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Abstract

The quantification of bond strengths is a useful and general concept in chemistry. In this work, a Coulombic force model based on
atomic electric charges computed using the accurate distributed multipole analysis (DMA) partition of the molecular charge
density was employed to quantify the weakest N-NO, and C—NO, bond strengths of 19 nitrobenzene, 11 nitroazole, and 10
nitramine molecules. These bonds are known as trigger linkages because they are usually related to the initiation of an explosive.
The three families of explosives combine different types of molecular properties and structures ranging from essentially aromatic
molecules (nitrobenzenes) to others with moderate aromaticity (nitroazoles) and non-aromatic molecules with cyclic and acyclic
skeletons (nitramines). We used the results to investigate the impact sensitivity of the corresponding explosives employing the
trigger linkage concept. For this purpose, the computed Coulombic bond strength of the trigger linkages was used to build four
sensitivity models that lead to an overall good agreement between the predicted values and available experimental sensitivity
values even when the model included the three chemical families simultaneously. We discussed the role of the trigger linkages for
determining the sensitivity of the explosives and rationalized eventual discrepancies in the models by examining alternative
decomposition mechanisms and features of the molecular structures.

Keywords Bondstrengths - Coulombic force bonding model - Nitramine - Nitroazole - Nitrobenzene - Molecular charge (electron)

density - Impact sensitivity of explosives

Introduction

The concept of chemical bond is central to chemistry.
Therefore, different theoretical models, especially the molec-
ular orbital (MO) and valence bond (VB) approaches, have
been employed successfully to predict structure, stability, and
chemical reactivity of molecules, difficult properties to inves-
tigate experimentally [1, 2]. Other successful bonding models
are based on the Ruedenberg idea that covalent bonds are due
to quantum interference between one-electron states [3, 4] or
on an electron density model such as Bader’s Atoms in
Molecules (AIM) [5].

Considering that the chemical bond is only a theoretical
construct [6], all bond properties (e.g., bond strengths) “can
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only be defined within models and thus are not measurable”
[2]. For this reason, accurate theoretical calculations based on
sound bonding models can provide insights into the nature
and properties of different types of interactions [7], hence on
relevant chemical properties. For instance, several groups em-
ploy the bond dissociation energy (BDE) to measure bond
strength for investigating the sensitivities of energetic mate-
rials and other properties [8—13].

Therefore, the possibility of quantifying bond strengths
employing different approaches can enlighten a variety of
chemical phenomena. In this work, we employed a
Coulombic bonding model [14, 15] to quantify specific bond
strengths to study the impact sensitivity of nitrobenzene,
nitroazole, and nitramine explosives.

Explosives, propellants, and pyrotechnics are controllable
storage systems of chemical energy having important technol-
ogy roles [16]. These energetic materials (EMs) are primarily
molecular solids composed of polyatomic organic molecules
bearing complicated crystal structures [17—19]. Nitramine, ni-
trobenzene, and nitroazole explosives are characterized by N—
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NO, and C-NO, bonds, combining relative insensitivity to
initiation and great energetic density [20-22].

Some authors have been concerned with determining mol-
ecules’ tendency to break and form bonds from electronic and
topological properties computed throughout a reaction pro-
cess [23]. However, our focus is in the initiation process of
the decomposition of energetic materials, particularly on the
specific bonds that when broken, initiate the entire process of
decomposition of the explosive. Once determined how easy it
is to cleave this bond, the tendency to initiate the explosive
process can be evaluated.

The most useful EMs should have low sensitivity to pre-
vent an accidental explosion by shock, impact, friction, heat,
or electric sparks during transportation or storage [24-26]. On
the other hand, a high level of performance of an EM usually
is on equal footing with an enhanced sensitivity [27, 28]. In
other words, an insensitive explosive, in general, does not
exhibit good performance. These apparently incompatible re-
quirements also imply the necessity of comprehensive knowl-
edge of the sensitivity of EMs.

We concentrate here on impact as a stimulus because this
property has some correlation within families of EMs [28].
Impact sensitivity can be quantified by measuring /5,, which
is the height from which a given standard mass dropped upon
a sample of the compound will initiate the reaction 50% times;
naturally, /5o depends also on the dropping mass [29-33]. An
in-depth discussion on the drop-weight impact sensitivity test
as a tool for measuring the impact sensitivity of explosives has
just been published [34].

Although the measurement of sensitivity by impact tests
has different sources of uncertainty, this property correlates
with chemical structure [35-37] because the sensitivity of
EMs is basically determined by the chemical character of ma-
terials [27]. For this reason, computing molecular properties
via accurate quantum chemical methods to correlate them with
sensitivity values often has been successful [38—41].

It is believed that the bond strength of the weakest bond in
the molecule of an EM, the trigger (bond) linkage, is crucial
for initiation events [12]. In nitro-containing explosives, C—
NO,, N-NO,, and O-NO, bonds would be the trigger link-
ages [11].

The idea of relating the positive electrostatic potential of
trigger linkages to BDEs (hence to bond strengths) and sensi-
tivity for several high (secondary) explosives bearing C—-NO,
and N-NO, bonds has been very fruitful [29, 42-45]. It was
found overall that correlation between bond strengths and im-
pact sensitivity is not limited to certain classes of explosives
[16]; the correlation with the reciprocals of bond lengths (an-
other measure of bond strength) was also investigated [46].

From the computed C-NO, and N-NO, BDEs, a correla-
tion was found between /5y and the BDE of the weakest bond
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[47—49]. Fried et al. introduced the BDE/E,, ratio, where E is
the energy content, to derive relationships between this ratio
and impact sensitivity [16], later modified by using instead the
total energy of the molecule (£,,,,) computed from density
functional theory (DFT) methods [11, 50]. A relationship be-
tween nitro compounds and nitramines’ sensitivity with ener-
gy of dissociation and energy content/molecular energy per
atom was found [51, 52]. Keshavarz and coauthors explored
the correlation of molecular structural parameters of different
families of EMs with impact sensitivity [53-57].

Another approach evaluated the trigger bond strengths of
various explosives, especially nitroaromatics, using a relative
Wiberg bond index (WBI) [58]. It was found that WBIs would
be a better predictor of trigger bond strength compared to
BDEs.

Inspired in those works, we have been employing the
accurate distributed multipole analysis (DMA) partition
scheme of the molecular charge densities developed by
Stone [59—62] to investigate impact sensitivity and decom-
position of diazocyclopropanes [63], nitraromatics [64,
65], RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine) [66],
and FOX-7 (1,1-diamino-2,2-dinitroethylene) molecules
[67]. We recently proposed DMA mathematical models
of sensitivity for 14 cyclic nitramine [68] and 33 nitroazole
[69] molecules. This partition method was employed be-
fore to rationalize hydrodesulfurization (HDS) catalytic
processes [70—72] and optimum cluster size for adsorption
investigations [73].

Those efforts attempted to correlate the bulk property im-
pact sensitivity with the molecular properties of EMs.
However, there have been criticisms [74] claiming that within
this approach dominating chemical mechanisms of initiation
reactions can be obscured [75]. Therefore, it should not be
used for interpretation, but instead for identifying molecular
properties related to impact sensitivity [29]. This is our pur-
pose here.

In this work, we developed sensitivity models based on a
Coulombic bonding model employing DMA charges to com-
pute bond strengths of the N-NO, and C-NO, trigger link-
ages of 10 nitramines, 11 nitroazoles, and 19 nitrobenzene
molecules. The three families of explosives combine different
types of molecular properties and structures.

Computational methods and theoretical
background

We investigated the 10 nitramine, 11 nitroazoles, and 19
nitrobenzenic molecules depicted in Scheme 1. Table 1S of
the Supplementary Material identifies the acronyms.
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Scheme 1 Structural formulas of the investigated molecules

To determine each molecule’s lowest energy geometry, a
conformational search was initially carried out employing a
Monte Carlo method combined with simulated annealing and
DFT//SVWN/DN*. Different conformers were generated by
randomly rotating bonds and bending rings to produce diverse
geometries. The Spartan Pro software [76] was used for this
task. The resulting structures were the starting point for deter-
mining the lowest energy conformer in each case.

The geometry of all molecules found in that way and
the corresponding molecular charge densities were further
optimized with the DFT/B3LYP//6-311 + G(d) method
[77-79] employing the Gaussian 03 package [80].
Vibrational frequency calculations confirmed that each
converged geometry corresponds to a minimum on the
potential energy surface. The lowest energy conformer
was used to compute the DMA. For the nitrobenzene
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Scheme 1 (continued)

molecules, single-point DFT/B3LYP//6-311 + G(d) calcu-
lations were performed on published (M06-2X)//TZVP

geometries [58].

The charge density of each molecule’s lowest energy ge-
ometry was partitioned employing the DMA implemented in

the GDMA2 program [62]. The DMA expansion furnishes a
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very accurate description of the molecular charge density. It is
a quantitative population analysis with a sound physical-
chemical foundation providing straight chemical interpretabil-
ity [59].

The DMA method divides the charge density into a
sum of a product of atom-centered Gaussian basis func-
tions; the coefficient of each term is determined from
the one-electron density matrix [59-61]. A basis func-
tion product is then written as a sum of electric multi-
pole moments of ranks up to the degree of its polyno-
mial. In this way, the overlap of two s functions repre-
sents a pure monopole (charge), the product of s with a
p corresponds to a monopole plus a dipole, two p func-
tions when overlapping produces charge, dipole and
quadrupole moments; higher electric multipole terms
can be generated so the process can go on.

When the orbitals are localized on different atoms, a given
pair of Gaussian functions generates a finite multipole series at
a point between the two atoms: the exponents of the Gaussian
orbitals determine the exponent of this point. Thus, the multi-
poles are written as a series localized on the nearest atom. The
DMA approach computes these exact representations approx-
imating each one by a multipole expansion, usually centered
on the atomic nuclei.

The series produced by the DMA rapidly converges be-
cause of the expansion on different points of the electronic
charge distribution. Upon combining the decomposed charge
distribution with the nuclei’s positive charges, an accurate
representation of the molecular charge density is obtained.

The DMA expansion terms have a direct chemical inter-
pretation. The monopole (charge) term represents charges on
atomic sites, with bonds between adjacent atoms usually hav-
ing some degree of charge separation. Dipole and quadrupole
electric moments also have a direct interpretation [81]. We
used here only the DMA charge values.

To compute the N-NO, and C—NO, bond strengths, a
Coulombic bonding model previously used [68, 71] was
employed. This model considers that bond strength values
computed by the atom-centered DMA expansion up to the
quadrupole term are dominated by the Coulombic interactions
between DMA charges in each atom of the bonding pair.

The molecular charge density is a property that includes
information on the molecular bonds. Given the DMA partition
of the charge density, bonding properties are built-in in the
atom-centered electric multipole moments. Therefore, the
computed bond strengths provided by the Coulombic force
values computed from the (DMA charge)-(DMA charge)
products include, albeit indirectly, the covalent contribution
to the bond strength.

Furthermore, those values of bond strengths are accurate
because the DMA charge—DMA charge contribution
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largely dominates the interaction between atom-centered
electric multipoles involved in a chemical bond: the ion-
dipole, dipole-dipole, and higher order interaction energies
are much smaller as compared with the ion—ion term.
Numerically, ion-ion interaction energies are ~17 greater
than ion-dipole interaction energies, ~125 greater than
dipole-dipole interaction energies, and smaller for higher-
order terms—see Table 18.3 in Ref. [82]. In other words,
for the DMA partition of the molecular charge density, the
largest contribution to the computed Coulombic bond
strength values is by far due to the charge-charge
Coulombic interaction. This fact does not mean that the
corresponding bonding is ionic, but just that the
magnitudes of the bond strengths computed in this way
are dominated by the (DMA charge)-(DMA-charge)
values.

Therefore, using a Coulombic model to compute bond
strengths combines (a) reliable quantitative and semi-
quantitative information on bond strengths, as pointed out
before [14, 15]; (b) the possibility of rationalizing other chem-
ical phenomena as we have done [71-73]; and (c) the use of
the accurately computed DMA charges as input.

From the well-known expression of the Coulomb’s Law,
the magnitude of the Coulombic force F of the N-NO, and C—
NO, bonds is given by

F = |q11'32q2| (1)
where F is the magnitude of the Coulombic force between the
N-N and C-N atoms of the trigger bonds, ¢, and g, are the
corresponding DMA monopole (charge) values in units of
elementary charge e (1.602 x 107" C), and R is the N-NO,
or C-NO, bond lengths in A. We took the SI constant 1/47¢,
of the usual form of the Coulomb’s Law as equal to one.

The computed F values were used to quantify the magni-
tude of the N-NO, and C—NO, bond strengths. For this pur-
pose, we define the normalized weakest N-NO, and C-NO,
Coulombic force F,,,, which is the weakest force in a mole-
cule thus is the trigger linkage, according to the following
expressions:

F
Fp=—— (2a)
[#NNO,]
F nw — % (Zb)
[HCNO|

where [#NNO-]* and [#CNO-]* are respectively the
square of the sum of the number of the N-NO, and C—
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NO, bonds. These sums quantify the number of moieties
that determine the explosive behavior of the nitramines,
nitroazoles, and nitrobenzenes, and in a certain sense,
indicate the molecular size. We found here that squaring
this quantity, instead of just using the bare number, gives
much better results: this is probably due to a non-linear
prominent explosophore roles of the N-NO, and C-NO,
bonds, and their increased importance in this regard the
larger their number. Politzer, Murray, and coworkers
30 years ago, in a paper investigating the sensitivity of
nitroamines and nitroaliphatics, noticed that a good cor-
relation could be obtained by including the number of
N-NO, linkages given that “their effectiveness in trig-
gering decompositions is “diluted” as the molecule be-
comes larger” [83]. In our case (Eqgs. 2a and 2b), this
“dilution effect” appears as the square of the sum of the
number of linkages.

The Coulombic force equals minus the gradient of the
electrostatic potential: F'= — V V(). Hence, the former
captures variations of V(r), which is the integrated charge
density [84]. V(r) has been used to investigate impact sen-
sitivity (e.g.; Ref. [44]) and noncovalent interactions of
halogen complexes [85, 86], among a variety of other
chemical properties.

In a nice and comprehensive work on the Hellmann-
Feynman theorem, Politzer and Murray elucidated the fact
that “in physical reality the forces felt by the nuclei and mol-
ecules and other systems are entirely Coulombic” and this
physical fact does not depend on the approximate nature of a
quantum chemical wave function or electronic density [87].
This important and not well-known fact motivates the present
effort.

Considering a given computed molecular charge distribu-
tion and its realistic atom-centered DMA representation, the
use of DMA charges could lead to accurately quantitative
Coulombic force values as a measure of bond strengths. The
results discussed below show that.

Results and discussion

Initially, to design a general model for determining /5, all 40
molecules were considered, regardless of the families to which
they belong. Therefore, the complete set of molecules was
divided into two groups. The training group included 19 mol-
ecules chosen according to a diversity of structures, group of
atoms and type of bonds. The remaining 21 molecules com-
prised the fest group used to verify the prediction of the
model.

Fig. 1S of the Supplementary Material collects the com-
puted bond distances and DMA charge values, employed

to determine the magnitude of the weakest normalized
Coulombic Force (F,,,) of all 40 molecules, as defined by
Egs. (2). The computed F,,, values are shown in Table 28S.
The plot of F,,,, versus the experimental /s, values for the
19 molecules of the training group is shown in Fig. 1.
A linear model for the sensitivity was then derived from
Fig. 1:

hso = 135.35F,, + 33.613 (3)

where the units of the fitted constants are respectively
cm.A%e? and cm. The results computed from Eq. 3 are shown
in Table 1.

Overall, for the three families of explosives, there is a
good correlation between the weak normalized force F,,,,
and the experimental /5, values (R?=0.9545), hence be-
tween the trigger linkage strength computed from DMA
charges and the measured sensitivity values. This model is
quite general in the sense that predicts the sensitivity of
explosives considering that the three families of explo-
sives bear different chemical properties and two types of
trigger bonds.

From Table 1, it can be seen that 15 molecules have devi-
ations below 20%. This is a quite good predictability consid-
ering such a heterogeneous group of molecules.

Four molecules display large deviations of /5, from the
predicted values: CL20 (231%), TNCB (369%), MEDINA
(788%), TNTRICB (184%). These molecules are nitramines,
in contrast with the aromatic character of most of the others,
which might explain the large discrepancy.

Would these already good results improve if the three fam-
ilies of explosives were treated separately, especially for the
most discrepant results? We answer this question in the fol-
lowing three subsections, selecting for each family as the
training group the same molecules of each family employed
in the training group of the general model given by Eq. 3.

Nitramines

Figure 2 plots F,,,, vs. ks, of the four nitramine molecules of
the training group.

Even considering the small number of molecules in the
training group, there is a good correlation between the strength
of the weakest normalized N-NO, bond and the impact sen-
sitivity of the four analyzed nitramines (R’ = 0.9432). From
the linear fitting in Fig. 2, the following linear correlation
between F,,, and &5, was found:

hso = 172.37F , + 1.0635 (4)

where the fitted constants have the same units of Eq. 3.

@ Springer
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Fig. 1 Correlation between the 350
experimental /5, values and the

normalized weak force F,,, for the 300
19 molecules of the training 250
group
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R? = 0.9545

Equation 4 was employed to predict the /5, values of the
remaining 10 nitramine molecules. A comparison with avail-
able experimental data is shown at Table 2.

Considering the group of nitramines separately, out of the
10 molecules, 3 have deviations below 20% (CL20, DINGU,
and OCPX). On the other hand, MEDINA (710%), NQ
(112%), and TNCB (118%) displayed the largest deviations.
The deviations of CL20 and TNTRICB greatly decreased as
compared with the general model, given by Eq. 3, by respec-
tively from 231—0% and 184—43%. In the following, we
discuss the possible reasons for the large deviation of the
results for the MEDINA, NQ, and TNCB molecules.

MEDINA is one of the three acyclic molecules in the set of
nitramines and differs from OCPX only for the lack of methyl
groups attached to the amine nitrogen atom—see Scheme 1.
However, this structural difference is sufficient for MEDINA
to have a much larger deviation and sensitivity (710% and
hsg=114 cm) compared with OCPX (10% and /5,=13 cm)
according to the model described by Eq. 4.

MEDINA is a primary nitramine, in contrast with
OCPX that is a secondary nitramine; therefore, it de-
composes differently. The products of both thermal

@ Springer

and in aqueous solution decomposition of MEDINA
consist mainly of nitrous oxide and formaldehyde, as
is depicted in the reaction below [92]:

CH,y(NHNO,), —2N,0 + CH,0 + H,0

Therefore, the decomposition of MEDINA molecules
does not start with the cleavage of the N-NO, bond, as
assumed by our model. In fact, the mechanism proposed
a few decades ago indicates the initial cleavage of the
C-N bond after an electronic delocalization process
[92]:

S) .
NNO, + NHNO,

I
O,NN =——CH, ——NHNO, —> CH,
N

CH,

NNO,

—> CH,0 + N,0

S .
NHNO;, — » N,O + OH

Hence, the trigger linkage in MEDINA is other than the
one assumed here. Additionally, considering that the rupture
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Table1 Comparison between values of sensitivity (/59) computed from
Eq. 3 and the available experimental /5, values for the 40 molecules

Molecule hspexp. hspcalc Deviation Deviation
(cm) (cm) (cm) (%)
Training group
24DNP 90 79.7 -10.3 -11.5
DAHNBP 67 46.3 -20.7 -30.9
DHTNA 32 38.8 6.8 21.2
HNBP 70 61.5 -8.5 -12.1
HNDPA 48 49.2 1.2 2.6
HNS 54 57.1 3.1 5.7
PA 87 68.6 —-18.4 -21.2
DCLTNAN 75 82.9 79 10.5
TMTNB 110 100.0 -10.0 -9.1
ANTA 320 304.3 -15.7 -4.9
TNR 43 50.9 79 18.4
24DNI 105 69.8 -35.2 -33.5
3N124TRIAZOL 320 302.8 -17.2 -5.4
NTO 291 325.6 34.6 11.9
34DNPY 70 45.6 —24.4 —34.8
CL20 13 43.0 30.0 231.0
TNCB 11 51.6 40.6 369.0
DINGU 100 110.2 10.2 10.2
RDX 26 44.1 18.1 69.7
Test group
DMTNB 100 95.7 —4.3 —4.3
EOTNB 190 75.5 —114.5 —60.3
HNDPM 39 58.1 19.1 49.0
MATENT 37 62.8 25.8 69.7
TETNA 41 61.3 20.3 494
TNAN 192 90.8 -101.2 =527
245TNI 68 57.8 -10.2 -15.1
IMET245TNI 70 56.8 -13.2 -18.9
LLMI116 167.5 62.8 —104.7 -62.5
35DNPY 168 72.7 -95.3 -56.7
TNTRICB 19.1 54.2 35.1 183.6
HMX 29 39.3 10.3 35.6
TEX 177 115.5 —61.5 —34.7
OCPX 114 131.0 17.0 14.9
NQ 320 565.7 245.7 76.8
MEDINA 13 1155 102.5 788.2
IMET25DNI 155 69.7 —85.3 -55.0
DATNP 112 71.6 —40.4 -36.1
THTNB 27 36.7 9.7 36.0
TNAP 138 104.0 -34.0 —24.6
IMET35DNI124TRIAZ 155 106.6 —48.4 -31.2

of'that trigger linkage is driven by an electronic rearrangement
in the molecule, and not because the N-NO, bond is the

=
n
o

DINGU

=
g 8

D5y (cm)
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o

40
RDX R?=0.9432

20

0 01 02 03 04 05 06
F,,~e?A?

Fig. 2 Correlation between the impact sensitivity (%59) and the weakest
normalized N-NO, bond strength F),,, of the nitramine molecules of the
training group

weakest, this behavior might explain the large deviation in
our model. This mechanism is also confirmed by the fact that
the normalized Coulombic force F,,,, of the C—N bond (0.148
¢ A7?) is more than four times weaker as compared with the
F,,, value of the N-N bond (0.605 ¢> A %) used as input in our
models.

The non-cyclic nitroguanidine (NQ) explosive has the
highest experimental /5, value of the set (>320 cm). This fact
was reproduced by Eqgs. 3 and 4, despite the considerable
percentual errors in both cases, respectively 76.8% and
112%. In both models, NQ is highly insensitive because of
the substantial value of the normalized Coulombic force F,,,,
(3.93 ¢* A?) of the N-NO, bond compared with the forces of
the other bonds—this is the largest computed F,,,, force value
in the whole set of 40 molecules (see Table 2S of the
Supplementary Material).

For the NQ molecule, both intramolecular and intermolec-
ular hydrogen bonds can be formed. The existence of

Table2 Comparison between values of sensitivity (/59) computed from
Eq. 4 and experimental data for the 10 nitramine molecules

Molecule hspexp. hsgcalc (cm) Deviation (cm) Deviation (%)

(cm)

Training group

CL20 13 13 0 0
TNCB 11¢ 24 13 118
DINGU  100° 99 -1 -1
RDX 26° 14 -12 —44
Test group

TNTRICB 19,14 27 8 43
HMX 29° 8 -21 -71
TEX 177° 105 -72 -40
OCPX 114° 125 11 10
NQ 320° 679 359 112
MEDINA  13° 105 92 710

2Ref [52], ® Ref [88], ¢ Ref [89], Y Ref [90], °Ref [91]
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Fig. 3 Intramolecular hydrogen interaction in NQ and its extensive
electron-delocalized structure

hydrogen bonding in NQ also leads to the formation of a
stable six-membered cyclic arrangement with an extensive
electron-delocalized structure (Fig. 3), which contributes to
stabilize the molecule [93] thereby decreasing its sensitivity.

Still considering the NQ molecule, it is possible to identify
two possible structures (Fig. 4).

NQ has been studied for decades in order to determine
precisely its structure [94]. It is now accepted that NQ,
both crystalline and in solution, is in the form of nitrimine
(Fig. 4b). Therefore, in gas-phase, it is expected to have the
same conformation. However, although there is an agree-
ment concerning its structure, it is oddly observed that the
length of the iminic C—N bond is larger as compared with
the C-NH, separation; thus, the former is a weaker bond.
Efforts have been made to refine these bond lengths and to
resolve this apparent contradiction [94].

The converged geometry (Fig. 5) shows what we should
really expect from the bond length of a nitrimic structure in
NQ, that is, a shortened C=NNO, bond in comparison with
the other aminic C-NH, bonds. Considering that DMA
monopole values depend on the molecular geometry, and
given that our optimized geometry differs from the actual
one, the predicted sensitivity values based on the DMA
charges are different from the experimental values. This
is a possible reason for the large deviation found for this
molecule.

Due to regions of planarity in the TCNB molecule
(Fig. 6), there is a repulsion between the non-bonding elec-
tron pairs of the oxygen atoms of the nitro groups and the 7t
bond of the carbonyl group. Shoaf and Bayse concluded
that this repulsive interaction between the clouds of isolat-
ed electron pairs in very electronegative atoms is respon-

NO,

NO,
HN/ N

HN NH,

(a) (b)

Fig. 4 Nitramine (a) and nitrimine (b) structures for NQ

H,N NH,

@ Springer

Fig. 5 Optimized geometry of NQ showing some bond lengths

sible for a remarkable instability of this explosive
displaying this spatial arrangement [58]. This is probably
a strong reason for the large deviation.

Furthermore, the resonance structures observed for the
carbonyl-nitramine system in TNCB proposed in Fig. 7 sug-
gest an additional possibility. This electronic delocalization
favors the disruption of the OC-NNO, bond over the more
common N-NO, bond rupture mechanism of our models, a
behavior that could increase the degree of error in the predict-
ed hs, value.

In particular, the resonance structures in Fig. 7(b) and
(c) are responsible for disrupting the C—N bond instead of
the N-N bond in TNCB. The normalized Coulombic force
of the C-N bond is 0.136 ¢?A™? in contrast with 0.133
¢’A™? of the N-N bond. Therefore, since the strength
values of the two bonds are similar, the aforementioned
electronic delocalization really allows the C—N bond to
function as the trigger linkage of the molecule. Moreover,
for TNTriCB, which does not have this resonance structure

(@) (b)

. /

Ly
\,{

/

Fig. 6 Molecular structures of TNTriCB (a) and TNCB (b) evidencing
different arrangements of the nitro groups
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Fig. 7 Proposed resonance structures for a region of the TNCB molecule: a the amine nitrogen electron pair; b and ¢: the nitro and the carbonyl groups

and the electron pair of the amine nitrogen

in spite of having a similar backbone geometry, a large
deviation was not found.

Comparing the present results with our previous work
that developed impact sensitivity models employing other
DMA multipole values [68], there is here an overall im-
provement. Considering a set of 10 molecules, 7 showed
results closer to experiment as compared with the previous
work. Therefore, the Coulombic force model using DMA
charges to compute bond strengths of trigger linkages pro-
vides an improved description of the impact sensitivity of
nitramine explosives.

Nitroazoles

Figure 8 plots F,,,, vs. hs, for the 5 nitroazole molecules of the
training group having experimental /5, values.

A good correlation was found (R = 0.9728). The mathe-
matical model for sensitivity derived from the curve in Fig. 8
is

hso = 118.19F,,, + 67.497 (5)

where the units for the fitted constants are respectively
em.A%? and cm.
The results computed from Eq. 5 are collected on Table 3.
For nitroazoles, the fraction of molecules with very satis-
factory deviations is larger compared with the nitramines.
Here, six molecules (ANTA, 24DNI, 3N124TRIAZ, NTO,

34DNPY, and IMET35DNI124TRIAZ) have deviations be-
low 20%.

The largest, though not very large, deviations were found
for the LLM116 (44%) and 35DNPY (40%) molecules. In
LLM116, two nitro groups are intercalated by an amino group
(NH,). The presence of this moiety between the nitro groups
allows the formation of an intramolecular hydrogen bond. In a
similar way, in 35DNPY, the hydrogen bond is between the
oxygen of the nitro group and the hydrogen in position 1, as
shown in Fig. 9.

Therefore, the formation of two six-membered rings in
LLM-116 and of a five-membered ring in 35DNPY is possible
(Fig. 9). Since these rings have good stability, the rupture of

350
3N124TRIAZ o ANTA
300 %
NTO
250
£
< 200
2
150
R*=0.9728
100
6 34DNPY
50
0 05 1 15 2 25

FﬂW ( eZA—Z)

Fig. 8 Correlation between the impact sensitivity (459) and the weakest
normalized C-NO, bond strength F),,, of the nitroazole molecules of the
training group

@ Springer
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Table 3 Comparison between

values of sensitivity () Molecule hsg exp. hso calc (cm) Deviation (cm) Deviation (%)

computed from the model given (cm)

by Eq. 5 and the available

experimental data for the eleven Training group

nitroazole molecules ANTA 3000 304 ~16 -5
24DNI 105* 99 -6 —6
3N124TRIAZOL 320¢ 303 -17 =5
NTO 291* 322 31 11
34DNPY 70 78 8 11

Teste group

245TNI 68" 89 21 30
IMET245TNI 708 88 18 25
LLM116 167.5° 93 -75 —44
35DNPY 1689 102 —66 —40
IMET25DNI 155°¢ 99 =56 =36
IMET35DN124TRIAZ 155°¢ 131 —24 -15

aRef. [95], ® Ref. [96], °Ref. [33], {Ref. [97], Ref. [98], 'Ref. [99], & Ref. [100]

the C-NO, trigger linkage is more hindered, leading to a large
hso value (167.50 cm and 168 cm, respectively). In spite of
this, a reasonable deviation between the predicted and the
experimental values of %5, was found (44% for LLM-116
and 40% for 35DNPY). The influence of hydrogen bonds on
the bond strengths of LLM-116 is also confirmed by other
theoretical studies [101-103].

Nitrobenzenes

For the nitrobenzene family, a plot of the measured values of
F,,, vs. hs, for the training group is depicted in Fig. 10.

From the training group with 10 molecules, the linear
fitting results in:

hso = 151.91F,,, + 34.066 (6)

where the units of the fitted constants are respectively in
cmA?e 2 and cm units.

Himmo
\ NO,

\

N o

—N N——O

H
S
3
$
N
)

(o) 6IIIIIIIIH

Fig. 9 Intramolecular hydrogen bonds of the LLM-116 and 35DNPY
molecules

@ Springer

The results obtained for the 19 nitrobenzene molecules
employing Eq. 6 are shown in Table 4. The correlation in this
case (R° = 0.8049) is not as good as for the two previous
families.

For the nitrobenzenes, the largest group, nine molecules
(24DNP, HNBP, HNDPA, HNS, PA, DCITNAN, TMTNB,
DMTNB, and TNAP) have deviations below 20%. Once
again, the good result already observed for the other aromatic
family (nitroazoles) and for the general model is reproduced
here.

Overall, the deviations are not large. The worst results are
for EOTNB (57%), HNDPM (58%), MATENT (81%), and
TETNA (59%) (see Fig. 11 and Table 4).

115 TMTNB
105
95
85
£ | pmwme
R 65 4
<=
55
HNDP
45 R? = 0.8049
35
°DHTNA
25
0 0,1 0,2 0,3 04 0,5 0,6

FIIIV (EZA'Z)

Fig. 10 Correlation between the weakest normalized bond force F,,,, of
the molecules of the training group and the impact sensitivity (/59) of the
nitrobenzene molecules
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Table 4 Comparison between the experimental values of /5y and the
calculated values from Eq. 6

Molecule hsp exp. hspcale (cm) Deviation (cm) Deviation (%)

(cm)

Training group

24DNP 90 86 -4 -5
DAHNBP 67 48 -19 —28
DHTNA 32 40 8 25
HNBP 70 65 -5 -7
HNDPA 48 52 4 8
HNS 54 60 6 12
PA 87 73 -14 -16
DCLTNAN 75 89 14 19
TMTNB 110 109 -1 -1
TNR 43 53 10 24
Test group

DMTNB 100 104 4 4
EOTNB 190 81 -109 =57
HNDPM 39 62 23 58
MATENT 37 67 30 81
TETNA 41 65 24 59
TNAN 192 98 -94 -49
DATNP 112 77 —35 -32
THTNB 27 38 11 39
TNAP 138 113 -25 —-18

Those deviations are probably related to the intramolec-
ular transfer of a hydrogen atom, as showed before [58,
104-106]. When this transfer occurs, there are two differ-
ent reaction mechanisms illustrated in Fig. 12 for the
MATENT and TETNA molecules. The mechanism is the
probable cyclization occurring between the nitro and the
amino groups. When cyclization occurs, the bond between
the carbon atom and the nitrogen atom of the nitro group
becomes stronger hence is more difficult to break.

NO,
O,N NO,
O,N
o\/

EONTB

HNDPM

Fig. 11 Nitrobenzene molecules with the larges deviations resulting from the sensitivity prediction model of Eq. 6

Therefore, when this cycle is formed, the original trigger
bond cannot be involved in the rupture process.

For MATETNT, according to the computed force values,
the weakest bond is at position 2 and the strongest at position 5
(Figs. 11 and 12b). This result is inconsistent with the pro-
posed mechanism in the literature since, when cyclization oc-
curs, the bond at position 2 becomes stronger, and this can
only occurs when the nitro group is at position 2 or 4.
Therefore, it is plausible to imagine that the weaker bonds
would be at positions 5 and 6.

Given the very similar structures, the analysis for the
TETNA molecule is identical. The bonds involving car-
bons 2 and 6 should be the strongest, since it is possible
to occur cyclization between the amino group located on
carbon 1 and the nitro groups at positions 2 and 6 (Figs. 11
and 12a). The trigger linkages, therefore, could be at posi-
tions 3 and 4, since these should be the weakest in the
structure. However, when calculating the corresponding
forces, the weakest bond is actually at carbon 6, which is
inconsistent with our force model, as it should be the stron-
gest bond and not the weakest one.

Regarding biphenyl molecules, they are sensitive com-
pounds due to steric effects and repulsion between nitro
groups [58]. If we consider the HNDPM, HNS, and HNBP
molecules, our model predicted decreasing values of sensitiv-
ity, which is consistent with experimental values (Table 4).
Figure 13 shows the optimized structures of the three biphenyl
molecules.

According to Fig. 13, the aromatic rings of the HNDPM are
close to each other, thereby increasing the repulsion between
their nitro groups more than in the other two molecules
(HNBP and HNS).

Considering EOTNB, a repulsive electronic effect be-
tween the oxygen atoms in OEt and the nitro group seems
to play a determining role in the relatively large predicted
deviation (57%). As pointed out before [58], these groups
bearing non-bonded electron pairs localized in highly elec-
tronegative atoms interact repulsively with the electroneg-

NO,

MATETNT

@ Springer
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0,N
NHZ * HZO
0,N NO, 0,N CHs

0N CH, \
NO,
0,N ’\O,
+ HZ
0,N CH,
(b)

Fig. 12 Possible cyclization mechanisms for the a TETNA and b
MATETNT molecules

N/O
0,N
NH, H;0
0,N NO, /
NO, \
N/O
NO,
0,N *\0,
+ H2
NO,
(a)
N/o
N/O

ative nitro group. This effect could be the reason for the
observed deviation.

HNDPM

@ Springer

HNBP

Fig. 13 Optimized structures of the HNDPM, HNBP, and HNS molecules

Conclusions

We presented a concept of a Coulombic force of a bond, based
on the DMA monopole (charge) values, as a measure of bond
strength. The forces computed in this way were used to devel-
op correlation models between impact sensitivity (given by
hso values) and force values. For this purpose, the trigger
linkage concept, related to the decomposition initiation of
several explosives, was used.

Molecules from three distinct chemical families of explo-
sives were investigated. They were 11 non-aromatic
nitramines, 10 nitroazoles, and 19 nitrobenzenes bearing dif-
ferent molecular structures and chemical properties.

We found a very good correlation between the weakest
normalized force (F,,,), defined as the Coulombic force divid-
ed by the squared number of N-NO, or C-NO, bonds of each
molecule, and the corresponding /5, value. The proposed
mathematical model for describing this correlation proved to
be sufficiently broad to predict the sensitivity values of the
three explosive families considered simultaneously. Its appli-
cation to the total set of 40 molecules led to predicted /5
values mostly having small relative deviations. The reasons
of the large deviations found for the CL20, TNCB,
TNTRICB, and MEDINA molecules were thoroughly
discussed by examining different decomposition mechanisms
and features of the molecular structures. The same force mod-
el was applied to each family of explosives separately to ra-
tionalize these differences.

Some large deviations in the three additional models,
which considered the weakest normalized forces for each fam-
ily separately, still persisted. However, for the following mol-
ecules, they were not as large as before: NCB, MEDINA, NQ,
MATETNT, TETNA, HNDPM, and EOTNB. These devia-
tions could be mostly associated mainly with specific decom-
position mechanisms not involving a trigger bond (e.g.;
MEDINA, TNCB, MATETNT and TETNA). In other cases,
(HNDPM and EOTNB), they were due to the electronic re-

&M
ﬂa’w

}*N

HNS
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pulsion and conformational particularities of their molecular
structures.

In this work, we proposed a general model to compute
bond strengths from a Coulombic model having as input
the DMA charge (monopole) values. This model was
employed successfully to describe the impact sensitivity
of explosives composed of molecules from three different
chemical families, either considered altogether or sepa-
rately, which shows its generality. Other applications of
this force model to different chemical phenomena are un-
der way.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00894-021-04669-5.
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