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bstract

Presently, certain isomeric compounds of NTO and their tautomers have been investigated by performing density functional theory (DFT)
alculations at B3LYP/6-31G(d,p) and ROB3P86/6-311G(d,p) levels and also ab initio calculations at RHF/6-311G(d,p) level. The optimized
eometries, vibrational frequencies, electronic structures and some thermodynamical values for the presently considered NTO isomers have been
btained in their ground states. Also, detonation performances were evaluated by the Kammlet–Jacobs equations, based on the calculated densities

nd heat of formation values. The homolytic bond dissociation energies (BDEs) (at ROB3P86/6-311G(d,p) level) of N NO2 and C NO2 for the
olecules were calculated. Moreover, aromatic character of NTO and its isomers and tautomers were investigated by performing NICS calculations

sing the gauge invariant atomic orbital (GIAO) approach at the B3LYP/6-31G(d,p) and B3LYP/cc-pVDZ levels.
2006 Elsevier B.V. All rights reserved.
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. Introduction

For the last couple of decades, there has been an exten-
ive search for new high energy density materials (HEDM)
o serve fuels or explosives [1]. Good HEDMs have high
ensity, a fast velocity of detonation (D) and are energet-
cally unstable with respect to their reaction products. In
he past, common explosives hexahydro-1,3,5-trinitro-1,3,5-
riazine (RDX), octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine
HMX) and 2,4,6-trinitrotoluene (TNT) were considered ade-
uate for all weapon applications [2–4]. Because of many
atastrophic explosions resulting from unintentional initiation of
unition by either impact or shock, aboard ships, aircraft carriers

nd munition trains, these explosives have become less attrac-
ive [1]. Thus, in modern ordnance, there are strong requirements
or explosives having good thermal stability, impact and shock
nsensitivity and better performance. One of the foremost objec-

ives at the stage of the synthesis of new explosives consists in
nding the molecules having a good energy capability of optimal
afety. The synthesis of nitrotriazoles as energetic materials and
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s intermediates to energetic materials has received a great deal
f attention in the past 10 years [5]. The most studied nitrotri-
zole explosives is 5-nitro-2,4-dihydro-3H-1,2,4-triazol-3-one
NTO), because it exhibits good thermal stability[6] and low
hemical sensitivity to radiation damage [7] and is relatively
nsensitive to impact and shock [8]. The molecular structure of

generic NTO and its tautomers and isomers and their num-
ering are shown in Schemes 1 and 2, respectively. NTO was
rst reported in 1905 [9] incorrectly as its hydroxy tautomer
10]. Its explosive nature was recognized later. A large number
f papers related to NTO and its tautomers 1A and 1B have
een published [11]. As a result of these properties of NTO,
t was first characterized as an insensitive energetic material in
988 [12]. NTO as an explosive compound was developed at
os Alamos in 1983 as a result of on-going explosives synthesis
rogram [12]. Its explosive performance characteristic is similar
o RDX, but it is less sensitive [13]. Some applications of NTO
ave been reported, such as AFX-644, which is a mixture of
NT:NTO:wax:Al (powder), in the proportion of 30:40:10:20.
he baseline AFX-644 meets the United Nations’ (UN) crite-
ia for extremely insensitive detonating substances [14]. The
resence of NTO in the 25:25:50, RDX:NTO:TNT charges, sig-
ificantly improves the sensitivity, mechanical properties and
tructural integrity of the explosive [15]. Shells with NTO, such

mailto:lturker@metu.edu.tr
dx.doi.org/10.1016/j.jhazmat.2006.05.015
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Scheme 1. NTO and its tautomers (1A, 1B and

s 40:60 NTO:TNT charges, are relatively insensitive to bullet
mpact and fuel fire tests [15]. Also, crystals of NTO have been
tudied and two polymorphic phases are known to exit [16]. The
-polymorph is the most stable, but an accurate crystal struc-

ure has yet to be determined because it undergoes a significant
egree of twinning [17]. The �-form of it was reported to be
nstable [18] with a monoclinic unit cell (space group P21/c). A
seful summary of the structural aspects, chemical and explo-
ives properties and thermal behavior, has been published [19].
n the other hand, the synthesis and structural characterization

f metal salts of NTO, i.e. K, Cu and Pb-NTO were also stud-
ed in literature [20]. Although, there have been many studies
bout NTO in literature [21–29], there has been very rare infor-
ation about the constitutional isomers or tautomers of NTO

cheme 2. The numbering scheme and molecular structure of a generic NTO
1) molecule.
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its isomers (2–6) and tautomers of its isomers.

2 and 4, see Fig. 1). In the case of the compound 2, there is
nly one paper published concerning the synthesis of it [30] and
was mentioned in the literature as an intermediate as a result

f decomposition of NTO [31]. Furthermore, to the best of our
nowledge, there has been no information about compounds 3,
and 6, which are the constitutional isomers of NTO. In the

iterature, there is no theoretical study on the constitutional iso-
ers or tautomers of NTO: 2, 3, 4, 5 and 6. These structures

erived from the NTO have the same main skeleton of the ring.
n this study, the position of the NO2 changes on the ring for
he different isomers of NTO, so derived molecules are mostly
itramine type molecules (see Scheme 1).

Presently, geometric features, electronic structures, thermo-
ynamic properties and detonation performances have been sys-
ematically studied for NTO and its isomers and their tautomers
sing theoretical approaches. In addition, thermal stabilities
ave been evaluated from the homolytic bond dissociation ener-
ies (BDE).

. Method of calculation

The initial geometry optimizations of all the structures lead-
ng to energy minima were achieved by using MM2 method
ollowed by semi-empirical PM3 self-consistent fields molec-
lar orbital (SCF MO) method [32,33] at the restricted level

34]. Then, geometry optimizations were achieved within the
ramework of density functional theory (DFT, B3LYP) [35,36]
t the level of 6-31G(d,p) (restricted closed-shell). The exchange
erm of B3LYP consists of hybrid Hartree–Fock and local spin
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Fig. 1. The geometry optimized (B3LY

ensity (LSD) exchange functions with Becke’s gradient corre-
ation to LSD exchange [37]. The correlation term of B3LYP
onsists of the Vosko, Wilk, Nusair (VWN3) local correlation
unctional [38] and Lee, Yang, Parr (LYP) correlation correc-
ion functional [39]. Also, geometry optimizations for all the
tructures were achieved within B3P86 [40,41] at the level of
-311G(d,p) (restricted open-shell).

In addition to the DFT calculations, ab initio RHF/6-
11G(d,p) calculations [42] were performed. Furthermore,
ingle-point MP2 calculations were carried out (for the ab initio
HF calculations) in order to obtain more accurate energy data.

Nucleous independent chemical shift (NICS) calculations at
he center of the rings were performed on all the molecules
sing the gauge invariant atomic orbital (GIAO) approach [43]
t the B3LYP/6-31G(d,p) and B3LYP/cc-pVDZ levels. Since cc-
VDZ basis set gives better results in NMR chemical shift values
44,45], it has been adopted for the NICS calculations based
n the chemical shift value of the ghost atom. The B3LYP/6-
1G(d,p) optimized geometries were used for the NICS calcu-
ations.

In this study, in order to compare the C NO2 bond strengths
n NTO tautomers and N NO2 bond strengths in its isomers,

omolytic bond dissociation energy (BDE) calculations, for the
emoval of nitrogen dioxide moiety from the structures, were
erformed (the geometry optimized structures were calculated at
OB3P86/6-311G(d,p)). The homolytic BDE [46,47] is defined

S
s

1G(d,p)) structures of present concern.

or the present case as: BDE = E(NO2) + E(R) − E(R NO2),
here E stands for the respective total electronic energy cor-

ected for the zero-point energy for each parent structure and
he fragments of the low-energy NO2 scission reaction. Further-
ore, the basis set superposition error (BSSE) analyses were

arried out with the counterpoise method, introduced by Boys
nd Bernardi [48]. The corresponding BSSE analyses were per-
ormed at the same theoretical level.

For each set of calculations, vibrational analyses were done
using the same basis set employed in the corresponding geome-
ry optimizations). The normal mode analysis for each structure
ielded no imaginary frequencies for the 3N − 6 vibrational
egrees of freedom, where N is the number of atoms in the
ystem. This indicates that the structure of each molecule cor-
esponds to at least a local minimum on the potential energy
urface. Furthermore, all the bond lengths were thoroughly
earched in order to find out whether any bond cleavage occurred
r not during the geometry optimization process. All these com-
utations were performed by using the Gaussian 98 package
rogram [49].

. Results and discussion
The geometry optimized structures of the compounds (see
cheme 1) calculated at the B3LYP/6-31G(d,p) level are pre-
ented in Fig. 1. The bond lengths and angles for the geometry
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Table 1
Calculated and experimental bond lengths (Å) and angles (◦) for NTO (1)

RHF/6-311G(d,p) ROB3P86/6-311G(d,p) B3LYP/6-31G(d,p) B3LYP/6-311G(d,p)a B3LYP/6-311++G(d,p)a Expb

(298 K)
Expb

(100 K)

N1 N2 1.353 1.350 1.360 1.359 1.358 1.366 1.370
N2 C3 1.369 1.393 1.399 1.398 1.398 1.369 1.368
C3 N4 1.382 1.398 1.403 1.405 1.403 1.373 1.377
N4 C5 1.359 1.359 1.366 1.365 1.366 1.352 1.352
C5 N1 1.254 1.289 1.297 1.290 1.291 1.290 1.295
N2 H6 0.991 1.007 1.009 1.008 1.009
C3 O7 1.183 1.201 1.210 1.203 1.205 1.228 1.235
N4 H8 0.994 1.008 1.009 1.008 1.009
C5 N9 1.446 1.444 1.445 1.451 1.452 1.444 1.444
N9 O10 1.175 1.209 1.222 1.214 1.215 1.226 1.230
N9 O11 1.190 1.223 1.236 1.230 1.230 1.212 1.222
N1 N2 C3 113.713 114.753 114.731 114.570 114.470 113.000 112.900
N2 C3 N4 101.54 100.503 100.592 100.540 100.700 103.500 104.000
C5 N1 N2 103.725 103.173 103.046 103.290 103.380 102.600 102.300
H6 N2 N1 120.380 120.088 120.112 120.090 120.060
O7 C3 N2 129.362 129.563 129.417 129.630 129.490 127.000 126.900
O7 C3 N4 129.099 129.934 129.990 129.840 129.810 129.000 129.100
H8 N4 C3 125.993 126.199 126.284 126.080 125.930
N9 C5 N4 121.437 121.730 121.747 121.740 121.880 123.100 123.000
O10 N9 C5 117.922 118.208 118.401 118.270 118.460 117.200 117.100
O11 N9 C5 114.733 114.569 114.668 114.670 114.730 117.100 116.700
O
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10 N9 O11 127.345 127.223 126.932

a Values are as reported in literature [51].
b Reported in literature [50].

ptimized NTO at the different theoretical levels are presented
n Table 1. The numbering in Table 1 is consistent with the
umbering scheme employed in Scheme 2. The corresponding
xperimental X-ray diffraction values of �-NTO [50] are shown
n Table 1 (at both 100 and 273 K). Also, geometric parameters
f isolated NTO molecule previously published are presented in
able 1 at the B3LYP/6-311G(d,p) and B3LYP/6-311++G(d,p)

evels [51]. In the present calculations, the RHF/6-311G(d,p)
ond lengths differ from the crystal averages with rms deviations
f 0.027 Å (298 K) and 0.031 Å (100 K). The rms deviations
n ROB3P86/6-311G(d,p) bond lengths are 0.017 Å (298 K)
nd 0.019 Å (100 K). For the isolated molecule, in the case of
3LYP/6-31G(d,p) results, the rms deviations become 0.019 Å
t both 298 and 100 K. The corresponding values for the larger
asis set B3LYP/6-311++G(d,p) calculation (taken from the lit-
rature) are 0.018 Å (298 K) and 0.019 Å (100 K). Furthermore,
he experimental and calculated results indicate that C O bond
ength of NTO in the crystal state is longer than that of an isolated
olecule in the gas phase because of intermolecular hydrogen

onding. Also, there were changes in bond lengths of hydrogen
s well as oxygen atoms. Additionally, some ring deformations
n the crystalline phase compared to the structure in the gas phase
xist (see Table 1).

The structures 2, 3, 4, 5 and 6 are the nitramine type organic
olecules (2, 5 and 4, 6 are related structures) which are poten-

ial candidates for explosives and it was found that polynitro
liphatics containing at least one N NO2 (nitramine) linkage are

ore sensitive than nitroaliphatic explosives containing C NO2

inkage [52]. In the case of compound 1 (NTO), it is an explosive
ontaining one C NO2 linkage shown in Fig. 1. NTO, a planar
olecule containing five-membered heterocyclic ring with one

l
a
f

127.050 126.800 125.700 126.200

itro substituent (see Fig. 1), is an extra ordinary stable high
nergy compound.

Fig. 1 shows the geometry optimized structures (B3LYP/6-
1G(d,p) level) of the materials studied. They have Cs type
olecular point groups except 3 and 5 for which the type of
olecular point group is C1 (see Table 2). Table 2 shows some

eometrical features of the NTO and its isomeric structures.
omparing the N1 N2 bond lengths of 1A and 2A, one finds

hat 2A has the longer bond length. This might be due to elec-
ron withdrawing effect of NO2 group attached to N2 atom in
A. Structure 3 has the longest N NO2 bond length among
he nitramine type isomers. The C5 N9 bond in tautomer 1A
tands for the longest bond length among the NTO and its tau-
omers. The geometry optimizations indicate that 3 and 5 possess
uckered structures. Although, 5 and 6 are similar molecules,
nlike to 5, compound 6 has a planar geometry. Furthermore, the

NO2 bond length in 5 is longer than the same type of bond
n 6. All the calculations performed in the present study are in
ccord on these results.

Fig. 2 shows the 3D electrostatic potential field and atomic
harges for the species considered (B3LYP/6-31G(d,p)). Some
xplosive materials are sensitive to electromagnetic and elec-
rostatic fields they are exposed [53–55]. The effect is due to
nteraction of the external field with electron distribution within
he molecule (thus with the electrostatic potential field) such that
n some sensitive explosives this interaction causes the rupture
f chemical bonds.
Table 3 shows the total energies calculated at different
evels of theory for the compounds. Total electronic energies
re corrected for zero-point vibration energy (ZPVE). As seen
rom the table, generally a good agreement of stability order
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Table 2
Comparison of selected bond lengths (Å) for NTO, its tautomers and isomers and their symmetry point groups

RHF ROB3P86 B3LYP Symmetry

N (or C) NO2 N1 N2 C3 N4 N (or C) NO2 N1 N2 C3 N4 N (or C) NO2 N1 N2 C3 N4

1 1.446 1.353 1.382 1.444 1.35 1.398 1.445 1.360 1.403 Cs

1A 1.457 1.344 1.292 1.462 1.35 1.311 1.462 1.360 1.317 Cs

1B 1.440 1.362 1.341 1.438 1.362 1.350 1.439 1.374 1.355 Cs

1C 1.451 1.343 1.352 1.446 1.343 1.352 1.447 1.353 1.359 Cs

2 1.426 1.377 1.399 1.426 1.377 1.399 1.426 1.377 1.399 Cs

2A 1.362 1.363 1.277 1.399 1.357 1.298 1.440 1.369 1.310 Cs

3 1.393 1.385 1.413 1.458 1.378 1.421 1.468 1.393 1.429 C1

3A 1.372 1.356 1.367 1.428 1.349 1.369 1.426 1.363 1.374 Cs

4 1.369 1.364 1.421 1.409 1.365 1.437 1.414 1.377 1.443 Cs

4A 1.374 1.381 1.378 1.424 1.389 1.382 1.397 1.406 1.410 Cs

5 380
6 239

B
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1.386 1.386 1.391 1.438 1.
1.359 1.212 1.391 1.399 1.

asis sets are reported in Section 2.

mong the calculated total energies of the compounds obtained
t different levels has been found. In the limitations of the
evels of the theory, the most stable compound in terms of
otal energy consideration is NTO and the least stable one is
somer 6. Furthermore, it is obvious that the estimated energy

ifferences between NTO and its tautomers 1A, 1B and 1C and
ts isomers are sensitive to the theoretical methods employed
see Table 3). Smaller energy differences are obtained with
he use of correlated methods. The related hydroxy (iminol)

s
A
o
r

Fig. 2. 3D-electrostatic potential field maps and charges of atoms of NTO and it
1.389 1.451 1.393 1.398 C1

1.401 1.404 1.246 1.406 Cs

automers 1A, 1B and 1C are less stable than NTO. On the other
and, these tautomers are evidently stabilized as compared
o the other isomers of NTO (nitramine type isomers). We

ay ascribe this stability to the enhanced aromaticity in these
tructures (also, 2A, 3A and 4A have six �-electrons), whereas

tructures 3, 5 and 6 do not conform to the aromatic criteria.
lso, in the case of the structure 4A, it is destabilized because
f the repulsion between the neighboring lone pairs on the
ing nitrogens N1 and N2. Neglecting 6 (contains N N bond

s isomers (B3LYP/6-31G(d,p)). Each molecule is oriented as in Scheme 2.
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Table 3
Calculated total energies (in kJ/mol) for NTO(1) its tautomers and isomers at
different theoretical levels

B3LYP/
6-31G(d,p)

ROB3P86/6-
311G(d,p)

RHF/
6-311G(d,p)

MP2/
6-311G(d,p)a

1 −1370275 −1373720 −1363143 −1367928
1A −1370240 −1373683 −1363119 −1367909
1B −1370218 −1373658 −1363089 −1367877
1C −1370251 −1373693 −1363116 −1367919
2 −1370194 −1373639 −1363061 −1367871
2A −1370154 −1373610 −1363031 −1367817
3 −1370154 −1373596 −1363028 −1367799
3A −1370164 −1373608 −1363033 −1367818
4 −1370193 −1373637 −1363060 −1367838
4A −1370127 −1373564 −1362991 −1367776
5 −1370144 −1373586 −1363011 −1367786
6

T
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B
B
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−1370102 −1373533 −1362974 −1367739

he total energies are corrected for ZPVE.
a Single-point calculation after RHF/6-311G(d,p) geometry optimization.

hich is absent in the others), structure 4A is found to be
he least stable isomer. The stability order in terms of total
nergy is: 1 > 1C > 1A > 1B > 2 > 4 > 2A > 3A > 3 > 5 > 4A > 6
t the ROB3P86/6-311G(d,p) level. According to
he MP2/6-311G(d,p) level, the stability order is:
> 1C > 1A > 1B > 2 > 4 > 3A > 2A > 3 > 5 > 4A > 6. At the
3LYP/6-31G(d,p) level, 6 is 173 kJ/mol less stable than
TO, whereas 187 kJ/mol and 169 kJ/mol with ROB3P86

nd RHF/6-311G(d,p), respectively. The heat of formation
alues are reported in Table 4. The calculated heat of formation
alues are generally endothermic. The values indicate that 1
s the least endothermic (exothermic based on PM3 geometry
ptimization) structure. This result is consistent with the ab
nitio and DFT calculations, whereas the most endothermic
tructure differs from one calculation method to the other.
Another main problem for the explosives is whether they are
table enough to be of practical interest. So, studies on the bond
issociations are important and essential for understanding the
ecomposition process of the energetic materials, since they are

able 4
alculated heat of formation values (in kJ/mol) for the structures in the gas phase

PM3a PM3b PM3c

35.30 44.53 −12.37
A 74.32 85.05 12.47
B 54.47 63.64 −2.84
C 72.69 82.94 14.80

109.30 382.78 66.19
A 163.92 186.52 106.34

139.58 152.87 90.84
A 161.99 173.43 107.08

106.69 114.79 70.39
A 159.76 157.38 125.36

145.19 157.98 90.34
128.93 134.11 97.36

a Single-point PM3(RHF) calculations over B3LYP/6-31G(d,p) geometry
ptimized structures.
b Single-point PM3(UHF) calculations over ROB3P86/6-311G(d,p) geometry
ptimized structures.
c PM3(RHF) geometry optimization results.
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irectly relevant to the sensitivity and stability of the energetic
aterials [56]. Previous studies [57,58] on BDE for the nitro

ompounds such as nitro aromatic and nitramine molecules have
hown that there is a parallel relationship between the BDE for
he weakest R NO2 (or N NO2) bond scission in the molecule
nd its sensitivities. Usually, the larger the BDE value, the lower
he sensitivity. However, this is only applied to the molecules
n which R NO2 (or N NO2) bond is the weakest one. For
nstance, the C C bond of nitro cubanes is weaker than the

NO2 bonds, and the initial step in the decomposition is rup-
ure of the cube C C bond [59]. In the literature, there are many
tudies on the decomposition of NTO [60], and initial step for
everal proposed decomposition mechanisms of NTO have been
tudied theoretically, and all these computations suggest that the

NO2 bond homolysis is the most probable initial step for uni-
olecular decomposition of NTO. Furthermore, at high temper-

tures, ca. above 900 ◦C, the most important pathway for decom-
osition of nitro aromatic explosives is by initial cleavage of the

NO2 bond [61]. Thus, it is logical to assume that the same
echanism should be operative for the nitramine type isomers of
TO.
On the other hand, for designing and evaluating new

nergetic materials, it is accordingly important to be able to
etermine computationally the dissociation energies of these
onds. Shao et al. [62] studied bond dissociation energies for
emoval of nitrogen dioxide moiety in some nitro aromatic
olecules, by using three hybrid density functional theory
3LYP, B3PW91 and B3P86 methods with different basis sets.
y comparing the computed energies and experimental results,

he B3P86 method was found to give the best agreement with
he experimental BDE data, especially with 6-311G(d,p) basis
et.

Table 5 summarizes the computed homolytic BDE val-
es of N NO2 and C NO2 for the presently considered
pecies at B3P86/6-311G(d,p) level of theory. The BDEs
nclude the BSSE and ZPVE corrections. For the initial
tages in their thermal decompositions, it can be deduced
n the basis of the BDE that the relative stability order
f these molecules may be in the following sequence:
A > 1C > 1B > 1 > 3A > 2A > 2 > 4 > 4A > 5 > 3 > 6. Generally
peaking, C NO2 bond strength is higher than the N NO2
ond strength. The positions of nitramine group also have an
mportant effect on the BDE. For example, although both 2 and

have a planar geometry, the BDE of N NO2 value of 2 is
4 kJ/mol higher than the BDE of N NO2 value of 4, which
an also be judged from their total energies (see Table 5).

According to the suggestion of Chung et al. [63], a molecule
hould have more than a 20 kcal/mol (83.68 kJ/mol) barrier to
issociate in order to be considered as a viable candidate for
EDM, thus we can conclude that the molecules in Fig. 1 except
, 5 and 6 are all viable candidates for HEDMs. As it is already
nown that NTO is one of the HEDMs, it is worth nothing that
ond strength of C NO2 in 1A is much more higher than the

orresponding bond strength in NTO. This might be explained
artially due to the aromaticity of 1A (contains six �-electrons)
ompared to NTO (cyclic conjugation via charge separated reso-
ance structures). Furthermore, density (ρ), detonation velocity
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Table 5
The calculated homolytic bond dissociation energies (BDE) of N NO2 and
C NO2 bonds for the species considered at ROB3P86/6-311G(d,p) theoretical
level

Molecules Energy BDE

1 −1373720 276
1 radical −833837

1A −1373683 438
1A radical −833638

1B −1373658 290
1B radical −833761

1C −1373693 389
1C radical −833697

2 −1373639 115
2 radical −833914

2A −1373610 136
2A radical −833862

3 −1373596 52
3 radical −833935

3A −1373608 174
3A radical −833824

4 −1373637 91
4 radical −833935

4A −1373564 89
4A radical −833864

5 −1373586 68
5 radical −833908

6 −1373533 29
6 radical −833893
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1
1
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5
6

O2 −539595

nergies in kJ/mol; the BDEs include the basis set superposition error (BSSE)
nd zero-point energy (ZPE) corrections.

D) and detonation pressure (P) are the important parameters to
valuate the explosive performances of energetic materials and

an be predicted by the empirical Kamlet–Jacob equations [64]
s follows:

= 1.01(NM1/2Q1/2)
1/2

(1 + 130ρ) (1)

(
p
m
h

able 6
redicted densities and detonation properties of the NTO its tautomers and isomers

olecules ρ (g/cm3) Ω (%) HOFa

1.73 −24.60 35.3
A 1.79 −24.60 74.32
B 1.76 −24.60 54.47
C 1.77 −24.60 72.69

1.75 −24.60 109.3
A 1.72 −24.60 163.92

1.68 −24.60 139.58
A 1.7 −24.60 161.99

1.75 −24.60 106.69
A 1.77 −24.60 159.76

1.72 −24.60 145.19
1.71 −24.60 128.93

a Heat of formation values obtained from the PM3 single-point calculations over B
b Average volume from 100 single-point volume calculations at the B3LYP/6-311G
Materials A137 (2006) 1333–1344 1339

= 1.558ρ2NM1/2Q1/2 (2)

here each term in Eqs. (1) and (2) is defined as: D, det-
nation velocity in km/s; P, detonation pressure in GPa; ρ,
ensity of a compound in g/cm3; N, moles of gaseous deto-
ation products per gram of explosive (in mol/g); M, average
olecular weight of gaseous products (in g/mol); Q, chemi-

al energy of detonation in kJ/g. Here, the parameters N, M
nd Q were calculated according to the chemical composition
f each explosive [64,65]. On the other hand, the density of
ach molecule was predicted from the molecular volume, while
he molecular volume of each molecule was obtained from
he statistical average of 100 single-point calculations for each
ptimized structures. The molar volume was defined as inside
contour of 0.001 electrons/Bohr3 density that was evaluated

sing a Monte Carlo integration implemented in the Gaussian
8 program. This method has been successfully tested on var-
ous CHNO molecules and accurately predicts the explosive
roperties [66–71]. In this study, single-point molecular vol-
me calculations at B3LYP/6-311G(d,p) performed based on
he B3LYP/6-31G(d,p) geometry optimized structures. Table 6
ollects the predicted densities and detonation properties of the
TO and its isomers. The oxygen balance (Ω) and heats of for-
ation (HOF) values were also calculated and listed in the table.
he previously reported studies have proven that HOF values
alculated by the PM3 method could replace the experimental
ata reasonably well. (The parameterization of PM3 method is
uch that its HOF data are reliable. Moreover, it is a fast method
71–77].) All these data in Table 6, compared to NTO which
s well known explosive, gave some clue about the explosive
haracter of the molecules derived from NTO, so far unknown
ompounds in the literature. The position of nitro group in the
ve-membered ring skeleton also have an important effect on

he explosive properties of energetic materials (see Table 6). For
xample, in the case of the compound 3, 5 and 6, only the posi-
ion of NO2 differs and all are nitramine type compounds, but 5

a tautomer of 2 and 2A) has the highest detonation velocity and
ressure value among them. The isomers of NTO (preserving the
ain skeleton of the ring), which are the subject of present study

ave better detonation performances than NTO or close to it.

Q (kJ/g) Vb (cm3/mol) D (km/s) P (Gpa)

1232.24 75.21 7.95 27.38
1303.91 72.58 8.27 30.16
1267.44 74.07 8.17 28.74
1300.91 73.69 8.19 29.45
1368.18 74.29 8.24 29.52
1468.53 75.57 8.29 29.55
1423.81 77.45 8.08 27.76
1465.55 76.64 8.21 31.46
1363.38 74.34 8.22 29.47
1460.89 73.45 8.43 31.21
1434.12 75.7 8.23 28.86
1404.25 76.01 8.15 28.56

3LYP/6-31G(d,p) geometry optimized structures.
(d,p) level. For notations, refer the text.
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5 and 6. Tables 8a and 8b tabulate the HOMO and LUMO
energies of the structures considered. In 4A, contribution of
NO2 orbitals to HOMO is nil. Whereas, for all other isomers,

Table 7
Calculated NICS (ppm) values for the considered species

Symmetry NICSa NICSb Dipole momentc

1 Cs −11.4 −11.2 1.5576
1A Cs −13.1 −13.4 6.2676
1B Cs −11.1 −11.3 5.3321
1C Cs −12.5 −12.2 1.4535
2 Cs −10.5 −10.3 6.2093
2A Cs −12.0 −12.1 3.2717
3 C1 −6.2 −6.2 2.5369
3A Cs −11.3 −11.4 0.8823
4 Cs −10.6 −10.6 3.336
4A Cs −10.0 −10.0 3.0646
5 C1 −6.4 −6.2 6.0439
6 Cs −0.3 −0.2 3.3437
Pyrrole C2v −14.8 −15.9 1.9019
Triazole C2v −12.8 −13.1 5.6090
Scheme 3. Some resonance forms

herefore, if these stable isomers of NTO, which are nitramine
ype molecules, can be synthesized, they will have higher or
omparable exploitable values.

On the basis of valence bond theory, NTO (a monocyclic
oplanar system with seven �-electron over the ring atoms)
n structure 1 cannot have the extra stabilization produced by
-electron delocalization. Whereas in the case of tautomeric

orms of NTO (1A, 1B and 1C) �-skeleton contains six
-electrons and they all planar systems thus conforming to

he criteria of the Hückel’s aromaticity. On the other hand,
TO may gain some aromatic character if the charge separated

esonance structures R1, R2, etc. (Scheme 3) have some
ontribution. Note that they are coplanar systems with six
-electrons. An analysis based on absolute magnetic shielding

31] confirms that NTO (1) indeed exhibits significant aro-
atic character. This effect partially accounts for its unusual

tability.
Scheleyer and co-workers [78] examined the aromaticity of

comprehensive set of five-membered ring heterocycles and
howed that there was excellent agreement between the magni-
udes of the NICS (nucleus independent chemical shift) values
nd the corresponding aromatic stabilization energies for these
ype compounds. We have investigated the NICS values for NTO
nd its isomers and their tautomers to examine their aromaticity.
able 7 shows the calculated NICS (ppm) values of them at dif-
erent levels of theory. Aromaticity order at B3LYP/cc-pVDZ
evel is: 1A > 1C > 2A > 1 > 3A > 1B > 4 > 2 > 4A > 5 > 3 > 6. At
he B3LYP/6-31G(d,p) level, the aromaticity order is:
A > 1C > 2A > 3A > 1B > 1 > 4 > 2 > 4A > 3 = 5 > 6. Also, pyr-
ole and triazole’s NICS values were calculated at the same
heoretical levels (see Table 7) for comparison purpose. The keto
orm of NTO, 2 and 3 are less aromatic than the enol tautomers

A, 1B, 2A and 3A. Whereas, it is interesting that the keto tau-
omer of 4 is more aromatic than the enol tautomer 4A, which
uggests the contribution of some aromatic, charge separated
esonance structures in to the resonance hybrid of 4 (Scheme 3). m
TO and its isomeric compound 4.

t is obvious from the NICS values that isomers 3, 5 and 6 lack
f aromatic character. All the NICS values for the presently con-
idered structures should be considered on the relative basis, just
o compare relative aromaticities of the isomers and tautomers.
ince, no experimental values are available for the aromaticity
f these structures, it is not possible to evaluate the precision of
he NICS data presently. However, the two calculation methods
sed for this purpose generally give comparable results for each
tructure.

Fig. 3 shows the frontier molecular orbitals of presently
onsidered molecules. As seen there, most of these frontier
olecular orbitals mainly possess �-type symmetry except 3,
a Calculated at B3LYP/cc-pVDZ.
b Calculated at B3LYP/6-31G(d,p).
c Dipole moments in Debye. For NICS and dipole moment calculations, opti-
ized geometries are obtained from B3LYP/6-31G(d,p) theoretical level.
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Fig. 3. The frontier molecular orbitals, the HOMO and LUMO, of NTO and its isomers (B3LYP/6-31G(d,p)).

Table 8a
The HOMO and LUMO energies (ε) of considered species at B3LYP/6-31G(d,p) level (energies in eV)

1 1A 1B 1C 2 2A 3 3A 4 4A 5 6

HOMO −7.28 −7.718 −7.633 −7.484 −7.327 −7.652 −7.835 −7.572 −7.313 −7.584 −7.698 −7.787
L 2.591
� 5.062

�

c
t
N
a
b
c

s
H

T
T

H
L
�

�

UMO −3.166 −2.414 −2.896 −3.173 −2.203 −
ε 4.113 5.303 4.737 4.311 5.124

ε = εLUMO − εHOMO.

ontribution of NO2 orbitals to HOMO occurs (Fig. 3), and
here exists an extended conjugation involving nitro group.

ote that a NO2 group, according to Dewar, can be considered

s a NO group when in conjugation with another �-system
ecause one of the oxygen atoms present in NO2 group is
rossly conjugated with the rest of �-skeleton of the whole

o
a
e
5

able 8b
he HOMO and LUMO energies (�) of considered species at RHF/6-311G(d,p) leve

1 1A 1B 1C 2 2A

OMO −10.631 −11.06 −10.833 −10.8 −10.807 −11.187
UMO 1.085 1.95 1.404 0.982 2.473 1.489
ε 11.716 13.01 12.238 11.782 13.28 12.676

ε = εLUMO − εHOMO.
−2.932 −2.875 −2.67 −3.479 −2.444 −3.42
4.903 4.698 4.644 4.105 5.254 4.368

ystem [79,80]. In the case of the energy difference between
OMO–LUMO energy levels (�ε = εLUMO − εHOMO), the

rder is: 1A > 5 > 2 > 2A > 3 > 1B > 3A > 4 > 6 > 1C > 1 > 4A
t the B3LYP/6-31G(d,p) level. The same prop-
rty order is obtained at RHF/6-311G(d,p) level is:
> 3 > 2 > 6 > 1A > 4 > 2A > 4A > 3A > 1B > 1C > 1.

l (energies in eV)

3 3A 4 4A 5 6

−11.783 −11.039 −10.739 −10.861 −11.489 −12.11
1.57 1.485 1.971 1.709 1.984 1.087

13.353 12.525 12.71 12.57 13.472 13.197
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Table 9
Theoretical (RHF/6-311G(d,p)) and available experimental vibrational frequencies

1 Thin filma Ar matrixa 1A 1B 1C 2 2A 3 3A 4 4A 5 6

75.3 25.2 81.8 70.0 55 96.5 99.4 97.3 67.3 69 69.9 69.1
156.9 196 183.3 194.4 116.2 128.6 127.3 122.3 130.5 138.1 119 86.4
225.2 230 220.3 221.1 238 298.9 241.9 246.4 216.3 252.8 246.9 190
321.1 395.2 392.4 382.2 266.1 329.6 314.6 366.4 255.9 333.7 309.8 246.8
450.3 443.4 438.6 406.0 457.3 453.7 484.7 402.7 447.7 428.1 455.3 437.5
481.9 480 512 445.4 454.7 441.3 508.4 533.9 539.9 471.3 463.4 480.1 521.4 440
515.5 573 487.6 483.9 495.4 532.4 590.1 568.5 518.1 530.4 509.2 543.9 532
555.4 606 613 597.9 594.7 634.5 682.8 676 669 607.3 679 655.6 644.2 680.9
644.1 693 624.1 628.9 642.6 683.1 688.6 689.5 665.2 690.2 698.1 729.9 800.2
707 728 730 737.9 714.8 720.9 806.3 807.2 849.9 830.1 822.4 793.1 807.9 832.7
827.9 751 738 821 805.2 825.1 841.1 812 894.3 860.5 838 805.4 873.4 882.6
852.6 805 822 843 829.2 852.6 877.6 869.8 919.9 870.4 883.3 878.6 908.6 906.2
881.4 830 908.1 878.9 884.6 971.8 982.8 930.5 958.2 959.1 966.5 957.1 977.1
951.1 1021 991 968.2 954.4 959.4 1000.2 1029.9 1005 1054.5 987.7 966.8 965.5 1052.9

1079.7 1111 1085 1120.6 1122.6 1113.7 1025.2 1073 1054.1 1059.8 987.9 1022.1 1089.4 1131.9
1106.9 1185 1174 1186.4 1145.5 174.3 1182.4 1233.5 1097.8 1137.1 1189.4 1161.5 1162.4 1192.4
1221.7 1282 1257 1269 1241.8 1252.4 1228.7 1330.2 1242.1 1298.6 1294.9 1307.6 1217.9 1306.3
1330.9 1343 1361 1306.4 1287.8 1327.1 1343.2 1354 1316.3 1344.9 1329 1326.2 1290.2 1371.3
1417.4 1477 1338 1468.5 1344.1 1422.3 1408.8 1398.6 1414.3 1447.7 1391.5 1377.5 1392.7 1404.8
1544.9 1550 1463 1501.5 1546.7 1538.6 1456.3 1432 1450.4 1503.7 1480.1 1442.7 1473.5 1511.9
1582.7 1605 1563 1631.3 1623.9 1636.5 1558.9 1533.5 1554.1 1556.5 1557.2 1574.9 1566.5 1565.6
1668.4 1695 1768 1688.6 1701.2 1674.4 1574.5 1586.5 1584 1595.5 1571.2 1643.2 1603.2 1629.5
1862.3 1716 1789 1784.1 1771.6 1722.3 1851.6 1744.6 1836 1677.5 1849.7 1765.5 1799.1 1861.7
1894.7 1813.7 1805.4 1835.5 1876.7 1821.3 1892.8 1861.3 1877.6 1814.3 1877.5 1888.1
2019.6 1874.6 1875.4 1884.9 2059.3 1926.6 2071.8 1901.7 2058.5 1913.4 2100.2 2120.4
3893.8 3200 3489 3896.3 3884.5 3892.0 3424.3 3424.5 3434.1 3453.6 3467.4 3464.1 3385.7 3246.6
3 6.4
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911.9 4129.5 4124.1 4159.5 389

a Experimental vibrational frequencies for the NTO molecule [26].

Table 9 presents the calculated vibrational frequencies and
vailable experimental data [26] for the NTO and its isomers at
HF/6-311G(d,p) level of theory. Since there are no correspond-

ng experimental values about the isomers/tautomers of NTO,
hese data would be helpful for further studies on them.

. Conclusion

In the present study, a high energy density material (HEDM)
TO and its isomers/tautomers have been investigated using
uantum chemical calculations. Stability of the compounds were
nvestigated in terms of the total electronic energy, BDE values
f N NO2 and C NO2 and NICS values for aromaticity. The
etonation properties have been investigated and found that there
ight be some candidates of HEDMs among the NTO isomers

o far not investigated in the literature from this point of view.
he initial step for pyrolysis of NTO is the homolysis of the

NO2 bond, and according to this information BDEs of iso-
ers have been calculated. It is concluded that C NO2 bond

s stronger than the nitramine bond (as it is expected). Conse-
uently, if some isomers of NTO are used as explosive materials
hey would not be impact insensitive explosives compared to
TO due to their low BDEs of N NO2 values. Furthermore,

romatic character of NTO and its isomers were investigated by

sing NICS calculations. As a result of these calculations, NTO
hows some aromatic character but it is not fully aromatic com-
ound. The present study sheds some valuable light on to this
ubject by exploring their structural energetic properties.
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