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Abstract

Nitroazole derivatives are nitrogen-rich heterocyclic ring molecules with potential application as energetic materials. Thirty-three
of them—nitroimidazoles, nitrotriazoles, and nitropyrazoles—were investigated. Computed density functional theory molecular
charge densities were partitioned employing the accurate distributed multipole analysis (DMA) method. Based on the magnitude
of the DMA atom-centered electric multipoles (monopole, dipole, and quadrupole values), mathematical models were developed
to compute the impact sensitivity of the explosives composed of these molecules. Charge localization and delocalization of the
ring nitrogen atoms as well as charges of the atoms of the nitro group affect the sensitivity of explosives composed of nitroazole
derivatives. The sensitivity is strongly dependent on the ring position of the nitrogen atoms and the bonding site of the substituent
groups. The N/C ratio and the repulsion of the non-bonding electron pairs of the vicinal nitrogen atoms of the ring also play an
important role in the stability of nitroazoles. The influence of the withdrawing group (NO,) and the electron injector groups (NH,
and CH3) including their bonding position on the ring could be quantified.
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Impact sensitivity of explosives

Introduction

The use of military explosives undergoes extreme demands. In
addition to an excellent energetic performance, they must have
high resistance to external stimuli such as shock and heat [1]
to reduce the risks of their handling and storage.

To develop low sensitivity/high performance explosives, a
possible approach is to replace the traditional formulation of
compounds based primarily on carbon atoms by one based on
a high nitrogen content compound [2]. Five-membered het-
erocyclic rich nitrogen compounds such as nitroazoles have
been widely used in this role [3]. Among the various types of
nitrogen-rich explosives, imidazole, pyrazole, and triazole
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derivatives have been largely investigated due to their low
initiation sensitivity and good performance [2-7].

Nitroazoles contains a five-atom ring with at least one ni-
trogen heteroatom. The number of nitrogen atoms can vary
from one to three, which results in different chemical families.
Figure 1 shows the structure of the possible nitroazole rings.

Pyrazole and imidazole with two nitrogen atoms differ only
in the position of these atoms. In pyrazoles, the nitrogen atom
is vicinal (position 1, 2) and in imidazoles, they are at position
1, 3: there is a carbon atom in-between. Triazole is a hetero-
cyclic compound that has three nitrogen atoms in the ring.
This class of compounds has aroused great interest because
of applications ranging from drugs to explosives [8]. The nitro
and nitramine derivatives of this heterocyclic family are of
particular interest for investigating the electronic interaction
between ring and ligands [9].

Explosives with only carbon atoms in the structure release
energy from the oxidation of their chains and from the energy
stored in cyclic and cage-type compounds with strained struc-
tures. However, for heterocyclic structures such as the
nitrogen-rich nitroazoles, the energetic performance is largely
due to high positive heats of formation and a higher volume of
gas released per gram of explosive [4]. These properties also
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favor oxidation at lower temperatures, which makes nitrogen-
rich nitroazole materials excellent candidates for use in ammu-
nitions [10].

Additionally, besides their high energetic densities,
nitroazoles are usually insensitive to impact. This property
can be quantified by measuring /5, values, which is the height
from which a given mass dropped upon a sample of the com-
pound will initiate the reaction 50% of the time; naturally, /5y
depend on the mass [11-15].

Although measurements of sensitivity by impact have dif-
ferent sources of uncertainty since they are affected by several
experimental parameters, it was shown before that impact
sensitivity can be correlated with chemical and electronic
structure of molecules [16-20]. For this reason, use of accu-
rate quantum chemical methods to establish correlations be-
tween molecular properties and sensitivity values often has
been successful for the same chemical families [21-25].

Owens, Politzer, Murray, and other researchers correlated
the electrostatic potential of C-NO, bonds to sensitivity for
several explosives [11, 26-30]. They also concluded that the
correlation between bond strengths and impact sensitivity is
not limited to certain classes of explosives [31]. Mathieu ob-
served a relationship between the sensitivity of nitro com-
pounds and their dissociation energy [32, 33] and proposed
a unique mathematical model for predicting /35, for all classes
of chemical substances according to specific bonds [15, 20].
Keshavarz and collaborators have succeeded in establishing
correlations between purely structural molecular parameters
related to the number and type of constituent atoms with sen-
sitivities. They established relatively simple models with good
results [34-38].

Concerning nitroazoles, there are some relevant theoretical
studies. Cho and collaborators [39] analyzed the molecular
structure of the nitroimidazoles 4ni, 5ni, and 45dni. From ab
initio and density functional theory (DFT/B3LYP) calculations,
they identified that the nitro group bonded to the carbon atom in
position 4 (C4) is eclipsed and the one bonded to the C5 atom is
planar. Sorescu et al. investigating the tautomerism of ANTA at
the unrestricted Hartree-Fock level (UHF) level concluded that
with more accurate theoretical methods, such as Moller-Plesset
MP2, MP4 and DFT/BLYP and DFT/B3LYP, the geometric
parameters of the molecule were closer to X-ray diffraction
data. There was only a small discrepancy concerning the tor-
sion angles of the nitro and amino groups [40].
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Su and collaborators computed the heat of formation
(HOF) of some nitroazoles as well as the dissociation energies
of C-NO, bonds at employing the DFT/B3LYP//6-311+G
(3df, 2p) method [41]. The same group studied the relation
between the ratio of the dissociation energy and total energy
(BDE/E) and the impact sensitivity (45) [42]. Their results
showed that most of the studied compounds are insensitive
towards impact stimuli when their /5, are larger than 60 cm.
Furthermore, the computed BDEs and HOFs consistently in-
dicate that C-nitro-substituted imidazoles are more stable than
the corresponding N-substituted ones, even when a methyl is
attached on those positions.

The geometry and some structural properties of certain
molecules, among them some nitropyrazoles, were studied
using DFT/B3LYP//aug-cc-pVDZ [43]. They showed that
the bonding position of the NH, group on polynitropyrazoles
is directly related to the sensitivity. They also concluded that
the position of the nitro groups determines the stability and the
sensitivity of nitroazoles [43, 44].

Similarly to Su et al., Ghule and collaborators [45] predict-
ed the stability of nitroazole compounds by assessing the
dissociation energy of the weaker C-NO, bond. They also
explored the aromaticity of the heterocycles to predict the
stability of these compounds and used the charge of the nitro
group to predict the sensitivity of the molecules.

The effect of substituent groups on the nitroazole ring has
been studied by several groups in the last decade. Cho and
collaborators showed the influence on the energetic perfor-
mance of the electron withdrawal nitro group and the electron
injector amino groups for the nitroimidazoles [39, 46, 47].
Moxnes et al. showed that NTO and ANTA are low-
sensitivity explosives with properties comparable with TNT
and RDX. Calculations indicated that the majority of the
nitrated derivatives of these nitroazoles have sensitivity values
similar to RDX [48].

We have been investigating families of molecules
looking for correlations between molecular properties
and impact sensitivities . For this purpose, the accurate
distributed multipole analysis (DMA) partition method
of the molecular charge density was employed to build
models that lead to good results for predicting 45, for
nitrobenzenic [18] and non-aromatic nitramine molecules
[49]. The DMA method was also employed in the analysis
of molecular charge properties of promising explosives
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such as 1,1-diamino-2,2-dinitroethylene - FOX-7 [19] and
diazo-cyclopropane derivatives [17]. DMA was employed
before to rationalize very distinct chemical phenomena
such as molecular adsorption in catalysis including micro-
wave effects [50-53]. Excited states of energetic mole-
cules have been also investigated [54-58].

The extensively developed aforementioned ideas from the
group of Politzer and Murray of employing the electrostatic
potentials of energetic molecules bearing nitro groups to ana-
lyze sensitivity to impact are directly related to the DMA
method of partition of the molecular charge density and nicely
agree with the major conclusions of the present work. The
reason is that the molecular electrostatic potential equals the
sum of the integrated nuclear and electron (i.e., charge) den-
sities over the volume; hence, the accuracy of both approaches
is directly related to the quality of the employed quantum-
chemical method.

In the present work, we apply the DMA method to partition
the molecular charge density to investigate the impact sensi-
tivity of a set of 33 nitroimidazoles, nitropyrazoles, and
nitrotriazoles.

Methods

The set of 33 nitroazoles is composed of 18 nitroimidazoles, 8
nitrotriazoles, and 7 nitropyrazoles (Fig. 2) with great poten-
tial for use as energetic materials. The [UPAC names for all
the molecules are collected in Table 2S of the Supplementary
Material.

The conformational analysis of the molecules was initially
performed by applying the Monte-Carlo and simulated an-
nealing methods at the DFT//SVWN/DN¥* level employing
the Spartan Pro software [59]. In this way, different molecule
conformations were generated by random rotation of bonds
and ring bends. The set of some of the most diverse confor-
mations produced was used as a starting point to determine the
lowest energy geometry of each molecule as described in the
next paragraph.

The lowest energy geometry of each of the 33 molecules
was found from optimization employing DFT [59, 60] with
the B3LYP hybrid functional [61] combined with the 6-311+
G(d) basis set. These calculations were performed using the
Gaussian 03 program [62]. Vibrational frequency calculations
were carried out for these molecules in order to ensure that
imaginary frequencies were not obtained.

The molecular charge densities of the converged geome-
tries were decomposed via the distributed multipoles analysis
(DMA) method using the GDMA?2 program [63].

In the DMA method, the charge distribution of a mol-
ecule is described as an expansion of electric multipoles
located at the atomic sites of the molecule [64—67]. The
starting point of the method is the description of the

electronic density calculated from ab initio or DFT
methods using Gaussian basis sets. The molecular charge
density is written as a sum of products of atomic Gaussian
basis functions. If the orbitals are on different atoms, then
each pair of Gaussian functions produces a finite series of
multipoles at a point between the two atoms determined
by the Gaussian exponents involved. Combining the
charge densities of electrons with the positive charge
values of the nuclei, one can obtain the molecular charge
density [63].

Thus, the product of two “s” functions is spherically sym-
metrical and corresponds to a point charge (monopole located
at the atomic site). The product of an “s” function with a “p”
function represents a charge and a dipole, the overlapping of
two “p” functions represents charge, dipole, and quadrupole
and so on.

The multipole expansion components are interpreted in
a chemically intuitive way. The monopole represents
charges located at the atomic sites. Dipole moments,
which express charge separation in an atom (i.e., polari-
zation), are represented by a vector that points from a
negative charge to a positive one of the same magnitude.
The polarization at the atomic site results from interac-
tions between distinct atoms with different electronegativ-
ities in the environment of the molecule, since an isolated,
perfectly spherical atom has no polarization. The quadru-
pole moments, the first to include contributions of elec-
tron density outside the plane of the molecule, are asso-
ciated with delocalized 7t electrons, such as non-bonded
electron pairs or those of unsaturated bonds, for example
[50].

The monopole, as a point charge, is represented by a
negative or positive numerical value depending on the
charge it represents. For dipole moments, a vector proper-
ty, their magnitudes are reported and vectors are drawn to
represent them graphically, whereas for the quadrupole
moments, a tensor, a number corresponding to the square
root of the sum of all components of the squared
elements is given in units of 4.486 x 10~*° C.m? [64-67].

The DMA method converges rapidly and provides an ac-
curate description of the charge density of a molecule because
it is capable of dealing with the different electrostatic aniso-
tropic contributions of the interactions between different
atoms. It is, in a sense, a more general and much more precise
population analysis than that of Mulliken; however, without
presenting its deficiencies [64]. The method goes beyond the
simple quantitative analysis of atom-centered charges by com-
puting the dipole vectors, quadrupole tensors, and even higher
atom-centered terms.

Finally, the DMA method can be considered a complete
method to accurately describe the molecular density of charge
and presents a rapid convergence and independence of the size
of the basis set [18, 63].
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Fig. 2 Structural formulas for the 33 nitroazoles investigated in the present work

Results and discussion

the remaining molecules are shown in Figure 1S of the
Supplementary Material.

Molecular charge density of the selected nitroazoles The behavior of the nitro group is similar for all the 33

molecules. The monopole (charge) value of the nitrogen atom

Figure 3 collects DMA monopole and quadrupole values of  is always positive due to the inductive effect of the more
representative molecules of the set. The electric multipoles of ~ electronegative oxygen atoms that attract the electronic
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Fig. 2 continued.

density of the N atoms. The overall result is the electron-
attraction character of the nitro group.

Figure 3 shows that the oxygen monopole values are al-
ways negative (the most negative of all atoms, with values in
the range from —0.2 to —0.3¢) due to the aforementioned at-
traction effect. The corresponding quadrupole values are
large, around 0.9 eaoz, which are comparable with the
nitrobenzenic values [18]. These large values are due to the
isolated electron pairs of the oxygen atoms and the character-
istic electron delocalization of this group [68].

Those properties of the nitro group are also confirmed by
the dipole moment vectors (Fig. 4) of the 4ni, 1lm-116, and
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NTO molecules. This large polarization of the oxygen atoms
in the nitro group is also due to their isolated pairs. The com-
parable magnitude of the dipole vector of one of the ring
nitrogen atoms of the molecules in Fig. 4 is due to the induc-
tive effect of the closest oxygen atom of the nitro group; the
same happens in the other molecules of the set not shown.
Concerning the influence of the nitro group on the ring
atoms, for the nitroimidazoles increasing the number of nitro
groups attached to the ring, which leads to more sensitive
explosives similarly to the nitrobenzenics [18], results in a less
negative nitrogen atom at the position 3 of the ring. This is a
general effect: for the 2ni, 24dni, and 245tni series of
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Fig. 3 Monopole (upper number in black) and quadrupole values (on the bottom, in red) of three representative molecules of the set

Fig.4 Dipole vectors of the 5ni, [Im-116, and NTO molecules. Site dipoles are represented by vectors drawn at the corresponding atomic nuclei. Relative values only
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molecules (Fig. 5), the nitrogen at position 3 has charge values
of —0.224 ¢, —0.167 e, and — 0.160 e, respectively.

For nitropyrazoles and nitroimidazoles, the aforementioned
effect can be observed in the nitrogen atoms at position 2; this
is the case, for example, of the 34dnpy and 345tnpy
nitropyrazoles that have charge values of —0.151e and —
0.105e, respectively (Fig. 5). Similarly for the 3n124triaz
and 35dnl124triaz nitrotriazoles, their charge values are —
0.150 e and —0.115 e, respectively.

On the other hand, the presence of an electron injector
group such as NH, increases electron delocalization of the
ring atoms (i.e., increases their Q, values). This is the case
of the 45dni, 34dnpy, 35dnpy, 24dni, and 25dni molecules,
which upon inclusion of a NH, group produces the 2a45dni,
5a34dnpy, 4a35dnpy, 5a24dni, and 4a25dni molecules, re-
spectively: the sum of the O, values of the ring atoms in-
creases in the latter, as shown in Table 1S of the supplemen-
tary material.

Concerning the methyl group (CHy), its electronic induc-
tion is less effective for increasing the electronic delocaliza-
tion in the ring, since this induction effect is propagated only
through the bond with the nearest atom and thus is not of great
magnitude in farther atoms.

In spite of the aforementioned difference of the role of the
NH, and CHj groups, in both cases electron donation in-
creases the total charge of the nitro group. Since the electron
density increases over the nitro group, its electron attracting
effect is not so effective, causing an increasing of the quadru-
pole value of the ring atoms (Table 1S).

The quadrupole values of the ring atoms of the nitroazoles,
which lie in the range from 0.8 to 1.3 ea,?”, are comparable
with those of the ring carbon atoms of nitrobenzenics [18].
This can be explained by the fact that nitroazoles have also

Fig. 5 Monopole values, in units
of elementary charge e, for the
nitrogen atoms in the 3 and 2
positions

NITROPYRAZOLES

NITROTRIAZOLES

N
NITROIMIDAZOLES // )\
NO,

aromatic rings, which possess high electronic delocalization
(i.e., large O, values) over their atoms.

The nitrogen atom at position 1 of the ring, when bonded to
a hydrogen atom or a to a methyl group, displays the largest
quadrupole values among all the atoms, in the range from 1.1
to 1.4 ea,”. The exception is the nitrogen atom of the amino
group, which has large O, values of the order of 1.6 ea,’,
since, in this case, it is not bonded to more electronegative
atoms. On the other hand, the nitrogen atoms displaying 7t-
bonds (i.., having sp* hybridization) have quadrupole values
in the 0.8-0.9 ea,” range. This difference is because the nitro-
gen atom at position 1 has sp® hybridization, with orbital an-
gles around 106°, whereas the 7t-bonded ring nitrogen atoms
have a sp> hybridization. For ring resonance to occur, a perfect
alignment of the p orbitals of the nitrogen atoms with the p
orbitals or the remaining ring atoms must exist. Given that the
sp> nitrogen atom at position 1 is bonded to planar sp*-
hybridizated atoms, it is “forced” to change its geometry,
hence becoming almost planar. Therefore, the p orbital be-
comes coplanar with the p orbitals of the ring atoms thus
allowing the existence of resonance.

The aforementioned properties of the molecules, and the
major conclusions concerning /s, prediction (discussed be-
low) and previously found for nitrobenzenics [18], nicely
agree (as expected) with the aforementioned works of
Politzer and Murray on other classes of energetic molecules
possessing nitro and other groups including three of the stud-
ied molecules (24dnl, 245tni, and 2-nitroimidazole). This
agreement concerns especially the identification from molec-
ular electrostatic potentials that the imbalance between charge
delocalization and NO, electron-withdrawing effects is a de-
terminant property of the impact sensitivity of an energetic
material compound [24].
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Mathematical models for h;, prediction

Given that the investigated nitroazoles are aromatic, first, we
applied models initially developed for the nitrobenzenic mol-
ecules [18].

For this purpose, the molecules of this work were divided
in two groups: the training group was composed of 7 mole-
cules with known experimental /s, values (1met245tni,
24dni, 245tni, 1met35dnl24triaz, 1lm-116, 34dnpy, and
Imet25dni) and the test group was composed of the remaining
26 molecules with 4 of them (3n124triaz, ANTA, 4n123triaz,
and 1lm-116) also having known experimental /5, values.

The first model, called model 1A, includes the contribu-
tions of the magnitude of the total charge and the number of
atoms in the nitro group according to Egs. 1 and 2:

_ 2|0y (NO,)|.10°

= ; (1)
[Sn (NOy)]

hso = 2.6017T ) —8.6656 2)

Fiomy

where X|Q)(NO,)| and [En(NOz)]2 are, respectively, the sum
of the DMA charge magnitudes and the square of the number
of nitro groups; both terms are summed over the number of
nitro groups in each molecule. The fitted constants here and
for all the other models were obtained using the molecules of
the training set of the present work. The unit of ', u) is e and
for the fitted constants in Eq. 2 are respectively ¢ ' cm and cm.

The second model (model 2A) refines model 1A by includ-
ing the quadrupole values (Q,) of the carbon atoms of the
aromatic ring according to Egs. 3 and 4,

_ 2IO(NOy)| ¥ [0s(x)]. 107!

[Sn(NOy))
hsp = 4.0796 T + 9.1042 (4)

I'(Q.M) (3)

where X|Qo(NO»)|, ¥n(NO,), and 3[Q(x)] are, respectively,
the sum of the DMA charge magnitudes, the number of nitro
groups, and the sum of the DMA quadrupole moment values
of the ring atoms of each molecule (x = C and N). The unit for
L, my is e’a,’ and for the fitted constants in Eq. 4 are
¢ 2a, ? cm and cm, respectively.

The third model (model 3A), in addition to the parameters
of model 2A, includes the magnitude of the dipole moment
vector of the atoms of the nitro group and the average C-NO,
bond length, as shown by Egs. 5 and 6.

20, (NO)|[Zn (NO)) [R(C-NO,)]*
hsp = 0.6303 T'q ) + 64.433 (6)

I'(Q,M)

where X|Qo(NOy)|, Xn(NO>), X[Q2(x)], X]|Q(NO,)|, and
[R(C-NO,)J® are, respectively, the sum of the DMA charge

@ Springer

magnitudes, the number of nitro groups, the sum of the DMA
quadrupole moment values of the ring atoms of each molecule
(x=C or N), the sum of the magnitude of the vector dipole
moments of the nitro group atoms, and the average C—-NO,
bond length. The unit for T, ) is eapA ™ and for the fitted
constants in Eq. 6 are ¢ 'a, 'A® cm and cm, respectively.

Table 1 summarizes the results from the application of the
models to the eleven molecules with known /5, values.

There are notable differences between nitrobenzenes and
nitroazoles; the deviations are relatively large because we ap-
plied models to the latter originally designed for the former.
Whereas nitrobenzenes have homocyclic six-membered rings
and thus bear perfect aromaticity, nitrazoles are less aromatic
given they are five-membered heterocyclic rings. Moreover,
nitroazoles have a number of 7t electrons larger than the num-
ber of ring atoms because one of the heteroatoms (N) contrib-
utes to the resonance with a pair of electrons rather than with
just one electron [69].

To improve the prediction of the impact sensitivity of
nitroazoles, we developed other types of models taking into
account the particularities of the nitroazole molecules, espe-
cially the presence of nitrogen heteroatoms in the ring.

In a preliminary screening, we investigated a total of 70
models divided into three categories: model 1-type is based
on the total charge of the nitro group(s); model 2-type includ-
ed the sum of the quadrupole values (Q,) of the ring atoms in
two different ways: sum of the O, values of all atoms
indistinctively, or the sum of the O, values of the carbon and
nitrogen values separately. Model 3-type also includes the
magnitude of the dipole moment vectors of the atoms in the
nitro group.

The molecules, similarly to the nitrobenzenic molecules,
were divided in two groups: a training group, composed of 7
molecules with known experimental /5, values (1met245tni,
24dni, 245tn, Imet35dn124triaz, nto, 34dnpy, and Imet25dni)
and the test group, composed of the remaining 26 molecules, 4
(3n124triazol, nto, anta, 4n123triazol) of them having exper-
imental /5, values.

From all those initial 70 models, the one that presented the
best agreement with the experimental /5, values and more
consistent sensitivity values for the molecules with unknown
experimental values was a model 2-type according to the
equations

30p(NO2)|.2| Qg (Nring ) |- 5] Q5 (Niing) |

r(Q.8,M) = [En(NO,)P?

(7)

hsy = 2.883T o) + 22.556 (8)

where 3I0)(NO,)[, [Sn(NO), X0:(Niing) TIQoNiing) are,
respectively, the sum of the charges of the nitro group, the
square of the number of nitro groups, the sum of the quadru-
pole values of the ring nitrogen atoms, and the sum of the
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Table 1 Computed /5, values for the nitrobenzenic models 1A, 2A, and 3A

TRAINING GROUP Model 1A Model 2A Model 3A

Molecules hsp (cm) Deviation [cm (%)] hso (cm) Deviation [cm (%)] hso (cm) Deviation [cm (%)]
1met245tni 69.21 —20.21 (41.23) 74.22 —25.22 (51.48) 91.29 —42.29 (86.30)
24dni 129.04 —24.04 (22.90) 129.10 —24.10 (22.95) 65.71 39.29 (—37.42)
llm-116 178.53 —11.03 (6.59) 176.06 —8.56(5.11) 164.39 3.11 (- 1.86)
245tni 59.92 8.08 (—11.89) 66.83 1.17 (= 1.72) 89.88 —21.88 (32.17)
Imet35dn124triaz 107.83 47.17 (=30.43) 97.68 57.32 (—36.98) 117.43 37.57 (—24.24)
34dnpy 110.60 —40.6 (58.00) 115.42 —45.42 (64.89) 130.22 —60.22 (86.02)
Imet25dni 151.48 3.52(=2.27) 145.81 9.19 (—5.93) 140.79 1421 (=9.17)
TEST GROUP

3n124triazol 236.01 83.99 (—26.25) 264.07 55.93 (164.07) 374.63 —54.63 (274.63)
nto 254.46 36.54 (—12.56) 229.71 61.29 (—21.06) 339.37 —48.37 (16.62)
anta 302.41 17.59 (202.41) 163.07 156.93 (—49.04) 243.10 76.9 (—24.03)
4n123triaz 285.19 —260.19 (1040.77) 252.08 —227.08 (908.31) 346.51 —321.51 (1286.02)

charges of the ring nitrogen atoms. The unit for I' o, w1 is eag
and for the fitted constants in Eq. 8 are ¢ *a, > cm and cm,
respectively.

According to Eq. (7), it seems that charge localization and
delocalization over the ring N atoms are the key molecular
properties for predicting the sensitivity of nitroazoles. As will
be discussed below, the number and distribution of the nitro-
gen atoms in the ring structure of these compounds are also
important features for the molecular stability and consequent-
ly for the sensitivity of the nitroazoles. It is known, for exam-
ple, that for triazoles, the electronic repulsion between the
isolated pairs of electrons from the vicinal nitrogen atoms
destabilizes the ring [70].

The results obtained with the application of model 2 to the
molecules having experimental /5, values are collected in
Table 2.

The deviations of the /5, values of the training group used
to fit the models are less than 5% with two exceptions:
Imet245tni (—22.24 cm, 45.39%) and 245tni (12.6 cm, —
18.52%). Concerning the four molecules of the test group,
the largest deviations are for 1lm-116 (99.39 cm, —59.54%)
and especially for 4n123triaz (—213.84, 855.38%). The latter
does not display any peculiarity in the molecular structure as
compared with the others and similar deviations were found in
all the 70 screened models for predicting /5. Another group
that develop models based on basic molecular properties to
predict /5, values reported also a very large deviation (612%)
for 4n123triaz [75].

The second largest deviation value was for 1lm-116
(99.39 cm, —59.54%). This may be due to the fact that it is
the only molecule in the test set to have an amino group
adjacent to a nitro group resulting in a intramolecular hydro-
gen bond. This molecule thus has higher thermal stability and

less impact sensitivity [76]. This effect, not found in any of the
molecules composing the training group, may have produced
such a deviation. Although the ANTA molecule has an amino
group, the intramolecular hydrogen bond does not involve a
nitro group.

In Table 3 that collects the predicted /5, values of mole-
cules without experimental data, the nitroimidazoles have the
highest predicted %5, values. In contrast, the nitrotriazoles,
which have a greater number of nitrogen atoms in the ring,
are the more sensitive. The nitropyrazoles also present low
sensitivity because of their vicinal polarized nitrogen atoms.

Although the nitropyrazoles have two nitrogen atoms in the
ring similarly to the nitroimidazoles, the former are the most
sensitive molecules in Table 3. This may be related to the ease
of ring opening and consequent release of N, by the
nitropyrazoles. Moyano [77] and Silva [78] showed that
substituted pyrazole rings undergo the thermal decomposition
presented in Fig. 6.

In the nitrazoles, the nitrogen atoms of the heterocyclic rings
affect the behavior of these molecules [79]. Regarding sensitivity,
three properties are the most relevant [69]. First, is the number of
heteroatoms in the ring because the higher the N/C ratio, the
smaller is the electron delocalization, hence the larger the sensi-
tivity, as expected from previous studies of another type of ring
explosives, the nitroaromatics and other types [11, 18, 24, 80].
Due to this small delocalization, there is a low tendency of these
molecules to undergo electrophilic substitution reactions as ver-
ified experimentally [69]. For the present molecules, this fact is
confirmed by the Qin, Vvalues collected in Table 1S which
shows that triazoles have the lowest total quadrupole values.
The predicted /5, values of the present molecules with no exper-
imental data (Table 3) are in agreement with these features, as
can be seen in the case of 45dni (111.14 cm) and 45dn123triaz
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Table 2 Computed /5, values

and respective deviations from Molecules hso exp (cm) hs calculated (cm) Deviation [cm (%)]
the experimental data for the
eleven nitroazoles with measured ~ TRAINING GROUP
values employing the model 2- Imet245tni 49.00" 71.24 —22.24 (45.39)
type given by Egs. (7) and (8) 24dni 105.00° 100.15 485 (—4.62)
245tni 68.00° 55.40 12.6 (—18.52)
Imet35dn124triaz 155.00¢ 158.03 3.03 (1.96)
nto 291.00° 292.01 —1.01 (0.35)
34dnpy 70.00° 68.35 1.65 (—2.36)
Imet25dni 155.00% 147.81 7.19 (—4.64)
TEST GROUP
3n124triaz 320.00" 342.19 —22.19 (6.93)
anta 320.00' 391.65 —71.65 (22.39)
4n123triaz 25.00 238.84 —213.84 (855.38)
llm-116 167.50F 68.11 99.39 (—59.34)
bei[48)
7]
[41]
“ & e[72]
R I773]
'[74]

(69.14 cm), for instance, which have distinct O, values (45dni—
Oing = 5.558 eag’; 45dn123triaz—Qxing = 5.066 eay’).

Table 3 Prediction of

hsy values for the 22 Nitroazoles Computed

molecules of the test hsg (cm)

group without available

experimental /5, values 2met5ni 411.66
Imet4ni 385.85
Imet2ni 370.13
Sni 358.33
2met4ni 352.24
4ni 312.56
2ni 267.67
ImetSni 262.39
4a25dni 154.46
2a45dni 151.89
5a24dni 130.39
2met45dni 127.31
45dni 111.14
25dni 107.32
Imet45dn123triaz 113.86
35dn124triaz 107.43
45dn123triaz 69.14
3a45dnpy 97.07
S5a34dnpy 96.09
35dnpy 57.81
1met345tnpy 52.12
345tnpy 34.26

@ Springer

The second relevant property affecting sensitivity is the
position of the nitrogen atoms in the five-membered hetero-
cyclic rings of nitroazoles. As mentioned, the repulsion of the
non-bonded electron pairs is one of the factors affecting the
sensitivity in nitrotriazoles. Therefore, 1,2,3 nitrotriazoles are
more prone to this effect, as confirmed by the low predicted
hso value for 45dn123triaz (69.14 cm) as compared with the
1,2,4 nitrotriazoles which has a much larger calculated /%5,
value, e.g., 35dn124triaz has 107.43 cm. Considering that
nitroimidazole molecules do not have nitrogen atoms in adja-
cent positions, they have accordingly large predicted 435,
values—see Table 3. Moreover, in the case of triazoles, two
of the three ring nitrogen atoms are the most polarized in the
cycle. For the 123 triazoles, these atoms are first-neighbors,
which causes a great repulsion between them, a phenomenon
similar to what happens with non-binding electron pairs. In
the case of the 124 triazoles, this repulsion is not observed
since these well-polarized atoms are not first-neighbors.
Figure 7 illustrates this fact showing the prominent vectors
of the dipole moment of the 35dn124triaz and 45dn123triaz
molecules.

The effect of substituent groups on the ring is the third
relevant property affecting the sensitivity of nitroazoles as
expected from chemical intuition, e.g., it is known that the
larger the number of nitro groups in the molecule, the more
sensitive the explosive will be ([18, 49] and references there-
in). The reason for that is the electron withdrawing character
of NO, which reduces the electronic delocalization of the ring
atoms as seen before in nitrobenzenics [11, 18, 21, 81].



J Mol Model (2019) 25: 314

Page 11 of 14 314

Fig. 6 Thermal decomposition of
a substituted azole

Similarly, for the nitroimidazoles, the largest predicted /35,
values correspond to those molecules that have only one nitro
group bonded to the ring; the addition of a further nitro group
increases the sensitivity of the molecule accordingly. The pre-
dicted A5, values of the nitroimidazole molecules bearing two
nitro groups is about three times smaller as compared with
molecules bearing one: for example, 5ni=358.33 cm and
45dni=111.14 cm. The same occurs for nitropyrazoles: for
35dnpy having two nitro groups, the predicted %5, value is
more than 1.5 times larger than for the 345tnpy having three
nitro groups.

Similarly also to the nitrobenzenic molecules, the CH3 and
NH; electron injector groups in the nitrazoles exert an oppo-
site influence as compared with the nitro group. For instance,
the presence of an amino group increases the predicted /5
value from 107.32 cm in 25dni to 154.46 cm in 3a25dni as
expected from the lower ring electron delocalization. The
same occurs for the methyl group, for example, in 4ni, which
hs value changes from 312.56 to 385.85 cm in 1met4ni.

Conclusions
In this work, we investigated possible correlations between

electronic properties and the impact sensitivity of a group of
33 nitroazole derivatives. For this purpose, DFT calculations

R4
\
CH

2

H
R R .
1 N\ 1 N\\ = R2
o= = — ~
/ = - R
R 1
R, R

2

and the partition of the molecular charge density (DMA) were
employed.

It was found that increasing the number of electron with-
drawing nitro groups in the nitroazole rings decreases the neg-
ative charge on the nitrogen atom on position 3 of the
nitroimidazole ring. This also occurs on the atom on position
2 of nitropyrazoles and nitrotriazoles rings. The overall effect
when the C carbon atoms are also considered is a decrease in
the charge delocalization of the ring atoms that leads to more
sensitive explosives. A similar behavior was found in the pre-
vious investigations of nitrobenzenic molecules [18] and for
other classes of molecules. Employed approaches in this re-
gard include distinct theoretical models such as electrostatic
potentials [24], Mulliken charges [23], and more recently
Wiberg bond indices [82, 83].

The presence of NH, and CHj electron injector groups
bonded to the carbon atoms of nitroazole molecules increases
the charge of the nitro groups. In this case, the nitro group is
less able to attract electrons from the ring; hence, electron
delocalization increases. This effect contributes to the lower
sensitivity of the molecules bearing these groups.

The computed DMA multipole values of the 33 molecules
were used to propose different mathematical models for
predicting the impact sensitivity. The one that presented the
smallest deviations as compared with experimental data in-
cludes the charge of the nitro group, and the charge and the

Fig. 7 Dipole moment vectors of the 35dn124triaz and 45dn123triaz molecules
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quadrupole values of the nitrogen atoms of the azolic ring.
Consistent /5 sensitivity values of molecules with no exper-
imental data were also computed.
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