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Abstract The changes of bond dissociation energy (BDE)
in the C-NO, bond and nitro group charge upon the forma-
tion of the molecule-cation interaction between Na" and the
nitro group of 14 kinds of nitrotriazoles or methyl deriva-
tives 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—-NO, bond
was enhanced in comparison with that in the isolated nitro-
triazole molecule upon the formation of molecule-cation
interaction. The increment of the C—-NO, bond dissociation
energy (ABDE) correlated well with the molecule-cation
interaction energy. Electron density shifts analysis showed
that the electron density shifted toward the C-NO, bond
upon complex formation, leading to the strengthened C-
NO, bond and the possibly reduced explosive sensitivity.

Keywords Bond dissociation energy in C-NO, bond -
Molecule-cation interaction - MP2(full)
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Introduction

The search for new and thermally stable insensitive
explosives has been a primary goal in the field of
energetic material chemistry in order to avoid the cata-
strophic explosion in use and meet the requirement of
military application [1, 2]. It has been extensively
shown from many experimental and theoretical results
that introducing cation into the structure of explosive
can lead to a dramatic change of explosive sensitivity
[3]. In 2005, the experimental sensitivity data indicated
that the Co (III) / Ni (III) / Cu (II) complexes with
mono-(5-nitro-H-tetrazolato-N) triammine were more
friction sensitive than mono-(5-nitro-H-tetrazolato-N) tri-
ammine zinc (IT) perchlorate [4]. In 2006, Talawar et al.
found that the electrostatic spark sensitivity of explo-
sives decreased in the order of AgNs;=nickel hydrazi-
nium nitrate>PbNg>mercury salt of S5-nitro tetrazole>
cobalt hydrazinium nitrate>bis-5-nitrotetrazolato tetra
amino cobalt (III) perchlorate [5]. Anniyappan et al.
observed that the impact and friction sensitivities of
potassium salt of FOX-7 were far higher than those of
guanidinium salt [6]. In 2007, the investigation into the
explosive properties of potassium salts of trinitrophlor-
oglucinol indicated that, the more metal atoms that
entered the molecular structure, the lower the sensitivity
[7]. In 2009, Klapotke et al. observed that 5-
nitriminotetrazole was sensitive toward outer stimuli
but its copper complex was insensitive [8]. In 2010,
copper (II) chlorate (VII) coordination polymer with 4-
amino-1,2,4-triazole was characterized to be low-
sensitive to friction (10 N) [9]. In 2011, Fischer et al.
stated that the NH," cation strongly influenced the
friction sensitivity of I-nitratoethyl-5-nitriminotetrazole
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[10]. In theoretical investigations, the electronic struc-
ture and relationship between structure and sensitivity of
«-Pb(N3), were studied by ab initio method [11]. A
report dealing with thermolysis of 5-nitro-2,4-dihydro-
3H-1,2,4-triazole-3-one (NTO) and its salts was thor-
oughly reviewed. The metal complexes were found to
be more insensitive than NTO [12]. All these results
indicate indirectly that the molecule-cation interaction
between the explosive molecule and cation strongly
influences the sensitivity of explosive.

In nitro explosives, the X-NO, (X = C, N or O) bond is
usually relatively weak, and the homolysis of the X-NO,
bond might occur easily in the case of shock or impact. This
phenomenon is known as “trigger linkage” and, in most
cases, the X-NO, bond could be termed as “trigger bond”
[2, 13—15]. Recently many researchers have found that, in
some cases, the explosive sensitivity of nitro explosive
exhibits a good linear relationship with the bond dissocia-
tion energy (BDE) of trigger bond or the charge of nitro
group [16-22]. Song, Owens and Xiao et al. found that, the
stronger the C-NO, trigger bond, the lower the explosive
sensitivity turned [19, 23, 24]. Cao, Zhang and Rice et al.
confirmed that the more positive the nitro group charge, the
higher the shock sensitivity of a nitro compound was [17,
20, 21]. Tan et al. stated that, despite it needing a different
shock initiation mechanism to interpret with different kinds
of explosives, evaluating the shock sensitivity applying
BDEs of the weakest X-NO, (X = C, N, O) bond and the
Mulliken charges of nitro group could be used in wide
ranges, including aliphatic nitro compounds, aromatic nitro
compounds, nitramines and nitric acid esters [22]. These
investigations show that the explosive sensitivities of nitro
compound could be evaluated by the BDE of the X-NO,
trigger bond and the charge of nitro group.

Since molecule-cation interaction strongly influences
the explosive sensitivity and the explosive sensitivity
shows a good linear relationship with the BDE of trig-
ger bond or the charge of nitro group, the molecule-
cation interaction might also influence the strength of
the X-NO, trigger bond and the charge of nitro group.
However, in the previous investigations, the influence of
the molecule-cation interaction on the strength of the X-
NO, bond was not considered. Thus, researchers be-
lieved that the cation only played a structure-creating
role (i.e., coordinates other molecules) providing the
stability. Furthermore, they declared that the complex
needed only more energy to destroy the molecule-
cation interaction in the process of the detonation [3].
Very recently we have investigated theoretically, for the
first time, the influence of the molecule-cation interac-
tion on the strength of trigger bond and the charge of
nitro group for the 3,4-dinitropyrazole (DNP) complex
with Na” using the B3LYP and MP2(full) methods. The
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result showed that the C-NO, trigger bond was strength-
ened and the explosive sensitivity might be reduced
upon the formation of molecule-cation interaction [25].

As a follow-up to our investigation into the influence
of molecule-cation interaction on the strength of the C-
NO, bond, in this paper, we investigated systematically
changes of the BDE in the C-NO, bond upon the
formation of the molecule-cation interaction between
Na" and the nitro group of 14 kinds of nitrotriazoles
or methyl derivatives.

Most of the compounds containing triazole ring can be
used as outstanding explosives because the heterocyclic ring
system confers a high density, thermal stability, high nitro-
gen content, high volume of detonation products and insen-
sitivity to impact [26, 27]. Recently various nitrotriazole
explosives with the structural unit 1,2,3-triazole or 1,2,4-
triazole have been synthesized and tested as insensitive high
energy explosives [28—32]. Furthermore, lots of experimen-
tal and theoretical investigations have indicated that, for the
nitrotriazole compounds, a key initiating step appears to be
the rupture of the C-NO, bond, which might be as a “trigger
linkage” [33—41]. The thermal decomposition mechanisms
of hydrazine 3-nitro-1,2,4-triazol-5-one (HNTO) and dime-
thylamine salt of 3-nitro-1,2,4-triazol-5-one
((CH3),NH,C,N405H) were studied by means of differen-
tial scanning calorimetry, thermogravimetry and derivative
thermogravimetry. The results showed that the nitryl group
broke away first from HNTO and (CHs),NH,C,N,O5H [33,
34]. The thermal decomposition experiment for Co(H,0)s]
(NTO),2H,0 indicated that ligand water was dissociated
first and the NO, group had priority of leaving [35]. Wang et
al. found that the direct scission of C-NO, was the initial
step of the unimolecular decomposition of NTO at MP2/6-
31G** level [36]. In 2010, a good linear correlation was
found between the drop energy and the BDE of the C-NO,
bond for 26 energetic compounds including 3-nitro-1,2,4-
triazole-5-one and 4-methyl-3,5-dinitro-1,2,4-triazole, im-
plying that these compounds ignited through the C-NO,
dissociation mechanism [37]. Another linear correlation
between the impact sensitivity /sqo, and the ratio (BDE/
E) of the BDE in the C-NO, bond to the total energy £
was also confirmed using density functional theory for
nine triazole energetic explosives [38]. Moreover, some
results of population analysis also showed that the C-
NO, bond was the weakest bond in some nitrotriazole
compounds [33, 34]. Very recently, the C-NO, bond has
been regarded as the trigger linkage in some nitrotria-
zoles [39]. These results suggest that the C-NO, bond
might be broken preferentially and the nitro group
might be easier to be dissociated when nitrotriazole
are decomposed. The C-NO, bond dissociation energy
in nitrotriazoles is possibly one of the important factors
affecting the sensitivity.
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The theoretical investigation on the changes of the BDE
in the C-NO, bond upon the formation of the Na“ com-
plexes with nitrotriazole or its methyl derivatives might
reveal, in a way, the nature of the change of sensitivity. It
will be important for keeping, transporting, safe using, mo-
lecular design and synthesis of the important energetic nitro-
triazole and its methyl derivatives.

Computational details

As a cost-effective approach, in most cases, geometry
optimization by density functional theory (DFT) meth-
odology is feasible for high energetic compounds. How-
ever, to investigate complexation energy, the MP2(full)
method is more reliable [42—44]. In addition, a high
quality basis set is crucial for calculating the properties
of the complex [45, 46]. Taking all the above factors
into account, we decided to use 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 Na™ 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 (NImag=0) 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 in the C-NO, bond were calculated 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.

BDE = E(R.) + E(ANOZ)

— E(gno,)for nitrotriazole molecule (1)

BDE = E(R) + E(ANOZ_A,NLH_) - E(RNOZ,__Na+)fOVCOmpl€X (2)

R" means the radical of triazole or its methyl derivative. The
BDE was corrected with the basis set superposition error
(BSSE) [49, 50] correction.

Molecule-cation interaction between Na' and the nitro
group (E;n ) was expressed as follows:

Eint. = E(rNOy-Na+) — E(rNO,) — E(Nat)- 3)

E;,. was also corrected with the BSSE and zero-point ener-
gy (ZPE) corrections.

The nitro group charge (Ono2) Was calculated as Eq. 4.
Ono, = On + Qo1 + Qo2 (4)

The On, Qo1 and Qo; are the charges on the N and the O
atoms, respectively.

Results and discussion

In this work, the studied Na' complexes of nitrotriazole
with the structural unit 1,2,3-triazole are 4-nitro-1H-
1,2,3-triazole Na® (I-1), 4-nitro-3H-1,2,3-triazole Na*
(1-2), 1-methyl-4-nitro-1,2,3-triazole Na' (I-3), 3-
methyl-4-nitro-1,2,3-triazole Na" (1-4), 5-methyl-4-ni-
tro-1H-1,2,3-triazole Na™ (I-5), 5-methyl-4-nitro-3H-
1,2,3-triazole Na® (I-6) and 2-methyl-4-nitro-1,2,3-tria-
zole-3-oxide Na' (I-7). Those with the structural unit
1,2,4-triazole are 3-nitro-1H-1,2,4-triazole Na' (II-1),
3-nitro-2H-1,2,4-triazole Na' (II-2), 1-methyl-3-nitro-
1,2,4-triazole Na® (II-3), 2-methyl-3-nitro-1,2,4-triazo-
le Na™ (II-4), 5-methyl-3-nitro-1H-1,2,4-triazole Na®
(II-5), 5-methyl-3-nitro-2H-1,2,4-triazole Na' (II-6)
and 3-nitro-1H-1,2,4-triazole-5-oxide Na' (II-7). All
the structures of complexes are shown in Fig. 1. The
selected geometric parameters are listed in Table 1. The
molecule-cation interaction energies and the BDEs in
the C-NO, bond are presented in Tables 2 and 3,
respectively. The nitro group charges are collected in
Table 4.

Structure of the complex

From Fig. 1, the Na" complexes with nitrotriazole are
C, symmetry, and those with the methyl derivatives are
C, symmetry. All the five membered triazole rings have
planar geometry and the interatomic distances within the
triazole ring are not equal. From Table 1, the O3 NaS$
distance is in the range between 2.396 and 2.457 A at
MP2(full)/6-311++G** level, which is close to that in
the molecule-cation interaction complex DNP Na®
(2.438 A) [25]. On the other hand, the N2-O3 bond
length in complexes increases in comparison with that
in the isolated nitrotriazole molecules. These results
suggest that the molecule-cation interactions between
Na' and the nitro group might be formed.

Interestingly, from Table 1, the bond length of the C-NO,
bond in complexes decreases in comparison with that in the
isolated nitrotriazole molecules at three levels of theory. In
most cases, shortening of a bond length might lead to
strengthening of the bond [51]. Thus, the C-NO, bond
might turn stronger upon the formation of the molecule-
cation interaction between Na* and the nitro group.

@ Springer
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Molecule-cation interaction and BDE in the C-NO, bond

From Table 2, the values of the molecule-cation inter-
action energies between Na' and the nitro group calcu-
lated using the B3LYP method are larger than those
obtained from the MP2(full) method. As mentioned
above, the intermolecular interaction energy by the
MP2(full) method with the high quality basis set is
usually close to the experimental result. Therefore, the
results at the MP2(full)/aug-cc-pVTZ level were used to
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5-methyl-3-nitro-2H-1,2 4-triazole-~Na'
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Fig. 1 Molecular structures of complexes at MP2(full)/6-311++G** level
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elucidate the trends in the molecule-cation interaction
energies.

In the Na" complexes with the 1,2,3-triazole unit, the
values of the molecule-cation interaction energies are
within the range of 90.4-135.8 kJ mol™' at MP2(full)/
aug-cc-pVTZ level (see Table 2). For the complexes
with the 1,2,4-triazole unit, they are stronger slightly
than those of the complexes with the 1,2,3-triazole unit,
up to the range of 100.7-141.5 kJ mol ', At five levels
of theory, the molecule-cation interaction decreases in
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Table 1 Selected geometric
parameters (in A)* Parameters (I-1) (1-2) (1-3) 1-4) (I-5) (1-6) 1-7)
03-Na5 2.379° 2.409 2.365 2.382 2.389 2.350 2374
2.367° 2.398 2.356 2371 2.379 2.339 2.361
2.418¢ 2.457 2.408 2.430 2.441 2.396 2.410
C1-N2 1.412° 1.396 1.408 1.393 1.386 1.402 1.385
(1.450)° (1.435) (1.448) (1.436) (1.428) (1.444) (1.430)
1.408° 1.393 1.404 1.390 1.383 1.398 1.381
(1.445)° (1.430) (1.443) (1.431) (1.424) (1.439) (1.426)
1.427¢ 1.412 1.425 1.410 1.407 1.420 1.393
(1.452)¢ (1.438) (1.451) (1.438) (1.434) (1.448) (1.431)
N2-03 1.233 1.240 1.235 1.244 1.251 1.237 1.242
(1.217) (1.221) (1.217) (1.223) (1.224) (1.217) (1.221)
1232 1.237 1.234 1.242 1.249 1.235 1.240
(1.215) (1.219) (1.215) (1.221) (1.222) (1.215) (1.219)
1.235 1.239 1.236 1.241 1.246 1.236 1.245
(1.225) (1.228) (1.226) (1.229) (1.230) (1.225) (1.230)
Parameters 1-1) 11-2) (11-3) (11-4) (11-5) (11-6) (11-7)
03--Na5 2.407 2.400 2.391 2.370 2.400 2.396 2.387
2.396 2.388 2.380 2.358 2.381 2.384 2374
2.441 2436 2.428 2.407 2427 2.430 2.429
C1-N2 1.437 1.418 1.432 1.414 1.414 1.434 1.405
(1.470) (1.456) (1.469) (1.457) (1.456) (1.469) (1.451)
1.434 1.415 1.429 1.411 1.411 1.430 1.401
(1.466) (1.451) (1.464) (1.452) (1.451) (1.464) (1.446)
1.439 1.421 1.435 1.417 1.415 1.436 1.413
“The values in parenthesis arc (1.460) (1.448) (1.459) (1.448) (1.446) (1.459) (1.446)
the geometric parameters for N2-03 1.232 1.230 1.235 1.234 1.231 1.234 1.238
isolated nitrotriazole molecules (1.219) (1.212) (1.219) (1.214) (1.213) (1.220) (1.215)
At B3LYP/6-311++G** level 1.230 1.228 1.232 1.232 1.230 1.232 1.235
°At B3LYP/6-311++G(2df,2p) (1.217) (1.211) (1.217) (1.212) (1.211) (1.217) (1.213)
level 1.237 1.236 1.238 1.238 1.238 1.238 1.239
:‘Atl MP2(full)/6-311++G** (1.228) (1.225) (1.229) (1.226) (1.226) (1.229) (1.225)
c€ve

the same order of (I-7)>(I-3)>(I-6)>(I-1)>(I-4)>(I-5)>(1-2)
and (I1-3)> (I1-6)> (II-1)> (11-4) > (II-5)> (1I-7)> (11-2).

Table 3 gives both uncorrected and corrected BDEs of the
C-NO, bond after correction of the BSSE by means of the
counterpoise method. The proportion of corrected BDEs for
the complexes to their total BDEs, defined as [BDE-
BDE@gssg)l/BDE, is only 2.59%, 1.73%, 7.49%, 6.84%
and 6.88% at B3LYP/6-311++G**, B3LYP/6-311++G
(2df,2p), MP2(full)/6-311++G**, MP2(full)/6-311++G(2d,
p) and MP2(full)/aug-cc-pVTZ levels, respectively. These
results indicate that the BSSE corrections for BDEs are not
notable. In general, the BSSE corrections are not negligible.
There is a standard computational protocol: only in the case
of complete basis set, is the correction for BSSE not needed.

From Table 3, the BDEs in the C-NO, bond calculated
using the B3LYP method are all lower than those obtained
by the MP2(full) method. This result is expected: dispersion
interaction is not accounted using B3LYP method but given

by MP2 method. Thus, the MP2(full) method is more fea-
sible to elucidate the trends in the calculated BDEs than the
B3LYP method. However, recently many theoretical inves-
tigations have shown that the B3LYP method correctly
describes the BDE value while the MP2 method cannot be
used to adequately describe it [52—54]. In 1996, Jursic et al.
found that, for the O-O and O-C bond dissociation energies,
the MP2 model gave unsatisfactory results, and calculation
with the DFT-B3LYP method was required [55]. In 2002,
Budyka et al. found that electron correlation correction at
the MP2/6-31G*//HF/6-31G* level overestimated the C-N
BDE value by about 67 kJ mol ™' compared to experiment
for PANHCH;, and B3LYP-calculated BDE value was in
good agreement with experimental one [52]. For the C-H
and N-H bonds in monocyclic aromatic molecules, the
B3LYP method yields BDEs that were on average lower
than experiment by ~5-10 kJ mol ™" while the MP2 BDEs
calculated were about 72.0 kJ mol ' higher than those from

@ Springer
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Table 2 Molecule-cation inter-

action energy (—Ejy (kJ mol 1)) Parameters

B3LYP/6-311++G**

B3LYP/6-311++G(2df,2p)

MP2(full)/6-311++G**
MP2(full)/6-311++G(2df,2p)
MP2(full)/aug-cc-pVTZ
Parameters
B3LYP/6-311++G**

B3LYP/6-311++G(2df,2p)

MP2(full)/6-311++G**

MP2(full)/6-311++G(2df,2
*The values in the parenthesis (fully/6-3 G(2dt.2p)

are BSSE-corrected
(_Eint.(BSSE))y and those with
BSSE and ZPE (—Ein(8ssE-zpPE))
correction are in italic

MP2(full)/aug-cc-pVTZ

(I-1) (I-2) (1-3) (I-4) (I-5) (1-6) -7
1394 110.1 1509 1215 123.1 1509  153.1
(1372)  (108.2) (148.6) (119.2) (120.8) (148.6) (150.8)
1345 1064 1466 1173 1179 1461  148.0
1402 1102 1518 1229 1240 1518 1543
(136.7)  (106.7) (1482) (119.3) (1203) (1483)  (150.6)
1341 1048 1461 1174 1186 1458  147.9
1177 85.1 1273 952 93.8 1257 1307
(108.9) (76.6)  (1184) (864)  (852)  (116.7) (121.5)
121.6  89.4 1314 997 98.4 129.9 1344
(114.4) (82.5)  (124.1) (92.5)  (91.2)  (122.5) (126.9)
1229 904 130.1 1151 98.0 1293 1358
(111.8)  (80.7)  (126.7) (104.3) (81.7)  (112.6) (128.0)
-1  12)  (3) 14) (15 (16 (17)
1448 1142 1556 1280 1247 1555 1226
(142.8)  (112.1) (153.4) (125.7) (122.9) (153.5) (121.3)
1395 1100 1507 1237 1213 1503  119.0
1457 1148  161.1 1286 1256 1560 1204
(1425  (111.4)  (162.8) (125.1) (1222) (152.6) (116.9)
139.3 1094 1602  123.0 1204 1494 1145
1288 968 1378 1085 1059 1374  98.6
(120.0)  (88.4)  (129.7) (99.9)  (97.7)  (128.6)  (90.1)
1325 101.6 1418  113.0 1106  141.6 1025
(1253)  (94.1)  (134.6) (105.8) (103.6) (1343)  (95.5)
131.9 1007 1415 1153 1104  141.1 101.9
(116.4) (85.5)  (125.8) (104.8) (101.0) (94.9)  (86.4)

experiment [56]. Furthermore, Barckholtz et al. found that
the MP2 calculations of the radical species suffered from
significant spin contamination, with<S$>>as high as 1.4 for
the radicals formed from benzene and the azabenzenes [56].
We also found that, for the MP2 method, the values of<$?>
were up to 1.15 for the nitropyrazole radical, while for the
B3LYP method, they were about 0.75 [25]. The data from
the MP2 method could not be close to experimental values
perhaps due to the serious spin contamination. In the title
compounds, for the MP2 method, the values of<S$*>are up
to 1.14 for the 14 kinds of triazole radicals, while for the
B3LYP method, they are about 0.75. Therefore, in this
paper, the B3LYP/6-311++G(2df,2p) method is selected to
elucidate the trends in the calculated BDEs.

As can be seen from Table 3, the order of the BDESs in the
C-NO, bond for the Na* complexes with the 1,2,3-triazole
unit is [-6>1-7>1-3>1-1>1-5>1-4>1-2 at B3LYP/6-311++G
(2df,2p) level. For the complexes of 1,2,4-triazole, the BDEs
are the same order of 1I-6~1I-3>1I-1>11-4>11-5>11-7>11-2
at five levels. Except for the complexes I-3, I-6 and II-6, the
order of the BDEs is in accordance with that of the
molecule-cation interaction energy. Furthermore, the BDEs
in the Na" complexes with nitrotriazole are weaker than
those in the systems with the methyl derivative.

@ Springer

Interestingly, from Table 3, the BDEs of the C-NO, bond
in complexes are about 1.5 times larger than those in the
corresponding isolated nitrotriazole molecules. This result
suggests that the strength of the C-NO, bond is enhanced
upon the formation of molecule-cation interaction between
Na' and the nitro group, which is in agreement with the
analysis of structure and similar to the result of the investi-
gation on the DNP complex with Na" [25]. The stronger the
C-NO, trigger bond in nitro explosives, in most cases, the
lower the explosive sensitivity turned [19, 23, 24]. Thus, it
is possible that the explosive sensitivity is reduced upon the
formation of molecule-cation interaction if the C-NO, bonds
are proved to be the trigger linkages in all the title com-
pounds and breaking of the C-NO, bond is the mechanism
for initiating detonation. It should be noted that, for the C-
nitro explosives, breaking of the C-NO, bond is not the only
mechanism for initiating detonation. There are many others,
such as nitro-nitrite isomerization, formation of nitrosoaro-
matic intermediates, reactions of the —NO, group with an
ortho substituent, etc. [57-59]. For example, Yim et al.
found that the departing NO, could capture a H atom from
the NTO ring to form HONO, by either a concerted bond
breaking mechanism or by a bimolecular reaction between
the NO, group and the triazol ring [60]. In fact, many factors
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Table 3 Bond dissociation en-
ergy (BDE (kJ mol ")) in the C-  Parameters Gy @ @y a4 S @6 1)
NO, bond® B3LYP/6-311++G** 4416 4127 4579 42689 4379 4655 4584
(4312)  (402.8) (447.5) (416.4) (427.3) (454.4) (447.5)
306.7 3086 3098 3076  317.6 3163  306.5
(298.9)  (301.5) (302.1) (299.9) (309.9) (308.2)  (298.8)
B3LYP/6-311++G(2df,2p) 4489 4213 4653 4324 4433 4704 4673
(444.5)  (417.8) (460.8) (426.0) (4357) (462.7)  (4632)
3136 3163 3163 3157 3243 3224  314.0
(309.5) (312.5) (312.2) (312.5) (319.2) (317.2) (310.9)
MP2(full)/6-311++G** 5049 4798 5108 5233 4974 5559  559.8
(476.5)  (487.2) (519.4)  (519.3)
3850 3926 3853 4237 4168 3956  426.9
(376.4)  (380.1)  (379.0) (391.6) (387.4) (388.7)  (389.3)
MP2(full)/6-311++G(2df,2p)  519.4 4968 5252 5052 5195 5734 5802
(488.7)  (466.5) (494.0) (472.6) (492.1) (542.2)  (544.4)
4349 399.6 4011 4087 4558 4184  449.2
(407.2)  (379.4)  (375.5) (378.3) (431.9) (393.4) (416.5)
MP2(fully/aug-cc-pVTZ 541.1 5194 5473 5292 5482  600.6 6032
(509.4) (5147  (494.1 5932 5902
428.9 4652 4239 4333 4790 4362 4654
(411.5)  (439.8) (405.7) (417.0) (453.7) (406.5  (431.3)
Parameters (II-1) (11-2) (II-3) (11-4) (11-5) (11-6) (II-7)
B3LYP/6-311++G** 4277 3982 4436 4146 4125 4437 4115
(417.7)  (388.5) (433.6) (403.9) (402.8) (433.7)  (401.6)
289.8  290.0  294.0  289.5  291.8 2936  287.0
(282.4)  (282.9) (286.6) (281.6) (284.7)  (286.3)  (279.7)
B3LYP/6-311++G(2df.2p) 4298  407.6 4477 4248 4176 4466 4164
(424.7)  (4063) (442.9) (422.6) (411.6) (440.7) (411.8)
2935 2987 2944  299.0 2992 2986  294.7
(289.2)  (296.3) (290.3)  (297.5)  (295.5) (294.1)  (290.9)
MP2(full)/6-311++G** 5063  481.1 5157 4975 4932 5182 4494
(473.1)  (447.6) (481.9) (4613) (4592) (484.7) (415.7)
3433 3448 3475 3426 3468 3457 3455
(313.7) (316.1) (311.0) (312.9 (313.8) (314.0) (311.9)
MP2(full)/6-311++G(2df,2p)  484.6  462.1 4937 4775 4739  497.1 465.5
(454.7)  (432.0)  (462.9) (444.8) (443.1) (466.6) (434.9)
3585  363.0 3742 3636 3609 3775  360.3
(330.5) (334.8) (351.4) (333.3) (3324) (3581)  (332.0)
X . , MP2(fully/aug-cc-pVTZ 537.4 5152 5144 5003 4953 5174  487.6
The values in the parenthesis
are BSSE-corrected (496.4)  (485.1) (483.0  (465.8  (462.6  (485.0  (454.8)
(~Einy(sssg)), and those of the 377.6 3847  390.2 3868 3825 3806  378.2
BDE: for isolated nitrotriazole (352.3)  (357.1) (369.3) (357.0) (354.1) (352.6)  (349.1)

molecules are in italic

are related to sensitivity. Therefore, the strengthened C-NO,
bond does not in all cases lead to the reduced sensitivity.
As can be seen from Tables 2 and 3, the value of the
increment of the BDE in the C-NO, bond in complex in
comparison with that of the corresponding isolated nitro-
triazole molecule (ABDE) is very close to the molecule-
cation interaction between Na™ and the nitro group. For

instance, for the Na'" complexes with the 1,2,3-triazole unit,
the difference between the interaction energy and the value
of ABDE is no more than 6.0 kJ mol " at B3LYP/6-311++G
(2df,2p) level. This is pleasing information! It tells us that
the explosive complex needs more energy to destroy the
molecule-cation interaction and to counteract the increment
of the BDE in the C-NO, bond in the process of detonation.

@ Springer
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Table 4 Charges (in e) of nitro

group® Parameters d-1n
Mulliken charge®  —0.207
(-0.218)
Mulliken charge®  —0.249
(—0.263)
Mulliken charge!  —0.292
(-0.194)
Natural charge? —0.357
(-0.267)
APT charge® —0.037
(-0.035)
Parameters (1I-1)
Mulliken charge®  —0.191
(-0.224)
Mulliken charge®  —0.239
*The values in parenthesis are ) B (0.268)
the charges for isolated nitro- Mulliken charge —0.303
triazole molecules (-0.227)
At B3LYP/6-311++G** level Natural charge’ -0.328
‘At B3LYP/6-311++G(2df,2p) (0.253)
level APT charge® —0.059
dAt MP2(full)/6-311++G** (0.060)

level

(1-2)
~0.306
(-0.261)
-0.303
(~0.288)
~0.374
(-0.237)
~0.383
(~0.268)
~0.017
(-0.015)
(11-2)
-0.263
(~0.250)
~0.280
(-0.271)
~0.345
(-0.241)
~0.348
(0.242)
-0.013
(0.013)

(I-3)
~0.240
(~0.230)
-0.270
(~0.264)
-0.218
(-0.205)
~0.366
(-0.273)
~0.038
(-0.034)
(I1-3)
~0.214
(-0.247)
-0.262
(-0.277)
-0.235
(-0.251)
~0.341
(-0.259)
~0.005
(0.060)

(I-4)
~0.382
(-0.299)
~0.363
(-0.319)
~0.357
(-0.278)
~0.400
(-0.276)
~0.033
(~0.003)
(11-4)
~0.320
(-0.279)
-0.333
(-0.304)
-0.323
(-0.272)
~0.368
(-0.259)
-0.027
(-0.016)

(1-5)
~0.359
(-0.292)
~0.364
(-0.318)
~0.328
(-0.255)
—0.418
(-0.286)
~0.036
(0.015)
(I1-5)
~0.346
(-0.288)
-0.375
(~0.306)
~0.358
(~0.286)
~0.360
(-0.256)
~0.017
(-0.013)

(1-6)
-0.259
(-0.258)
-0.321
(~0.308)
~0.237
(-0.228)
~0.386
(~0.280)
~0.054
(~0.035)
(I1-6)
~0.273
(-0.262)
-0.339
(-0.297)
~0.292
(~0.269)
~0.337
(-0.258)
~0.061
(0.064)

(I-7)
~0.313
(-0.273)
~0.310
(-0.288)
~0.368
(-0.246)
~0.398
(-0.260)
-0.032
(0.044)
(I1-7)
~0.304
(-0.241)
~0.300
(-0.253)
-0.361
(~0.230)
~0.373
(-0.251)
~0.041
(0.010)

That is to say, if the C-NO, bonds are the trigger linkages,
the origin of the change of explosive sensitivity is not only
due to the formation of the molecule-cation interaction but
also due to the increment of the C-NO, bond dissociation
energy. In the previous investigations, the influence of the
molecule-cation interaction on the strength of the C-NO,
bond was not considered, and only the formation of
molecule-cation interaction was regarded as the origin of
the change of explosive sensitivity [3].

Two good linear relationships between E;,, and ABDE
for the Na" complexes with the 1,2,3-triazole and 1,2,4-
triazole units were shown in Fig. 2 at B3LYP/6-311++G
(2df,2p) level. They fitted Eqs. 5 and 6, respectively:

ABDE = 0.924(—Ejy. ) + 14.151 (5)
ABDE = 1.102(—Ein) + 7.637 (6)
ABDE and (—Ej,, ) are in kJ'mol~". This result shows again
that the molecule-cation interaction between Na™ and the

nitro group has an important effect on the strength of the C-
NO, bond.

Charge analysis

Lots of recent investigations have indicated that, the
more negative charges the nitro groups carry, the less

@ Springer

sensitive the explosives are [20-22]. From Table 4,
except for the complexes I-1, II-1 and II-3, the Mulliken
charges of nitro group in complexes are more negative
than those in the corresponding isolated nitrotriazole
molecules. For the natural charge and APT charge, the
values in all the complexes are also more negative than
those of the corresponding nitrotriazoles. In particular,

. v R=0.9985 for the Na’ complex of 1,2,3-triazole and its derivative
E 104 R=0.9830 for the Na’ complex of 1,2,4-triazole and its derivative
= v [ o
2 150 g oA
o n
#
~ 140 - ¢
[ P
) i
g
2 130+
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= -
oo e
of L ’
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[+ ¥
£ >
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Fig. 2 The increment of the C-NO, bond dissociation energy (ABDE)
in complex in comparison with the isolated nitrotriazole molecules
versus the molecule-cation interaction energy (—Ej,. ) at B3LYP/6-311
++G(2df,2p) level
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in 5-methyl-4-nitro-1H-1,2,3-triazole, 2-methyl-4-nitro-
1,2,3-triazole-3-oxide, 3-nitro-1H-1,2,4-triazole, 3-nitro-
2H-1,2,4-triazole, 1-methyl-3-nitro-1,2,4-triazole, 5-
methyl-3-nitro-2H-1,2,4-triazole and 3-nitro-1H-1,2,4-tri-
azole-5-oxide, the values of the APT charge are posi-
tive. However, in their corresponding complexes I-5, I-
7, 1I-1, 1I-2, 1I-3, 1I-6 and II-7, they turn negative.
These results show that much negative charge concen-
trates on the nitro group upon the formation of com-
plexes. According to Rice et al. [21], it is possible that

Fig. 3 Shifts of electron
density as a result of the
formation of complexes

(I-1)

(=7

the sensitivity is reduced with the formation of com-
plexes, 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-NO, bond strength, the analysis of the
electron density shifts which accompanied the formation
of the molecule-cation interaction by the initial nitro-
triazoles followed by addition of Na“ was carried out.

(I1-3)

(1-6)

(11-3)

(I1-5)

(11-6)

(II-7)
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For this purpose, the electron density shift was calcu-
lated by evaluating the difference between the total
electron densities of complexes and individual mono-
mers. It was defined as:

Pshifi = P(RNO,---Na+) — PRNO, — PNa+-

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.

As can be seen from Fig. 3, for each complex, the Na"
cation is filled with much purple area and the nitro group
—NO, is around the yellow region, suggesting that the
electron density of the nitro group is lost toward Na" and
the molecule-cation interaction forms.

It is interesting that much purple area is around the C
atom of the C-NO, bond and extends toward the C-NO,
bond, showing that the electron density shifts toward
the C atom and the C-NO, 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-NO, bond is improved. Thus, we can draw a
conclusion that the electron density shifts toward the C-
NO, bond upon the formation of the molecule-cation
interaction between Na® and the nitro group, leading to
the enhanced C-NO, bond and the possibly reduced
sensitivity of explosive.

Conclusions

We investigated the changes of the BDE in the C-NO, bond
upon the formation of the molecule-cation interaction be-
tween Na' and the nitro group of 14 kinds of nitrotriazoles
or methyl derivatives using the B3LYP and MP2(full) meth-
ods. The strength of the C-NO, bond was enhanced upon
complexation. The value of ABDE correlated well with the
molecule-cation interaction energy. The electron density
shifted toward the C-NO, bond upon complex formation,
leading to the strengthened C-NO, bond and the possibly
reduced explosive sensitivity.
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