–NO2 bond was enhanced and the
charge of nitro group turned more negative in complex
in comparison with those in isolated nitrotriazole mole-
cule. The increment of the C–NO2 bond dissociation
energies correlated well with the intermolecular H-
bonding interaction energies. Electron density shifts
analyses showed that the electron density shifted toward
the C–NO2 bond upon complex formation, leading to
the strengthened C–NO2 bond and the possibly reduced
explosive sensitivity.

Keywords Bond dissociation energy in C–NO2 bond . MP2
(full) . Intermolecular hydrogen bond

Introduction

The search for new and thermally stable insensitive explo-
sive has been a primary goal in the field of energetic mate-
rial chemistry in order to avoid the catastrophic explosion in
use and meet the requirement of military application [1–4].
Therefore, recently much attention has been paid to the
investigation on the relationship between the sensitivity
and the structure of the energetic compounds [5–17].

For nitro explosives, the X–NO2 (X 0 C, N or O)
bond is relatively weak, and the homolysis of the X–NO2

bond might easily occur in the case of shock or impact.
Thus, in most cases, the X–NO2 bond could be termed
as “trigger bond” [3, 5, 7, 18]. The energetic compounds
with the C–NO2 trigger bond are of vital importance. For
a long time, the relationship between the strength of the
C–NO2 bond and the explosive sensitivity has been in-
vestigated theoretically and experimentally [19, 20]. Li,
Xiao and Owens found that, the stronger the C–NO2

bond, the lower the explosive sensitivity became [9, 19,
21]. Furthermore, it has been shown from many theoret-
ical results that, in some cases, the explosive sensitivity
of nitro explosive exhibits a good linear relationship with
the bond dissociation energy (BDE) in the C–NO2 trigger
bond [10, 12–14, 17, 18]. For example, the linear corre-
lation between the impact sensitivity h50% and the ratio
(BDE/E) of the weakest C–NO2 bond dissociation energy
to the total energy E was found for the nitroaromatic
explosives, including the nitrotriazole energetic com-
pounds [8, 14].

On the other hand, the intermolecular hydrogen bond
plays an important role in reducing the explosive sensitivity
of the explosives with the potential C–NO2 trigger bond
[22]. Sensitivity tests indicated that 1,1-Diamino-2,2-
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dinitroethene and [Cu(ethylenediamine)2(nitroformate)2] were
insensitive due to the intermolecular H-bond formation [23,
24]. By DFT/BLYP/DNP theoretical method, Tan et al. pro-
posed that the intermolecular hydrogen-bonds among the –NH2

and the –NO2 groups could stabilize nitro compounds [17].
For the explosives with the potential C–NO2 trigger

bond, since intermolecular H-bonding interaction influences
the explosive sensitivity and the explosive sensitivity shows
a linear relationship with the BDE in the C–NO2 bond, the
intermolecular hydrogen bond might also influence the
strength of the C–NO2 bond. Indeed, it is first reported in
our recent investigation on the change of the BDE in the C–
NO2 trigger bond upon the formation of the intermolecular
H-bonding interaction between HF and the nitro group of
CH3NO2 using the B3LYP and MP2(full) methods. The
BDE was increased in complex in comparison with that in
CH3NO2. Furthermore, the increment of the BDE correlated
well with the intermolecular hydrogen-bonding interaction
energy [25].

As a follow-up to our investigation into the influence of
intermolecular H-bonding interaction on the strength of the
C–NO2 trigger bond [25], in this paper, we investigated
systematically the change of the strength of C–NO2 bond
upon the formation of the intermolecular H-bonding inter-
action between HF and the nitro group of nitrotriazole or its
methyl derivatives.

Compounds containing triazole ring can be used as poten-
tial outstanding explosives because the heterocyclic ring sys-
tem confers a high density, thermal stability, high nitrogen
content, high volume of detonation products and insensitivity
to impact [26–28]. Recently most of the insensitive energetic
nitrotriazole explosives with the structural unit 1,2,3-triazole
or 1,2,4-triazole have been synthesized [29–33]. Furthermore,
it has been shown from many experimental and theoretical
results that, for the nitrotriazole explosives, in most cases, a
key initiating step appears to be the rupture of the C–NO2

bond [8, 20, 34–40]. The thermal decomposition mechanism
proposed is that the nitryl group broke first or left accompa-
nied by the ligand water dissociated from hydrazine 3-nitro-
1,2,4-triazol-5-one, (CH3)2NH2C2N4O3H, and Co(H2O)6]
(NTO)2·2H2O by means of several experimental methods
[34–36]. In theoretical investigations, the scission of C–NO2

was found to be the initial step of the decomposition of NTO
at MP2/6-31G** level [37]. The C−NO2 homolysis was con-
firmed to be the dominant channel for NTO at high tempera-
ture by the ab initio molecular dynamics method [38]. Li
stated that 3-nitro-1,2,4-triazole-5-one and 4-methyl-3,5-dini-
tro-1,2,4-triazole ignited through the C−NO2 dissociation
mechanism [20]. Moreover, population analysis also showed
that the C−NO2 bond was the weakest bond in some nitro-
triazole compounds [35]. Very recently, the C–NO2 bond has
been regarded as the trigger linkage in some nitrotriazoles
[39]. These results suggest that the C–NO2 bond might be

broken preferentially when nitrotriazole are decomposed, and
the C–NO2 bond dissociation energy in nitrotriazoles is pos-
sibly one of the important factors affecting the sensitivity.

The investigations into the effect of intermolecular hy-
drogen bond on the molecular structures of nitrotriazoles
have been of great chemical interest in many experimental
studies and theoretical calculations. In 1994, Fabio et al.
found that the N–H···N hydrogen bond formation caused an
obvious change in the length of two N–C bonds for 1,2,4-
triazole at HF/6-31G* level [41]. In 2008, the intermolecular
H-bonding interaction between 3-nitro-1,2,4-triazol-5-
one and HF was studied with density functional theory
(DFT) method [42]. In 2009, four complexes con-
structed by 1,2,3-triazole-4-carboxylate and bipyridyl-
like ligands were prepared. It was found that the
crystal-lattice water molecules in complexes were
connected via intermolecular O–H···O hydrogen bonds
into 1D tapes and 2D layers [43]. However, to our
knowledge, few theoretical investigations into the influ-
ence of the intermolecular H-bonding interaction on the
strength of the C–NO2 bond in nitrotriazoles were pre-
sented. This theoretical investigation on the change of
the strength of C–NO2 bond upon the formation of the
HF complex with nitrotriazoles might reveal, in a way,
the nature of the change of sensitivity. It will be im-
portant for keeping, transporting, safe using, molecular
design and synthesis of the important energetic nitro-
triazole and its methyl derivatives.

Computational details

The density functional theory (DFT) has emerged as an
effective theoretical method to optimize the geometry of
energetic compounds. However, to investigate complexation
energy, the MP2(full) method with high quality basis set is
more reliable [44–46]. Thus, we used the DFT-B3LYP and
MP2(full) methods with the 6-311++G**, 6-311++G
(2df,2p) and aug-cc-pVTZ basis sets in this work.

All calculations were performed with Gaussian 03 pro-
grams [47]. All the nitrotriazole complexes with HF were
fully optimized using the DFT-B3LYP and MP2(full) meth-
ods with the 6-311++G** and 6-311++G(2df,2p) basis sets.
The structures corresponding to the minimum energy points
at the molecular energy hypersurface (NImag00) were
obtained. Single point energy calculations were carried out
at the B3LYP/6-311++G**, B3LYP/6-311++G(2df,2p),
MP2(full)/6-311++G**, MP2(full)/6-311++G(2df,2p) and
MP2(full)/aug-cc-pVTZ levels. The shifts of the electron
densities [48] that accompanied the formation of complex
were displayed at MP2(full)/6-311++G** level.

The BDEs of the C–NO2 bond were calculated at the
B3LYP/6-311++G**, B3LYP/6-311++G(2df,2p), MP2
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(full)/6-311++G**, MP2(full)/6-311++G(2df,2p) and MP2
(full)/aug-cc-pVTZ levels. It is defined as:

BDE ¼ E R�ð Þ þ E �NO2ð Þ � E RNO2ð Þ fornitrotriazolemolecule

ð1Þ

BDE ¼ E R�ð Þ þ E �NO2���HFð Þ � E RNO2���HFð Þ forcomplex :

ð2Þ
R· means the radical of triazole or its methyl derivative.

The BDEs were corrected with the basis set superposition
error (BSSE) [49, 50] correction.

The intermolecular hydrogen-bonding interaction (Eint.)
was investigated with the definition of the energy difference
between the complex and the isolated monomers.

Eint: ¼ E RNO2���HFð Þ � E RNO2ð Þ � E HFð Þ ð3Þ
Eint. was also corrected with the BSSE and zero-point

energy (ZPE) corrections.
The nitro group charge (QNO2) was calculated as Eq. 4.

QNO2 ¼ QN þ QO1 þ QO2 ð4Þ
The QN, QO1 and QO2 are the charge on the N and O

atoms, respectively.

Results and discussion

In this work, the studied HF complexes of nitrotriazole with
the structural unit 1,2,3-triazole were 4-nitro-1H-1,2,3-tria-
zole···HF (I–1), 4-nitro-3H-1,2,3-triazole···HF (I–2), 1-
methyl-4-nitro-1,2,3-triazole···HF (I–3), 3-methyl-4-nitro-
1,2,3-triazole···HF (I–4), 5-methyl-4-nitro-1H-1,2,3-triazo-
le···HF (I–5), 5-methyl-4-nitro-3H-1,2,3-triazole···HF (I–6)
and 2-methyl-4-nitro-1,2,3-triazole-3-oxide···HF (I–7).
Those with the structural unit 1,2,4-triazole were 3-nitro-
1H-1,2,4-triazole···HF (II–1), 3-nitro-2H-1,2,4-triazole···HF
(II–2), 1-methyl-3-nitro-1,2,4-triazole···HF (II–3), 2-methyl-
3-nitro-1,2,4-triazole···HF (II–4), 5-methyl-3-nitro-1H-
1,2,4-triazole···HF (II–5), 5-methyl-3-nitro-2H-1,2,4-triazo-
le···HF (II–6) and 3-nitro-1H-1,2,4-triazole-5-oxide···HF
(II–7). The structures of complexes are shown in Fig. 1.
The selected geometric parameters are listed in Table 1. The
intermolecular hydrogen-bonding interaction energies and
the bond dissociation energies in the C–NO2 bond are
presented in Tables 2 and 3, respectively. The nitro group
charges are collected in Table 4.

Structure of the complex

As can be seen from Fig. 1, all the complexes are C1 symme-
try. All the five membered triazole rings have the planar
geometry and the interatomic distances within the triazole ring

are not equal. From Table 1, the O3···H5 distances are in the
range between 1.827 and 1.883 Å at MP2(full)/6-311++G**
level, which fall into the common accepted O···H hydrogen-
bond distance. Furthermore, the bond lengths of H7–F10 and
N2–O3 bonds increase in complex in comparison with those
in the isolated nitrotriazole molecules. These results suggest
the formation of the intermolecular hydrogen-bonding inter-
action between HF and nitro group.

From Table 1, the order of the O3···H5 distance is (I–2) >
(I–1) > (I–3) > (I–6) > (I–7) > (I–5) > (I–4) and (II–7) > (II–
6) > (II–2) > (II–1) > (II–5) > (II–3) > (II–4) at MP2(full)/6-
311++G** level, suggesting that the strength of the inter-
molecular H-bonding interaction might be I–2 < I–1 < I–3 <
I–6 < I–7 < I–5 < I–4 and II–7 < II–6 < II–2 < II–1 < II–5 <
II–3 < II–4.

Interestingly, as is shown in Table 1, the bond length of
the C–NO2 bond decreases in complexes in comparison
with that in isolated nitrotriazole molecules at three levels
of theory. It is similar to the change of the C–NO2 trigger-
bond length upon the formation of the intermolecular H-
bonding interaction between the nitro group of CH3NO2 and
HF [25]. In most cases, shortening of a bond length might
lead to strengthening of the bond [51]. Thus, the C–NO2

bond might turn stronger upon the formation of the inter-
molecular hydrogen-bonding interaction.

Hydrogen-bonding interaction energies and BDE
of the C–NO2 bond

From Table 2, the values of the intermolecular hydrogen-
bonding interaction energies calculated using the B3LYP
method are larger than those obtained from the MP2(full)
method. At MP2(full)/aug-cc-pVTZ level, the intermolecular
H-bonding interaction energies in the complexes with 1,2,3-
triazole unit are within the range of 19.6–26.1 kJmol−1 atMP2
(full)/aug-cc-pVTZ level (see Table 2). The H-bonding ener-
gies in the complexes with 1,2,4-triazole unit are slightly
stronger than those in the systems with 1,2,3-triazole unit,
and they are up to the range of 20.6–27.7 kJmol−1. At three
MP2(full) levels, the H-bonding interaction energies decrease
in the same order of I–3 > I–5 > I–7 ≈ I–1 > I–4 > I–6 > I–2
and II–5 > II–3 > II–1 > II–4 > II–6 > II–7 ≈ II–2.

Table 3 gives both uncorrected and corrected BDEs of the
C–NO2 bond after correction of the BSSE by means of the
counterpoise method. At five levels of theory, the propor-
tions of corrected BDEs for the complexes to their total
BDEs, defined as [BDE–BDE(BSSE)]/BDE, are all no more
than 9.0 %, indicating that the BSSE corrections for BDEs
are not notable. In general, the BSSE corrections are not
negligible. Only in the case of complete basis set, is the
correction for BSSE not needed.

From Table 3, for the BDE in the C–NO2 bond, the
values calculated using the B3LYP method are all lower

J Mol Model (2013) 19:511–519 513



than those obtained by the MP2(full) method, which is
in accordance with our recent investigation [25]. This
might be due to that dispersion interaction is not
accounted for using the B3LYP method but given by
the MP2 method. Thus, the MP2(full) method is more
feasible to elucidate the trends in the calculated BDEs
than the B3LYP method. However, many theoretical
investigations have shown that the B3LYP method cor-
rectly describes the BDE values, and the MP2 method,
due to the serious spin contamination, cannot be used to
adequately describe BDEs [52–55]. In the title com-
pounds, the notable spin contamination was also found
for the MP2 method: the value of <S2> was up to 1.1

for triazole radicals. For the B3LYP method, however, it
was about 0.75, and the spin contamination is negligi-
ble. Therefore, the B3LYP/6-311++G(2df,2p) method
was selected to elucidate the trends in the calculated
BDEs in this work.

As can be seen from Table 3, at B3LYP/6-311++G
(2df,2p) level, the order of the BDEs is I–6 > I–5 > I–3 >
I–4 > I–7 > I–2 > I–1 or II–3 > II–5 > II–4 > II–1 > II–2 >
II–6 > II–7. The BDEs in the complexes with nitrotriazole
are slightly weaker than those in the systems with the methyl
derivative. Furthermore, the BDEs in the 1,2,3-triazole com-
plexes are slightly stronger than those in the 1,2,4-triazole
systems.

Fig. 1 Molecular structures of
complexes at MP2(full)/6-311+
+G** level
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Interestingly, from Table 3, the BDEs in the C–NO2

bond in complexes are larger than those in the
corresponding isolated nitrotriazole molecules. This re-
sult suggests that the strength of the C–NO2 bond is
enhanced upon the formation of intermolecular H-
bonding interaction between HF and the nitro group,
which is in agreement with the analysis of structure.
In the investigation on the CH3NO2 complex with HF,
we have also found that the strength of the C–NO2

trigger bond is enhanced [25]. The stronger the C–
NO2 trigger bond in nitro explosives, in most cases,
the lower the explosive sensitivity turned [18, 22, 23].
Thus, it is possible that the explosive sensitivity of
nitrotriazoles is reduced upon the formation of intermo-
lecular H-bonding interaction. It should be noted that it
has not been established if the C–NO2 bonds are the

trigger linkages in all the title compounds. In fact,
breaking of the C–NO2 bond is not the only mechanism
for initiating detonation. There might be many others
for nitrotriazole molecules, such as formation of nitro-
soaromatic intermediates, reactions of the –NO2 group
with an ortho substituent, etc. [38, 56–58]. Moreover,
many factors are involved in sensitivity. Therefore, the
strengthened C–NO2 bond does not in all cases lead to
the reduced sensitivity for nitrotriazoles.

As can be seen from Tables 2 and 3, the value of the
increment of the BDE in complex in comparison with that of
the corresponding isolated nitrotriazole molecule (ΔBDE) is
very close to the intermolecular hydrogen-bonding interac-
tion energy. For instance, for the hydrogen-bonded com-
plexes with 1,2,3-triazole, the ΔBDEs are in the range of
20.3–26.8 kJmol−1 at B3LYP/6-311++G(2df,2p) level. This

Table 1 Selected geometric parameters (in Å)

Parameters (I–1) (I–2) (I–3) (I–4) (I–5) (I–6) (I–7)

O3···H5 1.818a 1.822 1.807 1.805 1.800 1.806 1.809

1.814b 1.825 1.805 1.810 1.799 1.810 1.808

1.856c 1.860 1.854 1.837 1.846 1.849 1.847

C1–N2 1.442a (1.450) 1.427 (1.435) 1.440 (1.448) 1.427 (1.436) 1.435 (1.444) 1.419 (1.428) 1.420 (1.430)

1.438b (1.445) 1.423 (1.430) 1.436 (1.443) 1.423 (1.431) 1.430 (1.439) 1.415 (1.424) 1.416 (1.426)

1.447c (1.452) 1.432 (1.438) 1.446 (1.451) 1.432 (1.438) 1.442 (1.448) 1.428 (1.434) 1.423 (1.431)

N2–O3 1.228 (1.217) 1.241 (1.221) 1.229 (1.217) 1.241 (1.223) 1.229 (1.217) 1.243 (1.224) 1.233 (1.221)

1.226 (1.215) 1.239 (1.219) 1.227 (1.215) 1.239 (1.221) 1.227 (1.215) 1.241 (1.222) 1.231 (1.219)

1.230 (1.225) 1.239 (1.228) 1.231 (1.226) 1.239 (1.229) 1.231 (1.225) 1.240 (1.230) 1.236 (1.230)

H5–F10d 0.935 0.934 0.935 0.935 0.936 0.935 0.935

0.935 0.933 0.935 0.934 0.936 0.934 0.935

0.925 0.924 0.926 0.925 0.926 0.925 0.926

Parameters (II–1) (II–2) (II–3) (II–4) (II–5) (II–6) (II–7)

O3···H5 1.802 1.816 1.792 1.799 1.791 1.808 1.839

1.801 1.822 1.792 1.803 1.791 1.814 1.838

1.840 1.850 1.830 1.827 1.836 1.858 1.883

C1–N2 1.463 (1.470) 1.448 (1.456) 1.461 (1.469) 1.448 (1.457) 1.462 (1.469) 1.448 (1.456) 1.442 (1.451)

1.459 (1.466) 1.445 (1.451) 1.457 (1.464) 1.445 (1.452) 1.458 (1.464) 1.444 (1.451) 1.438 (1.446)

1.453 (1.460) 1.442 (1.448) 1.452 (1.459) 1.441 (1.448) 1.454 (1.459) 1.441 (1.446) 1.440 (1.446)

N2–O3 1.231 (1.219) 1.242 (1.212) 1.232 (1.219) 1.242 (1.214) 1.232 (1.220) 1.242 (1.213) 1.226 (1.215)

1.229 (1.217) 1.239 (1.211) 1.230 (1.217) 1.240 (1.212) 1.230 (1.217) 1.240 (1.211) 1.224 (1.213)

1.234 (1.228) 1.240 (1.225) 1.235 (1.229) 1.241 (1.226) 1.234 (1.229) 1.241 (1.226) 1.230 (1.225)

H5–F10 0.936 0.934 0.936 0.935 0.936 0.934 0.934

0.935 0.933 0.936 0.935 0.936 0.934 0.933

0.926 0.925 0.927 0.926 0.927 0.925 0.924

The values in parenthesis are the geometric parameters for isolated nitrotriazole molecules
a At B3LYP/6-311++G** level
b At B3LYP/6-311++G(2df,2p) level
c At MP2(full)/6-311++G** level
d The H–F bond length in HF is 0.922, 0.922 and 0.916 Å at B3LYP/6-311++G**, B3LYP/6-311++G(2df,2p) and MP2(full)/6-311++G** levels,
respectively
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is pleasing information: the explosive complex needs not
only more energy to destroy the intermolecular hydrogen-
bonding interaction, but also to counteract the increment of

the BDE in the C–NO2 bond in the process of detonation.
Therefore, if the C–NO2 bonds are the trigger linkages, the
origin of the change of explosive sensitivity is not only due

Table 2 Intermolecular hydrogen-bonding interaction energy (–Eint.(kJmol−1))

Parameters (I–1) (I–2) (I–3) (I–4) (I–5) (I–6) (I–7)

B3LYP/6-311++G** 27.4 (25.0) 24.1 (22.1) 28.9 (26.4) 25.9 (23.2) 27.0 (20.5) 26.0 (23.5) 25.9 (19.7)

18.5 16.1 19.9 16.7 19.7 20.5 19.7

B3LYP/6-311++G(2df,2p) 28.8 (29.3) 22.5 (20.5) 28.0 (26.1) 24.7 (22.5) 28.7 (26.8) 24.8 (22.8) 28.2 (26.2)

22.1 13.8 18.9 15.6 19.6 15.8 19.2

MP2(full)/6-311++G** 21.9 (16.2) 16.9 (9.6) 23.1 (17.3) 18.9 (10.8) 22.8 (15.8) 18.3 (10.9) 22.1 (14.8)

MP2(full)/6-311++G(2df,2p) 23.3 (18.1) 17.7 (12.3) 24.6 (19.3) 20.3 (14.5) 24.4 (18.9) 19.7 (14.0) 23.3 (17.5)

MP2(full)/aug-cc-pVTZ 24.3 (18.4) 19.6 (14.4) 26.1 (20.5) 21.9 (16.1) 26.0 (20.6) 21.3 (16.0) 25.0 (19.5)

Parameters (II–1) (II–2) (II–3) (II–4) (II–5) (II–6) (II–7)

B3LYP/6-311++G** 28.9 (26.3) 24.0 (21.3) 30.3 (27.7) 26.5 (23.7) 30.4 (27.8) 25.7 (23.1) 23.2 (20.7)

19.2 15.1 20.7 17.2 20.8 16.9 14.5

B3LYP/6-311++G(2df,2p) 29.3 (27.2) 26.1 (27.4) 31.6 (29.7) 25.2 (23.0) 29.4 (27.4) 24.0 (21.9) 20.8 (18.9)

19.8 20.6 22.4 15.9 20.0 15.0 12.2

MP2(full)/6-311++G** 23.2 (16.0) 18.0 (10.3) 24.5 (17.2) 20.5 (12.0) 24.9 (18.7) 20.0 (14.0) 17.9 (11.9)

MP2(full)/6-311++G(2df,2p) 24.5 (18.9) 18.8 (13.1) 25.5 (19.9) 21.3 (15.2) 25.8 (20.5) 20.7 (15.3) 18.8 (13.8)

MP2(full)/aug-cc-pVTZ 26.0 (20.5) 20.7 (15.4) 27.5 (21.8) 23.3 (17.5) 27.7 (22.0) 22.5 (17.0) 20.6 (15.2)

The values in the parenthesis are BSSE-corrected (–Eint.(BSSE)), and those with BSSE and ZPE (–Eint.(BSSE-ZPE)) correction are in italic

Table 3 Bond dissociation energy (BDE (kJmol−1)) in the C–NO2 bond

Parameters (I–1) (I–2) (I–3) (I–4) (I–5) (I–6) (I–7)

B3LYP/6-311++G** 330.0 (321.6) 328.6 (320.9) 334.9 (326.5) 330.6 (321.8) 342.4 (333.6) 340.5 (332.1) 331.6 (323.1)

306.7 (298.9) 308.6 (301.5) 309.8 (302.1) 307.6 (299.9) 316.3 (308.2) 317.6 (309.9) 306.5 (298.8)

B3LYP/6-311++G(2df,2p) 335.2 (329.8) 337.6 (335.5) 339.9 (334.4) 339.2 (336.8) 347.8 (342.0) 348.9 (345.9) 337.7 (331.9)

313.6 (309.5) 316.3 (312.5) 316.3 (312.2) 315.7 (312.5) 322.4 (317.1) 324.3 (319.2) 314.0 (310.9)

MP2(full)/6-311++G** 419.6 (382.7) 425.6 (393.3) 423.4 (391.3) 424.4 (389.1) 434.0 (398.7) 440.0 (401.3) 465.7 (427.1)

385.0 (376.4) 392.6 (380.1) 385.3 (379.0) 423.7 (391.6) 395.6 (388.7) 416.8 (387.4) 426.9 (389.3)

MP2(full)/6-311++G(2df,2p) 456.6 (436.2) 459.6 (432.0) 453.8 (430.4) 458.0 (432.7) 465.7 (441.1) 482.1 (447.9) 486.4 (452.5)

434.8 (407.2) 399.6 (379.4) 401.1 (375.5) 408.7 (378.3) 418.4 (393.4) 455.8 (431.9) 449.2 (416.5)

MP2(full)/aug-cc-pVTZ 465.6 (430.9) 464.8 (435.6) 465.3 (433.7) 466.1 (434.7) 472.9 (442.6) 481.7 (454.9) 514.4 (482.1)

428.9 (411.5) 465.2 (439.8) 423.9 (405.7) 433.3 (417.0) 436.2 (406.5) 479.0 (453.6) 465.4 (431.3)

Parameters (II–1) (II–2) (II–3) (II–4) (II–5) (II–6) (II–7)

B3LYP/6-311++G** 314.4 (306.2) 310.5 (302.9) 319.4 (311.2) 313.5 (305.1) 319.8 (311.7) 314.2 (306.7) 306.6 (298.8)

289.8 (282.4) 290.0 (282.9) 294.0 (286.6) 289.4 (281.6) 293.6 (286.3) 291.8 (284.7) 287.0 (279.7)

B3LYP/6-311++G(2df,2p) 321.1 (317.9) 319.8 (319.0) 325.4 (322.2) 323.3 (322.9) 323.7 (318.4) 318.8 (313.4) 311.0 (305.4)

293.5 (289.2) 298.7 (296.3) 294.4 (290.2) 299.0 (297.5) 298.6 (294.1) 299.2 (295.5) 294.7 (290.9)

MP2(full)/6-311++G** 380.9 (347.7) 378.4 (345.7) 381.3 (347.9) 381.6 (345.3) 385.3 (347.3) 379.4 (347.3) 375.0 (343.1)

344.8 (313.7) 347.5 (316.1) 342.6 (311.0) 346.8 (312.9) 345.5 (314.0) 345.7 (313.8) 343.3 (311.9)

MP2(full)/6-311++G(2df,2p) 408.3 (385.4) 392.5 (363.3) 393.8 (364.2) 396.8 (365.2) 398.3 (469.1) 393.5 (364.0) 391.1 (362.0)

358.5 (330.5) 363.0 (334.8) 374.2 (351.4) 363.6 (333.3) 377.5 (358.1) 360.9 (332.4) 360.3 (332.0)

MP2(full)/aug-cc-pVTZ 413.9 (386.4) 413.6 (385.2) 414.4 (386.6) 419.0 (388.3) 418.9 (389.8) 414.5 (385.0) 413.5 (384.0)

377.6 (352.3) 384.7 (357.1) 390.2 (369.3) 386.8 (357.0) 380.6 (352.6) 382.5 (354.1) 378.2 (349.1)

The values in the parenthesis are BSSE-corrected (–Eint.(BSSE)), and those of the bond dissociation energies for isolated nitrotriazole molecules
are in italic
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to the formation of the intermolecular H-bonding interaction
but also due to the increment of the C–NO2 bond dissocia-
tion energy. In the previous investigations, the influence
of the intermolecular H-bonding interaction on the
strength of the C–NO2 bond was not considered, and
only the formation of intermolecular H-bonding interac-
tion was regarded as the origin of the change of explo-
sive sensitivity [19].

From Tables 2 and 3, although the order of the H-
bonding interaction energies is not in accordance with
that of the C–NO2 bond dissociation energy, it is just in
agreement with the order of the increment of the C–
NO2 bond dissociation energies. The relationship be-
tween the H-bonding interaction energy and increment
of the C–NO2 bond dissociation energy (ΔBDE) is
shown in Fig. 2 at B3LYP/6-311++G(2df,2p) level.
The correlation coefficient is 0.9751 or 0.9705 for the

hydrogen-bonded complexes with the 1,2,3-triazole or
1,2,4-triazole unit, respectively. They fit the following
equations:

ΔBDE ¼ 1:018 �Eint:ð Þ � 4:010 ð5Þ

ΔBDE ¼ 0:820 �Eint:ð Þ þ 1:132: ð6Þ
ΔBDE and –Eint. are in kJ·mol−1. This result shows again
that the intermolecular H-bonding interaction has an impor-
tant effect on the strength of the C–NO2 bond.

Charge of nitro group

From Table 4, three kinds of charges (Mulliken, Natural
and APT charges) of nitro group in complexes are all
more negative than those in the corresponding isolated
nitrotriazole molecules. In particular, in 5-methyl-4-ni-
tro-3H-1,2,3-triazole, 2-methyl-4-nitro-1,2,3-triazole-3-
oxide and 3-nitro-1H-1,2,4-triazole-5-oxide, the values
of the APT charge are positive. However, in their
corresponding complexes I–6, I–7 and II–7, they turn
negative. These results show that more negative charges
concentrate on the nitro group upon the formation of
complexes. The more negative charges the nitro groups
carry, the lower sensitivities the explosives show
[15–17]. Therefore, it is possible that the sensitivity is
reduced with the formation of complexes, which is in
accordance with the above analysis.

Analysis of the electron density shifts

In order to obtain deeper insight into the origin of the change
of the C–NO2 bond strength, the analysis of the electron
density shifts which accompanied the H-bonding formation
by the initial nitrotriazoles followed by addition of HF was
carried out. For this purpose, the electron density shift was

Table 4 Charges (in e) of nitro group

Parameters (I–1) (I–2) (I–3) (I–4) (I–5) (I–6) (I–7)

Mulliken chargea −0.240 (−0.194) −0.312 (−0.237) −0.251 (−0.205) −0.374 (−0.278) −0.298 (−0.228) −0.342 (−0.255) −0.290 (−0.246)

Natural chargea −0.275 (−0.267) −0.281 (−0.268) −0.276 (−0.273) −0.288 (−0.276) −0.288 (−0.280) −0.300 (−0.286) −0.274 (−0.260)

APT chargeb −0.067 (−0.035) −0.017 (−0.015) −0.067 (−0.034) −0.031 (−0.003) −0.070 (−0.035) −0.021 (0.015) −0.003 (0.044)

Parameters (II–1) (II–2) (II–3) (II–4) (II–5) (II–6) (II–7)

Mulliken chargea −0.287 (−0.227) −0.303 (−0.241) −0.314 (−0.251) −0.359 (−0.272) −0.289 (−0.269) −0.322 (−0.286) −0.270 (−0.230)

Natural chargea −0.256 (0.253) −0.260 (0.242) −0.263 (−0.259) −0.268 (−0.259) −0.263 (−0.258) −0.266 (−0.256) −0.263 (−0.251)

APT chargeb −0.097 (−0.060) −0.044 (−0.013) −0.096 (−0.060) −0.049 (−0.016) −0.103 (−0.064) −0.045 (−0.013) −0.023 (0.010)

The values in parenthesis are the charges for isolated nitrotriazole molecules
a At MP2(full)/6-311++G** level
b At B3LYP/6-311++G(2df,2p) level

Fig. 2 The increment of the C–NO2 bond dissociation energy (ΔBDE)
in complex in comparison with the isolated nitrotriazole molecules
versus the intermolecular H-bonding interaction energy (–Eint.) at
B3LYP/6-311++G(2df,2p) level
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calculated by evaluating the difference between the total elec-
tron densities of complex and individual monomers.

ρshift ¼ ρ RNO2���HFð Þ � ρRNO2
� ρHF

The shifts of electron density were illustrated in Fig. 3.
Purple regions represented the accumulation of additional
electron density; yellow regions indicated loss of density.

The H-bonding formations are shown by the yellow region
around the hydrogen atom of the H–F bond and the purple
region surrounding the oxygen atom of the nitro group, con-
sistent with the accepted notion that the hydrogen atom loses
density. The loss of the hydrogen atom density weakens the
H–F bond, leading to the elongation of the H–F bond, as is in
common with the feature of the conventional H-bond.

It is interesting that much purple area is around the C and
N atoms of the C–NO2 bond and extending toward the C–
NO2 bond, showing that the electron density shifts toward
the C and N atoms as well as the C–NO2 bond. It is well

known that, the more intensive the electron between two
atoms, the more chances of overlapping. As a result, the
strength of the C–NO2 bond is improved. Thus, we can draw
a conclusion that the electron density shifts toward the C–
NO2 bond upon the formation of the H-bonding interaction
between HF and the nitro group, leading to the enhanced C–
NO2 bond and the possibly reduced sensitivity of explosive.

Conclusions

We investigated the changes of the BDE in the C–NO2 bond
and nitro group charge upon the formation of the intermo-
lecular hydrogen-bonding interaction between HF and the
nitro group of 14 kinds of nitrotriazoles or methyl deriva-
tives using the B3LYP and MP2(full) methods. The strength
of the C–NO2 bond was enhanced and the charge of nitro
group turned more negative upon complexation. The value
ofΔBDE correlated well with the intermolecular H-bonding

Fig. 3 Shifts of electron
density as a result of the
formation of complexes
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interaction energy. The electron density shifted toward the
C–NO2 bond upon complex formation, leading to the
strengthened C–NO2 bond and the possibly reduced explo-
sive sensitivity.
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