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Abstract

In this study, the impact of incorporating energetic substituents such as -NO2, -NHz, -NHs,
-N2 (both with perchlorate anion), and -Ns into 4,6-dinitrobenzimidazol-2-one on its det-
onation performance and stability was investigated. The DFT B3LYP/cc-pVTZ method
was employed to evaluate key molecular properties: the HOMO-LUMO gap, cohesive
energy, chemical hardness, and electronegativity. Based on these parameters, the result-
ing changes in chemical and thermal stability were assessed. The results achieved high-
light the significant role of ionic bonding in enhancing both the stability and density of
the compounds. Our results indicate that the benzimidazoles enriched by energetic
groups possess energetic properties better than TNT, with some variants surpassing
HMX. The analysis of the stability and sensitivity based on oxygen balance investigation
suggests that by varying the incorporated substituents, it is possible to design both pri-

mary and secondary explosives from a common molecular scaffold.
Academic Editor: Chin-Hyung Lee,

Rahisham Abd Rahman and

Keywords: high-energy materials (Ex); benzimidazoles; energetic groups;
Bernardo Fonseca Tutikian y g gy ( )’ 4 g g P 7

detonation properties; density; stability
Received: 6 June 2025
Revised: 2 July 2025
Accepted: 25 July 2025
Published: 27 July 2025

1. Introduction
Citation: Tamuliene, J.; Sarlauskas, J.

New Efficient High-Energy Derivatives of benzimidazoles, heterocyclic aromatic organic compounds consisting

Materials Based on of benzene and imidazole rings, are widely used in many approved drugs. For example,
4,6-Dinitrobenzimidazol-2-One animal parasitic infections are treated by fenbendazole, mebendazole, and albendazole,
Core: Simulations of Properties. which are used as antiparasitic agents; liarozole and pracinostat are consumed as anti-
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cancer agents, omeprazole is a potent proton pump inhibitor, oxfendazole is employed as
doi.org/10.3390/pr13082386

an anthelmintic, enviroxime exhibits antiviral activity, etc. [1,2]. However, benzimidazole

Copyright: © 2025 by the authors. and its polynitro derivatives remain relatively underexplored as high-energy materials.

Li MDPJ, Basel, Switzerland. . . i
reensee asel switzerian Klapotke et al. demonstrated that 2-aminobenzimidazole can serve as a valuable and cost-
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distributed under the terme and effective precursor for the synthesis of energetic materials [3]. Additionally, Szala et al.

conditions of the Creative Commons  Y€ported a novel energetic compound, 5,5',6,6'-tetranitro-2,2'-bibenzimidazole, character-
Attribution (CC BY) license ized as a secondary explosive with high thermal stability [4]. Notably, the contributions
(https://creativecommons.org/license  of Politzer et al. and Pang et al. also provided significant insights into the development of
s/by/4.0/). innovative energetic materials [5-7]. It is also demonstrated that benzimidazole com-

pounds are energetic materials whose high thermal and chemical stability, low toxicity
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and sensitivity, and good explosive properties could be achieved by the precise combina-
tion of nitro, -CHs, and triazole ring substituents [8]. Naturally, this raises the question of
whether even greater improvements in energetic performance and stability can be
achieved if other substitutions and/or their combinations are used; i.e., more economical,
environmentally friendly, and safer energetic materials will be proposed to be synthe-
sized.

For our continued investigation of the energetic and stability properties of the ben-
zimidazoles, -NOz, -NHz, -NHs, -N2, and -Ns substitutions known as energetic groups,
along with energetic ClO4 anions [9-13], were selected. In many reported cases, the incor-
poration of -NH: leads to an improvement in the thermal stability of the high-energy ma-
terials, while -NO2 enhances energetic properties [14-23]. However, there are a few re-
ports on the influence of the -NHs and -N: substitutions (both along with energetic ClO4
anions) and -Ns substitutions on the energetic properties of derivatives, although -Ns sub-
stitution is mentioned as the one increasing density and detonation parameters [24]. The
compounds consisting of -NHz, -NHs, -N2, and -Ns substitutions could form hydrogen-
bonded organic frameworks offering a viable approach to balance energetic performance
with operational safety and design high-energy, ionic, and polymeric materials [25-28].
This happens not only because of higher density, but also the possibility to form a layer-
by-layer structure, which can stabilize the resulting materials towards mechanical stimuli
[29]. Perchlorate (ClO«) is used as an extra-anion in the energetic cationic metal-organic
frameworks to form hydrogen bonding, which significantly affects the molecular struc-
ture and, as a consequence, its properties [30-32]. Therefore, we investigated the role of
the above nitrogen-rich substituents and their combinations in modifying the energetic
properties of benzimidazoles. Our goal was to demonstrate their potential to serve as ei-
ther primary or secondary explosives, depending on the substitution pattern. Addition-
ally, it was predicted that the formation of hydrogen bonds in benzimidazole compounds
enriched with perchlorate anions would enable the design of advanced hydrogen-bonded
organic frameworks. This prediction is based on the study by Ying Liang et al., which
introduced 4,6-diamino-5,7-dinitro-1H-benzo[d]imidazole as a layered crystal with high
thermal stability and low sensitivity, exhibiting energetic properties superior to those of
TNT [33]. Hence, the results could facilitate further research on advanced explosives.

2. Materials and Methods

The Becke three-parameter hybrid functional method with non-local correlation by
Lee, Yang, and Parr (B3LYP), combined with the cc-pVTZ basis set as implemented in the
GAUSSIAN package, was employed in our study [34-36]. The molecular structures corre-
sponding to the most stable conformations were obtained using the Berny geometry opti-
mization. This procedure was carried out so that all bond lengths, bond angles, and dihe-
dral angles were varied to locate the equilibrium structure. To confirm that a true mini-
mum was found, vibrational frequency analysis was performed. This computational ap-
proach, integrated with our research plan, yielded results that agree with experimentally
determined data [37-45].

To predict the stability and sensitivity of the materials, and to evaluate how these
properties are affected by various structural modifications, several key descriptors,
namely cohesive energy per atom, chemical hardness, chemical softness, electronegativ-
ity, HOMO-LUMO gap, and hardness index, were calculated and compared [46]. The ox-
ygen balance was also determined, considering the presence of chlorine in some of the
derivatives under study.

The key methodological criteria used in this study are based on a set of well-estab-
lished molecular descriptors. Thermal stability was assessed by evaluating cohesive en-
ergy per atom, with higher values indicating greater resilience to thermal decomposition.
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Chemical stability was inferred from the magnitude of the HOMO-LUMO energy gap
and chemical hardness; larger values of both parameters suggest a more stable electronic
structure. Conversely, chemical softness, inversely related to hardness, serves as an indi-
cator of molecular reactivity, where higher softness implies a higher propensity for deg-
radation. Subsequently, chemical hardness was focused on, as it exhibited a strong inverse
correlation with chemical softness (regression coefficient R? = 0.93). This suggests that
chemical hardness serves as a reliable indicator of chemical reactivity for these particular
compounds. Electronegativity was used to evaluate the likelihood of bond formation,
with higher values signifying a greater tendency to attract bonding electrons.

The oxygen balance, particularly in the context of chlorine-containing derivatives,
was calculated to assess shock sensitivity of the materials—a more negative oxygen bal-
ance generally indicates lower sensitivity and contributes to understanding the brisance
and strength of the energetic compounds. The hardness index was evaluated as a measure
of the compound’s resistance to indentation and mechanical deformation, where higher
values correlate with improved structural durability. The obtained values are not pre-
sented separately, but are discussed along with thermal stability and resistance to stimuli.

The density of the compounds was predicted by the equations developed by Politzer
et al. and calculated as the division of molecular weight by molar volume obtained by
B3LP/cc-pVTZ [47]. These equations differ in the incorporation of factors such as the 0.001
electrons/bohr? counter of the electronic density of a molecule, the degree of balance be-
tween positive potential and negative potential on the surface, and the sum as proposed
in Politzer’s model. However, the density values obtained from these equations show ex-
cellent correlation, with a regression coefficient of 1.0 (Figure 1).
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Figure 1. Comparison of densities: Density I, calculated by dividing the molecular weight by the
molar volume obtained from B3LYP/cc-pVTZ calculations, and Density II, derived using the equa-

tion proposed by Politzer et al.

The densities obtained by the Politizer’s equation are 2-6% lower than those evalu-
ated by the other model. Thus, for the evaluation of the detonation velocities and pressure,
the lower density was used so that these parameters would not be overestimated. It is
worth mentioning that the calculated density of C7HsN¢Os is equal to 1.73 g/cm?, while
that measured is 1.65 g/cm™=. The difference in the above densities occurred not only due
to deviations, but also due to the presence of the solvent molecules [33]. On the other
hand, this compound is similar to C7HeNeéOs, one of the compounds investigated by us.
The difference between them lies in the placement of -H and =O substitutions. The calcu-
lated density of CzHsNe¢Os varies from 1.53 to 1.63 g/cm=. The differences in molecular
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weight and packing of these benzimidazoles result in slight variations in their densities.
Nevertheless, our comparison of the predicted values supports the decision to evaluate
energetic properties using the lower density values.

The energetic properties of the advanced materials were predicted based on the anal-
ysis of the obtained values of detonation pressure and velocity, which were calculated by
applying several approaches adopted for the calculation of these parameters for com-
pounds consisting of Cl [48-50]. The analysis of the results revealed that the detonation
pressure and velocity values predicted using the method described in [48] are significantly
higher than those obtained from the equations reported in [48,49]. Furthermore, the latter
method provides predictions for the compound CaHbOcNd comparable to those pro-
duced by the well-established Kamlet-Jacobs approach. Hence, the detonation velocity
and pressure were evaluated by equations presented in [48,49].

The compounds’ sensitivity to shock stimuli and their classification as either primary
or secondary explosives were predicted based on their oxygen balance. In this case, the
following formula was applied [51,52]:

1600
OB(%) = R <2a+

(b;e)_c)

Here, M is the molar weight in g/mol, and 4, b, ¢, and e are the numbers of carbon,
hydrogen, oxygen, and chlorine atoms, respectively, in a compound.

3. Results

The perspective of 4,6-dinitrobenzimidazol-2-one, considered as a primary com-
pound, is depicted in Figure 2.

o,N H

NOo, H

Figure 2. The perspective of 4,6-dinitrobenzimidazol-2-one. The compound comprises 37.51% car-
bon, 1.80% hydrogen, 25.00% nitrogen, and 35.69% oxygen by weight. The abbreviation of this com-

pound in the manuscript is Ex0.

As previously noted, there was a focus on the influence of the -NHz, -NHs with per-
chlorate, -N2 along with energetic ClO4 anions, and -Ns substitutions or their combina-
tions, including with -NOz. Accordingly, based on the key substitutions described above,
the compounds are categorized into four groups: (1) ExXNHz, (2) ExXNHs3, (3) ExN2, and (4)
ExNs. Appendix A Table Al presents the groupings, structural representations, composi-
tions, and abbreviations used throughout the manuscript. It is noted that 5-Azido-4,6-di-
nitrobenzimidazol-2-one 7-diazonium perchlorate (ExN2-IV/ExN3-IV) belongs to two
groups as it consists of two key substitutions.

To predict thermal stability, the cohesive energy per atom (BDE) was evaluated. This
parameter reflects the energy needed to dissociate the compound into atoms and can be
used to estimate its thermal stability qualitatively. Higher cohesive energy per atom val-
ues suggest greater thermal stability and higher decomposition temperatures. Im-
portantly, this approach does not require prior knowledge of the decomposition products,
which are often difficult to predict. The computed BDE values and their variation across
different substitution groups are presented in Figure 3. In advance, there is no general
dependency of the parameters described below on the substitution of the primary-group
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compound. This indicates that a combination of substitutions could lead to unpredictable
changes in the developed properties.
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Figure 3. Cohesive energy per atom for 4,6-dinitrobenzimidazol-2-one with various functional

group substitutions on the hexagonal ring.

Chemical stability, defined as a compound’s resistance to reacting with environmen-
tal species or degrading during normal use while maintaining its functional properties
over time, was estimated based on both the HOMO (Highest Occupied Molecular Or-
bital)-LUMO (Lowest Unoccupied Molecular Orbital) gap and chemical hardness. A de-
crease in the HOMO-LUMO gap indicates an increase in the reactivity of the compounds
investigated due to a reduction in energy excitation (Figure 4).
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Figure 4. HOMO-LUMO energy gap variations for various substituents introduced on the hexago-

nal ring of 4,6-dinitrobenzimidazol-2-one.

On the other hand, reduced chemical hardness typically correlates with an increased
tendency of a compound to undergo chemical transformations and, as mentioned above,
represents compound reactivity. So, the obtained values of chemical hardness are given
in Figure 5.
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Figure 5. Chemical harness variations for various substituents introduced on the hexagonal ring of

4 ,6-dinitrobenzimidazol-2-one.

In Figure 6, the electronegativity of the compounds, indicating a tendency to attract
electrons, a property that may correlate with their aging behavior (degradation), is pre-

sented.
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Figure 6. Electronegativity variations for various substituents introduced on the hexagonal ring of

4,6-dinitrobenzimidazol-2-one.

To demonstrate the impact of various substitutions on the density of 4,6-dinitroben-
zimidazol-2-one, the results are presented in Figure 7.
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Figure 7. Density variations for various substituents introduced on the hexagonal ring of 4,6-dini-

trobenzimidazol-2-one.



Processes 2025, 13, 2386 7 of 18

Detonation pressure and velocity variations for various substituents introduced on
the hexagonal ring of 4,6-dinitrobenzimidazol-2-one are depicted in Figure 8 and 9.
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Figure 8. Detonation pressure variations for various substituents introduced on the hexagonal ring
of 4,6-dinitrobenzimidazol-2-one. The obtained values are compared with those of TNT, RDX, and
HMX, whose parameters are indicated by red lines.
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Figure 9. Detonation velocity variations for various substituents introduced on the hexagonal ring
of 4,6-dinitrobenzimidazol-2-one. The obtained values are compared with those of TNT, RDX, and
HMX, whose parameters are indicated by red lines.

The oxygen balance (OB) was calculated to predict the sensitivity to external stimuli
such as impact or friction. Generally, compounds with highly negative oxygen balances
tend to exhibit decreased sensitivity, likely due to the presence of unbalanced reactive
fragments during decomposition. Oxygen balance variations for various substituents in-
troduced on the hexagonal ring of 4,6-dinitrobenzimidazol-2-one are presented in Figure
10. In light of the obtained OB and other parameters, the compounds are classified as po-
tential primary or secondary explosives.

\
,\,\\\\\

J
~ A
~z~e~"ve~“”~a °’é”¢~z~ o &
3 z‘;\hd‘\é‘h S,"S@‘.& ddd"\d +<a*€*
IZZ
-41.27

o} n I
-20.0 D -14.06 I I -14.16 I
30,0 -22.47 -22.47

=

o

o
.

&
S

a7

-29.43 ~27.38 -29.43
-40.0
-50.0
-60.0 -52.26

-70.0 1 -62.82 -62.82 -62.05

-70.85 = =
-80.0 - 76.94-75.54

Oxygen Balance, %

Figure 10. Oxygen balance variations for various substituents introduced on the hexagonal ring of

4,6-dinitrobenzimidazol-2-one.
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4. Discussion
4.1. Stability

It is important to note that the BDE and hardness index of 4,5,6-trinitro-1,3-dihydro-
2H-benzimidazol-2-one, a closely related compound to 4,6-dinitrobenzimidazol-2-one,
are higher than 5.0 eV and 0.80, respectively. The onset was at approximately 315 °C, with
complete decomposition occurring around 339 °C [53]. Similarly, 5-methyl-4,6,7-trinitro-
1,3-dihydro-2H-benzimidazol-2-one, with similar BDE and hardness index values, de-
composes at a lower temperature range of 270-272 °C. So, considering the cohesive energy
of 4,6-dinitrobenzimidazol-2-one (Ex0) of 5.99 eV and the hardness index of 0.79, we not
only state that this compound is thermally stable, but may predict its decomposition tem-
perature in a comparable range, potentially exceeding 270 °C. The BDE of compounds of
groups 2 and 4 (with the exception of ExN3-1V) is higher than 5.00 eV, and their hardness
index is larger than 0.8 (Figure 3). So, these compounds are thermally stable, and their
decomposition temperature could also be higher than 270 °C. However, only ExN3-I,
ExN3-II, and ExN3-III (group 1) possess BDEs higher than that of Ex0, while those in the
cases of ExXNH2-I, EXNH2-II, ExXNH2-III, and ExXNH2-IV (group 4) are lower. These results
imply that substitution with -Ns, either alone or in combination with -NHz, -NO, or an
additional -Ns group, tends to enhance thermal stability. In contrast, -NH2 substitution,
alone or in its pattern with the above substitutions, appears to slightly raise thermal sta-
bility. Consistently, the compounds from groups 1 and 4 exhibit higher hardness index
values than Ex0, suggesting enhanced overall stability.

The BDE of the compounds consisting of group 2, whose values fluctuate from 4.47
eV to 5.19 eV, is significantly lower than that of Ex0 (5.99 eV), despite their hardness index
values varying from 0.80 to 0.83. Thus, the thermal stability of the compounds belonging
to this group could be lower. This finding is consistent with the understanding that or-
ganic compounds containing ionic perchlorate groups are generally less thermally stable
than their fully covalent analogues [54].

The above reduction in thermal stability is likely due to protonation of the cationic
moiety, resulting in the formation of neutral HClO4, which may facilitate bond cleavage.
The protonation is confirmed by the results of our investigation (Figure 11).

Moreover, the performed analysis of BDE indicates that EXNH3-IV, which retains an
ionic bond, is more thermally stable than the other group 2 compounds, in which this
bond is disrupted by protonation, leading to the formation of a neutral hydrogen-bonded
species.

The importance of the ionic bond presence to thermal stability also follows from the
BDE analysis of the compounds belonging to group 3. A reduction in these parameters is
also obtained, but it (4.82-5.47 eV) is smaller than that of group 2. However, the overall
stability of the compounds with ionic bonds is significantly lower than that of Ex0. The
conclusion follows from the analysis of the hardness index values that do not exceed 0.70
in the case of the compounds belonging to group 3 and are especially low (0.34 and below)
in the cases of ExN2-I and ExN2-IL

Overall, the thermal stability of 4,6-dinitrobenzimidazol-2-one (Ex0) increases with
the introduction of one or two -Ns substitutions to the hexagonal ring (Figure 3). However,
when -Ns substitution is combined with -NO:2 or -N: along with energetic ClOs anions, a
decrease in thermal stability is observed. The formation of perchlorate compounds from
Ex0 derivatives reduces the thermal stability of the benzimidazole compounds, although
the inclusion of -NO:2 or -Ns substituents in these compounds can slightly enhance this
stability.
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ExNH3-1 ExNH3-II

ExNH3-1Il ExNH3-IV

Figure 11. Equilibrium structures of the compounds containing ExXNH3 groups, optimized using the
B3LYP/cc-pVTZ method. Carbon atoms are shown in brown, nitrogen in light blue, oxygen in red,

chlorine in green, and hydrogen in grey.

The significant decrease in HOMO-LUMO gap and chemical hardness leads to the
prediction that substitution with -Nz, along with energetic ClOs anions, increases the ten-
dency of a compound to undergo chemical transformations (Figures 4 and 5). Conse-
quently, the compounds consisting of group 3 are less chemically stable than Ex0. In the
other cases examined, the HOMO-LUMO gap and chemical hardness are larger than those
of Ex0, which indicates that the reactivity of the rest of the compounds investigated de-
creases with the increase in chemical resistance due to -NH>, -NHs with energetic ClO4
anions, and -Ns substitutions. The exception is the EXNH2-III compound, consisting of -
NH: and -NO: substitutions. The reduction in HOMO-LUMO gap and chemical hardness
indicates that its reactivity is larger than that of Ex0 (Figures 4 and 5). The incorporation
of -NOx: as a second substitution to compounds consisting of N3 and NHs, along with en-
ergetic ClOs anions, reduces their chemical resistance, which becomes comparable to that
of Ex0. Interestingly, the incorporation of the above-mentioned substituent into ExN2-I
improves its chemical stability.

The chemical stability of Ex0 increases mostly due to -Ns, although the incorporation
of a second -Ns substituent appears to reduce it. A similar tendency is obtained in the case
of NHz and N2 (both along with energetic ClOs anions), where additional substituents lead
to decreased stability. In contrast, the addition of a second NH: group to the hexagonal
ring of Ex0 enhances chemical resistance.

In addition to chemical stability, an analysis of the electronegativity of the com-
pounds was performed to predict the influence of substitutions on Ex0 aging behavior. As
expected, compounds consisting of perchlorate are highly electronegative. This is illus-
trated in Figure 6 by the variations of the above compounds from 5.45 eV to 6.60 eV, which
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is larger than that of Ex0 (5.24 eV). Hence, incorporation of -NHs and -N2 groups, both
associated with the energetic anion ClOs, increases the predicted aging rate of Ex0. In con-
trast, substitution with -NH-2 or -Ns reduces the electronegativity (from 4.58 eV to 5.16 eV)
of Ex0 and, as a consequence, the aging tendency. The results also reveal an increase in
electronegativity for compounds containing key -NO: substitutions. This suggests that
NO:2 may contribute to an accelerated aging process.

In summary, compounds belonging to group 4 demonstrate the highest thermal and
chemical stability among those studied, along with a slower aging rate. In contrast, the
stability of the other compounds varies depending on the combination of key substituents,
and no consistent trend is observed as clearly as in the case of group 4.

4.2. Energetic Properties

Notably, the density of a compound is influenced by its chemical composition and
molecular geometry. It is therefore a critical factor affecting the detonation products,
which in turn directly determine both detonation pressure and velocity [55]. The observed
reduction in the density of Ex0 (1.79 g/cm?®) could be caused by several factors. Consider-
ing the density of EXNH2-I (1.74 g/cm?), similar to that of Ex0, and ExXNH2-II (1.53 g/cm?),
consisting of NHo>, there is a prediction that incorporation of these two groups increases
volume faster than mass, leading to the density decrease. In the case of group 2, the for-
mation of hydrogen bonds instead of ionic bonds in the ExXNH3-I and ExNH3-II com-
pounds resulted in density decrease (Figure 7). This is supported by the observation that
a compound containing one -NHs group combined with an energetic ClO4 anion exhibits
a density of 1.57 g/cm3, which is nearly identical to the 1.56 g/cm? found in compounds
containing a double substitution with these groups. This finding is further supported by
the significantly higher densities (1.84 g/cm®-2.51 g/cm?) observed in the group 3 com-
pounds in which at least one ionic bond is observed. It is important to emphasize that only
the group 3 compound containing both key substitutions (-N2z along with the ClOs anion)
exhibits a density significantly higher than that of Ex0. In all other cases studied, com-
pounds with two key substitutions display densities that are either lower than or compa-
rable to that of Ex0. Thus, the combination of the substitutions is crucial for the compound
density and, as a consequence, for the compound’s energetic properties. It also follows
from the analysis of -NO2 substitution’s influence on the density of the compounds that

. In combination with -NHz, -NHs, or -N2 (the last two along with the ClOs anion), the
density of Ex0 increases.

e  In combination with -Ns, the density of Ex0 decreases.

e  Incorporation of it in compounds with -NHz or -NHs (along with the CIOs anion)
leads to an increase in their densities.

e Incorporation of it in the compound with -N2 (along with the ClOs+ anion) does not
influence its density.

¢ Incorporation of it in the compound with -Ns reduces its density.

In addition, it is necessary to mention that the combination of -Ns and -N: (along with
the ClOs anion) reduces the density of the compound ExN3-I, which consists of only one
Ns group (Figure 7).

As it is predicted, similar correlations are evident between the energetic properties
of the compounds under study and substitutions and their combinations. This relation-
ship follows from the similarity in the plot shapes presented in Figures 7-9.

Let us recall that high-energy materials typically exhibit detonation velocities rang-
ing from 1.01 km/s to 9.89 km/s. Trinitrotoluene (TNT), commonly used as a standard
reference, has a measured detonation velocity of approximately 6.9 km/s. In comparison,
RDX and HMX demonstrate higher detonation velocities of 8.7 km/s and 9.1 km/s,
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respectively. The corresponding detonation pressures are approximately 210 kbar for
TNT, 338 kbar for RDX, and 393 kbar for HMX [56,57]. The calculated detonation velocity
and pressure of Ex0 are 8.38 km/s and 312.41 kbar, respectively, identifying the compound
as a high-energy material with energetic properties comparable to those of RDX (Figures
8 and 9). Moreover, the energetic properties of EXNH3-III, EXNH3-1V, and ExN3-II exceed
those of HMX, while only ExXNH2-II, ExN2-1I, and ExN2-III exhibit detonation density and
velocity values comparable to those of TNT. We also found that the energetic properties
of ExNH2-I, ExXNH2-IV, ExNH3-II, ExN2-I, and ExN2-III are similar to those of RDX.
Hence, the incorporation of various substituents and their combinations into Ex0 enables
the tuning of energetic properties across a broad range, from highly to very highly ener-
getic performances.

4.3. Oxygen Balance

As it is mentioned above, the oxygen balance (OB) was calculated and compared with
that of TNT (-73.97%) and RDX (-21.61%) to predict the sensitivity to external stimuli such
as impact or friction. Generally, compounds with highly negative oxygen balances tend
to exhibit decreased sensitivity, likely due to the presence of unbalanced reactive frag-
ments during decomposition [58-61]. So, ExXNH2-I and ExXNH2-II are less sensitive to stim-
uli than TNT (Figure 10). These compounds, and Ex0, ExXNH2-IV, ExXNH3-I, ExN2-II,
ExN3-II, and ExN3-III, can be classified as insensitive materials due to a highly negative
oxygen balance (below -30%), meaning they lack sufficient oxygen for complete combus-
tion and require external oxidizers to function effectively. The moderately sensitive mate-
rials’ OB values generally range from -30% to —20%. Hence, ExXNH2-III, ExNH3-III,
ExNH3-1V, ExN2-I, and ExN2-IV (or EXN3-IV) are moderately sensitive materials. The OB
values of ExXNH3-II and ExN2-III indicate that these compounds are sensitive to stimuli.

Considering that (i) the detonation pressure and velocity of these sensitive com-
pounds match or exceed those of TNT and (ii) they exhibit the lowest thermal stability
and moderate chemical stability among the compounds studied, we propose ExNHz-II
and ExN2-IIT as candidates for advanced detonators, which can detonate with minimal
external stimuli, such as heat or impact. In contrast, the most thermally and chemically
stable insensitive compounds, Ex0, ExXNH2-I, ExXNH2-II, ExXNH2-IV, ExNH3-I, ExN3-II,
and ExN3-III, can be considered as advanced secondary explosives. The insensitive ExN2-
II compound is not mentioned among them due to its high chemical reactivity. We also
propose that moderately sensitive compounds such as ExNH2-III, ExNH3-III, and
ExNH3-IV could be primary explosives, while ExXN2-I and ExN2-IV (or ExN3-1V) are sec-
ondary ones due to their thermal and chemical stability. The above highlights that, by
modifying the functional groups on a common molecular scaffold, it is possible to obtain
both primary and secondary energetic materials.

5. Conclusions

This study was conducted to demonstrate that benzimidazoles with incorporated
substituents such as -NHz, -NHs and -N2 (both along with perchlorate ions), -Ns, -NO,
and their combinations can serve as either primary or secondary explosives. Additionally,
the formation of hydrogen bonds in benzimidazole compounds enriched with perchlorate
anions was investigated to assess potential improvements in stability and energetic per-
formance.

The results indicate that different combinations of substituents can lead to unpredict-
able variations in the resulting properties. This is exemplified by the case of substitution
of 4,6-dinitrobenzimidazol-2-one (Ex0) with -Ns, either alone or in combination with -
NHoz, -NOz, or an additional -Ns group, which tends to enhance thermal stability. In con-
trast, the incorporation of -NHs and -N2, whether individually or together with -NHo, -
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NOy, -NHs (along with perchlorate ions), or -N2 (along with perchlorate ions), results in a
reduction in chemical stability. The -NH: group alone has no significant effect on this pa-
rameter. It was also found that the protonation process occurring in the compounds con-
taining one or more -NHs substituents (along with perchlorate anions) causes a decrease
in thermal stability; however, for the combination with -NO: or -Nj, a slight enhancement
in stability can be observed.

The analysis of the HOMO-LUMO gap, chemical hardness, and electronegativity re-
vealed that, in general, the investigated benzimidazoles containing —N: substituents
(along with perchlorate anions) are less reactive than the other studied compounds and
exhibit a slower aging rate. Moreover, the stability of the other compounds varies depend-
ing on the combination of key substituents, and no consistent trend is observed.

No consistent trends were observed between the key substitutions (or their combina-
tions and -NO2) and the resulting detonation pressure or velocity. However, based on the
obtained results, we conclude that the energetic properties of all studied compounds ex-
ceed those of TNT. Moreover, several compounds—ExNH:-I, EXNH2-IV, ExXNHs-1I, ExN2-
I, and ExN2-III—exhibit performance comparable to that of RDX.

Considering sensitivity to stimuli, as inferred from the oxygen balance analysis, and
stability of the investigated benzimidazoles, we propose ExNH:-II, ExN2-III, ExXNH2-III,
ExNH3-IIIL, and EXNH3-1V as potential candidates for advanced detonators. sEx0, ExXNH2-
I, EXNH2-II, ExXNH2-IV, ExXNH3-I, ExN3-II, ExN3-III, ExXN2-I, and ExN2-IV (or ExN3-IV)
compounds are identified as promising advanced secondary explosives. These findings
highlight the potential of substituted benzimidazoles as a versatile molecular platform for
designing both safer and more efficient primary and secondary explosives.
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Abbreviations

The following abbreviations are used in this manuscript:

BDE Cohesive energy per atom
HOMO-LUMO gap Difference between the highest occupied and the lowest unoccupied orbitals
OB Oxygen balance (calc. in relation to CO2)
Ex0 C7HsNs0s 4,6-Dinitrobenzimidazol-2-one
ExNH2-I C7HsNs0s 5-Amino-4,6-dinitrobenzimidazol-2-one
ExNH3-I C7HsCIN50O9 5-Ammonium-4,6-dinitrobenzimidazol-2-one perchlorate
ExN2-I CoLLCINGOo Eglt,f—DlmtrobenZlmldazol—2—0ne) 5-diazonium] perchlo-
ExN3-1 C7HsN7Os 5-Azido-4,6-dinitrobenzimidazol-2-one
ExNH2-II C7HeN6Os 5,7-Diamino-4,6-dinitrobenzimidazol-2-one
ExNH3-II CoHsCLN(O1s 5,7-Diammonium-4,6-dinitrobenzimidazol-2-one diper-

chlorate
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ExN2-II

ExNB3-II
ExNH2-IIT

ExNH3-III

ExN2-III

ExN3-III
ExNH2-IV

ExNH3-1V

ExN2-IV/ExN3-
v

Appendix A

C7H2Cl2NsO1s

C7H2N100s
C7H2CIN9O9

C7H5CIN6O11

C7H2CIN7O11

C7H2NsO7
C7H4NsOs

C7H5CINsO9

C7H2CIN9Oy

[(4,6-Dinitrobenzimidazol-2-one bis-(5,7-diazonium)] di-
perchlorate

5,7-Diazido-4,6-dinitrobenzimidazol-2-one
5-Amino-4,6,7-trinitrobenzimidazol-2-one
5-Ammonium-4,6,7-trinitrobenzimidazol-2-one perchlo-
rate

(4,6,7-Trinitrobenzimidazol-2-one 5-diazonium) perchlo-
rate

5-Azido-4,6,7-trinitrobenzimidazol-2-one
5-Azido-7-amino-4,6-dinitrobenzimidazol-2-one
(5-Azido-4,6-dinitrobenzimidazol-2-one 7-ammonium)
perchlorate

(5-Azido-4,6-dinitrobenzimidazol-2-one 7-diazonium)
perchlorate

Table Al. Structural formulas of designed benzimidazole energetic materials, their chemical for-

mula and abbreviation (Mol. formula), molecular weight (MW), and calculated elemental composi-

tion data.
Mol. F 1 Calculated Elemental Composition
Substitution Structure Agl;re(\);z:?oil MW Data
C% H, % ClL% N,% O,%
O,N H
N
/g C7Hs5Ns50s
-NH:2 HZN 1TI o ExNH2-I 239.15 35.16 2.11 0 29.28 33.45
NO, H
NH,
O,N N,H
C7HsNsOs
N/go ExcNH2-IT 25416 33.08 2.38 0 33.07 31.47
H,N |
NO, H
NO,
O,N N,H
C7HsNsO7
/K N | 28415 2959 142 29.58 39.41
N (0]
H,N |
NO, H
NH,
O,N H
N
/& C7H4NsOs
ITI o ExNL-IV 280.16 30.01 1.44 40.00 28.55
N
N A No,




Processes 2025, 13, 2386

14 of 18
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+ . . . . . .
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+ . Clo,
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ON H
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N N
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" N O
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NO,
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- " N (0)

cio. NO, H
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N~ N | ExN3-I
XN NO, H
+
+
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O,N H
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/g ExNALL 306.16 27.46 0.66 0 4575 26.13
N O
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+
NO,
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N
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/g 310.14 2125 051 896 2479 44.49
N 1T1 o ExN3-I11
N e
N7 NO, H
+
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H
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