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Abstract: The investigation of a series of secondary aromatic nitramines was performed to reveal the
impact of incremental methylene groups on the stability, shock impulse, and energetic properties of
these compounds. Becke’s three-parameter hybrid functional approach with non-local correlation
provided by Lee, Yang, and Parr and a cc-pVTZ basis set was used to obtain the geometry, total energy,
and heat of formation of the most stable conformers of these aromatic nitramines. These parameters
were used to evaluate the density, resistance to shock stimuli, detonation pressure, and velocity of the
nitramines under study. Referring to the results obtained, we concluded that the thermal stability and
resistance to shock stimuli of the compound investigated was directly CH, chain length-dependent,
while their energetic- properties, such as detonation pressure and velocity, were worsened due to this
chain increase. We also found that the stability of the compounds increases more significantly than
the worsening energetic properties of aromatic nitramines. The results obtained reveal that in some
cases the number of CHj in the chain should be smaller than three so that the explosive properties of
the compounds under study would not be worse than TNT.

Keywords: aromatic nitramines; methylene group; energetic properties; stability; resistance to
shock stimuli

1. Introduction

High-energy materials are a class of materials with a high amount of stored chemical
energy that can be released [1-10]. Various types of high energy materials (HEMs) are used
for civil and military purposes due to their unique properties [11-16]. Most of currently
known popular HEMs contain in their structures three typical, so called, explosoforic
groups: NO; (nitro), ONO; (nitrate), and >N-NO; (nitramine) [17-21]. The last type of en-
ergetic compounds, “nitramines”, can be divided into two subgroups: primary nitramines
(R-NH-NO3) and secondary nitramines (R;jRyN-NO,) [11,12,22-31]. Thus, many high-
energy materials are similar in that they mostly contain nitro groups [1,3,14,19,32-35], but
they can have very different properties that are substitution depended [23,36,37]. For exam-
ple, primary nitramines, and their typical representatives methylnitramine (CH3-NHNO;)
and ethylene dinitramine (O,NNH-CH,CH;-NHNO,, EDNA), possess good energetic
characteristics and both are powerful explosives [2,8,9,26,38]; however, from the practical
point of view, they suffer from poor thermal stability and high shock sensitivity [39-50].
Moreover, due to the acidic nature of the proton (NH-NO,), primary nitramines are com-
paratively strong organic acids, and they can induce corrosion for metals [28,47,51-53].
While nitramines have long been used as powerful explosives, their poor thermal stability
and high shock sensitivity have limited their practical applications. As such, there is a
growing interest in exploring the potential of nitramines, which possess more favorable
energetic properties and improved stability.
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As the demand for high-energy materials continues to grow, scientists have focused
on the search for high-energy materials with a combination of properties such as safety,
reliability, stability, cost-effectiveness, and eco-friendliness; i.e., there is a rising interest in
exploring the potential of secondary nitramines, which possess more favorable energetic
properties and improved stability [4,9,12,17,24,53]. To approach their goal, the synthesis of
energetic metal complexes, the modification of the existing primary HEMs with insensitive
materials, coordination polymerization, etc., are performed [22,23,45,54,55]. However, there
remains much to be understood about the fundamental chemistry behind these compounds
and their properties, particularly in the case of secondary nitramines.

This study is dedicated to the investigation of energetic-property peculiarities of some
secondary nitramines. More strictly, we have selected for the current theoretical inves-
tigation a series of secondary aromatic nitramines, possessing as the main substituents
traditional 2,4,6-trinitrophenyl moiety and variating lengths of the CH;, (methylene) chain,
attached to the nitramine group nitrogen, aiming to improve the stability and resistance to
shock stimuli and to identify the optimal chain length for maximizing both their energetic
properties and stability. We carried out this investigation because there is a lack of informa-
tion on the dependence of the energetic properties of the aromatic nitramines on the -CHj
chain length. The results of our study will indicate how long the -CH, length should be in
order that the stability and resistance to shock stimuli of the aromatic nitramines would be
high along with energetic properties. The insight gained from this research could pave the
way for the development of new and improved high-energy materials in the future.

2. Materials and Methods

At least two different geometric structures of the compounds under study were
modeled to obtain the most stable conformer by using the Berny optimization without
any symmetry constraints (all bond’s length, angles, and dihedral angles are changed).
The vibration frequencies analysis was performed so as to be sure that the equilibrium
point was found. The results of the comparison of the total energy allowed us to select
the most stable conformers for further study. Becke’s three-parameter hybrid functional
approach with non-local correlation provided by Lee, Yang, and Parr (B3LYP) and the cc-
pVTZ basis set implemented in a GAUSSIAN package was applied in our studies [56-58].
This approach described well the geometric and electronic structure of various molecules
and their derivatives [59-67]. To predict the stability and sensitivity of the materials and
foresee how these properties are changed due to various modifications, we calculated and
compared the binding energy per atom, chemical hardness, softness, electronegativity, and
hardness index [68,69]. The oxygen balance was calculated, too.

The density of the materials under investigation was obtained by both approaches im-
plemented in the ACD/Labs program as suggested by M.S. Keshavarz to avoid unexpected
errors [70,71]. In the ACD/Labs program, the density is equal to the division of molecular
weight from molar volume. Molar volume was calculated by molar division from additive
increments. The additive atomic increments were obtained using a database implemented
in this program.

The detonation velocity was also calculated by using several empirical approaches de-
scribed in [72]. The Equations for the evaluation of this parameter are given below. We used
these various approaches because there is no possibility to predict which of them is more
accurate for the compound under study. Even though there are other methods to assess
detonation velocities, these methods are also imprecise and necessitate fixed parameters.
On the other hand, if we use the same approach to determine the detonation velocities of all
the molecules under investigation, we can ensure that the statistical errors in the velocities
for each molecule will be similar. This allows us to compare the detonation velocities of the
compounds studied here, regardless of the model used to compute them, and subsequently
rank those molecules. Moreover, the data obtained by different approaches allow us to
reveal general features.
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When the detonation velocity is known, its pressure can be evaluated as follows:
P(kbar) = 15.58 (D p/(1.01(1 + 1.30 p))?

where D is the detonation velocity and p is the density of the compounds. A detailed
description of the methodology used to evaluate and interpret the results is presented in
our paper [36]. The main points of the methodology are as follows:

The lowest value of total energy indicates the most stable conformers for further study;
A higher value of the binding energy per atom shows higher thermal stability;
Obtaining larger values of the HOMO-LUMO gap and chemical hardness points to
increasing chemical stability;

A low chemical softness value denotes a high tendency of the molecule to degrade;
A higher electronegativity reflects the higher tendency of a compound to form a bond;
A high negative value of oxygen balance exhibits a low sensitivity of an explo-
sive molecule to shocks. Oxygen balance also expresses the degree to which an
explosive can be oxidized and provides information on the strength and brisance of
high-energy materials;

A low value of the impact sensitivity reveals a low resistance to impact;

The hardness index indicates the resistance to indentation and deformation under
mechanical stress and durability. A higher value indicates higher resistance.

It is important that the calculated detonation velocity of Tetryl coincides well with
that of 7.59-7.7 km/s presented by other researchers, which indicates the reliability of the
approaches used for our study [73-77].

3. Results

As is mentioned above, the density of the materials under study was calculated using
two approaches. To simplify the communications, we use indexes I and II to denote
results obtained when the density value used was calculated by ACD/Labs and the M.S.
Keshavarz approach, respectively. The obtained densities are presented in Appendix A.

We separated our investigated compounds into three groups to foresee the influence
of CH, chain length on the energetic properties of Tetryl and to obtain whether the main
features obtained remain when this compound is substituted by -NH,. The first group
(a) consists of Tetryls with different -CH; chain lengths (n = 1-5) [(2,4,6-trinitrophenyl-
(O,N)N(CHy),, H]. Bis-aromatic nitramine homologs of chain length variation (CHj),, of
[(2,4,6-trinitrophenyl-N(NO;)]2(CHy), (n = 1-5) joined per different lengths of the -CH,
chain belong to the second group (b). The third group (c) is formed like the first one, but in
this case, Tetryl is substituted by -NHy, i.e., 3-Amino derivatives of chain length variation
N(CHy), (n = 1-5) analogs of 2,4,6-trinitrophenyl-N-nitramine were investigated. The
details of the compounds and their chemical composition are presented in Appendix B.
The parameters revealing the chemical and thermal stability are presented in Table 1.

To evaluate the resistance to impact, the oxygen balance [78] and impact sensitivity
were calculated. The impact sensitivity is obtained as follows:

logh; = (11.76a + 61.72b + 26.89¢ + 11.48d)/M

loghy = (47.33a + 23.50b + 2.357¢ — 1.105d)/M

where a, b, ¢, and d indicate the number of C, H, N, and O atoms, respectively, and M is the
molar mass of compounds [79-81]. The results achieved are presented in Table 2.
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Table 1. The parameters describing the chemical and thermal stability of the compounds belonging
to. (a) Homologous aromatic N-nitramines, tetryl derivatives [(2,4,6-trinitrophenyl-(O,N)N(CHy),,
H, n = 0-5]. (b) Bis-aromatic homologs of chain length variation (CH,), of [(2,4,6-trinitrophenyl-
N(NO2)]2(CHy)y, (n = 1-5)]. (c) 3-Amino derivatives of tetryl with chain length variation [(3-amino-
2,4,6-trinitrophenyl-(O,N)N(CH;), H, n = 1-5] homologs. The results are discussed in the next
section of this paper.

@
Compound Binding Energy per Atom, eV Hardness, eV Softness, eV Electronegativity, eV Hardness Index Y
2,4,6-Trinitrophenyl-N-nitramine 4.344 2.222 0.225 6.441 0.90
Tetryl 4.835 2171 0.230 6.193 0.89
Ethyltetryl 5.339 2.130 0.235 6.127 0.89
Propyltetryl 5.841 2111 0.237 6.095 0.89
Propyltetryl ! 5.840 2.109 0.237 6.119 0.89
Butyltetryl 6.396 2.161 0.231 6.183 0.89
Amyltetryl 6.845 2.160 0.232 6.173 0.89
(b)
Compound Binding Energy per Atom, eV Hardness, eV Softness, eV Electronegativity, eV Hardness Index Y
Bis-tetryl-CH, 9.233 2.191 0.228 6.545 0.90
Bis-tetryl-CH,CH; 9.769 2.098 0.238 6.375 0.89
Bis-tetryl-CH,CH,>CH, 10.305 2.071 0.241 6.375 0.88
Bis-tetryl-CH,CH,CH,CH> 10.299 2.191 0.228 6.545 0.90
Bis-tetryl-CH,CH,CH,CH,CH, 11.362 2.072 0.241 6.256 0.88
(0)
Compound Binding Energy per Atom, eV Hardness, eV Softness, eV Electronegativity, eV Hardness Index Y
3-Amino-tetryl 5.207 2.130 0.253 6.127 0.86
3-Amino-tetryl ! 5.207 1.984 0.252 5913 0.87
3-Amino-N-ethyltetryl 5.709 1.918 0.261 5.872 0.86
3-Amino-N-propyltetryl 6.209 1917 0.261 5.876 0.86
3-Amino-N-butyltetryl 6.712 1.984 0.252 5.913 0.87
3-Amino-N-amyltetryl 7.213 1.894 0.264 5.858 0.86

1 denotes the other conformer of the Propyltetryl obtained by us.

Table 2. The parameters describing the resistance to the impact of the compounds belonging (a) Ho-
mologous aromatic N-nitramines, tetryl derivatives [(2,4,6-trinitrophenyl-(O,N)N(CH;),, H, n = 0-5].
(b) Bis-aromatic homologs of chain length variation (CHy);, of [(2,4,6-trinitrophenyl-N(NOy)]»(CHy),,,
(n=1-5)]. (c) 3-Amino derivatives of tetryl with chain length variation [(3-amino-2,4,6-trinitrophenyl-
(O2N)N(CHy),, H, n = 1-5] homologs. The results are discussed in the next section of this paper.

(a)
Compound Oxygen Balance, % logh; logh,
2,4,6-Trinitrophenyl-N-nitramine —32.22 1.545 1.309
Tetryl —47.36 1.906 1573
Ethyltetryl —61.09 2.233 1.813
Propyltetryl —73.60 2.530 2.032
Butyltetryl —85.05 2.803 2232
Amyltetryl —95.56 3.053 2.415

(b)
Compound Oxygen Balance, % Loghy Logh,
Bis-tetryl-CH, —37.26 1.515 1.365
Bis-tetryl-CH,CH, —44.73 1.697 1.497
Bis-tetryl-CH,CH,CH, —51.85 1.870 1.622
Bis-tetryl-CH,CH,CH,CH, —58.63 2.035 1.741
Bis-tetryl-CH,CH,CH,CH,CH, —61.11 2.192 1.855

(o)
Compound Oxygen Balance, % Logh; Logh,
3-Amino-tetryl —47.66 2.104 1.581
3-Amino-N-ethyltetryl —60.72 2.407 1.809
3-Amino-N-propyltetryl —72.68 2.684 2.018
3-Amino-N-butyltetryl —83.66 2.938 2.210
3-Amino-N-amyltetryl —93.78 3.173 2.386

The parameters indicating the effectiveness of energetic properties are presented in
Tables 3 and 4. It is necessary to mention that the detonation velocity and consequently the
detonation pressure were evaluated by using different expressions. We remind the reader
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that the density of the materials under study was also calculated by applying two different
approaches. Thus, detonation velocities denoted as D; and D, are calculated followingly:

NE E
D? = —393.6877 — 0.2454( — | — 114.0793 — 1
2 393.68 05<M> 03M (1)
NE E
D3 = —372.4122 — 1.31 —— ) —106.8382— 2
2 3 3980(M> 06838M 2)

where N is the number of -NO; groups in the molecule, E is total energy, a.u., and M is
molar mass, g/mol. These equations are given by Tiirker [82].
The detonation velocity denoted as Dj is calculated by using the following equation:

®)

—2.97 .32b + 27. 98.9d + 1.22AH
D3:1‘9+( 97a + 9.32b + 27.68c + 98.9d + f)p

M

presented in [72]. Here, a, b, ¢, and d indicate the number of C, H, N, and O atoms,
respectively, p is density in g/cm?, and AHg is the gas phase heat of formation of the
energetic compound. The very well know Kamlet-Jacobs equation of the detonation
velocity was also used to calculate this parameter [83]:

D;=1.01¢"'/%(1+1.30p) (4)

where ¢ = nM!/2Q!/2,

Here, n is the number of moles of gaseous products of detonation per gram of explosive,
M is the average molecular weight of the gas found from the chemical reaction equations
with an assumed equilibrium composition, Q is the heat of detonation in calories per gram
of explosive, and p is loading density. The values obtained by this approach are marked as
D4. The obtained detonation velocity is presented in Table 3.

Table 3. The detonation velocity of the compounds (a) Homologous aromatic N-nitramines, tetryl
derivatives [(24,6-trinitrophenyl-(O;N)N(CH,),, H, n = 0-5]. (b) Bis-aromatic homologs of chain length
variation (CH,)j, of [(2,4,6-trinitrophenyl-N(NO,)]2(CHy)y, (n = 1-5)]. (c) 3-Amino derivatives of tetryl
with chain length variation [(3-amino-2,4,6-trinitrophenyl-(O,N)N(CH,),, H, n = 1-5] homologs.

(a)

Compound D1, km/s Dy, km/s * D3y, km/s * Dygj, km/s ** Dsp, km/s ** Dgyr, km/s,
2,4,6-Trinitrophenyl-N-nitramine 8.44 8.73 8.62 8.56 8.21 8.18
Tetryl 8.07 8.64 7.94 7.98 7.83 7.88
Ethyltetryl 7.67 8.28 7.47 7.56 7.50 7.59
Propyltetryl 7.29 7.93 7.33 7.21 7.46 7.34
Butyltetryl 6.91 7.60 6.38 6.91 6.57 7.10
Amyltetryl 6.55 7.28 6.46 6.64 6.71 6.88

(b)

Compound D1, km/s Dz, km/s * D3], km/s * D4I, km/s ** D3]I, km/s ** D4H, km/s
Bis-tetryl-CH, 8.55 9.99 8.81 8.72 7.99 7.97
Bis-tetryl-CH,CH, 8.55 10.00 8.81 8.72 8.00 7.97
Bis-tetryl-CH,CH,CH, 8.40 9.86 8.47 8.45 7.81 8.45
Bis-tetryl-CH,CH,CH,CH, 8.20 9.69 8.17 8.19 7.64 8.19
Bis-tetryl-CH, CH,CH,CH,CH, 8.00 9.52 791 791 7.48 7.96

(c)

Compound Dy, km/s D;, km/s * D3, km/s * Dy, km/s ** D3y, km/s ** Dypp, km/s
Tetryl # 8.07 8.64 7.94 7.98 7.83 7.88
3-Amino-tetryl 7.97 8.55 8.09 8.19 7.80 7.92
3-Amino-tetryl *! 7.97 8.55 8.09 8.19 7.80 7.92
3-Amino-N-ethyltetryl 7.58 8.20 7.61 7.76 7.49 7.65
3-Amino-N-propyltetryl 7.21 7.87 7.21 7.40 7.21 7.40
3-Amino-N-butyltetryl 6.85 7.55 6.87 7.08 6.96 7.16
3-Amino-N-amyltetryl 6.10 7.24 6.18 6.42 6.73 6.95

* ‘1" denotes detonation velocity obtained by density calculated by applying the approach implemented in
ACD/Labs program. ** ‘i denotes detonation velocity obtained by density calculated by applying the approach
suggested in [84]. # Here and below, the parameters of tetryl are included in the table for the convenience of
readers, i.e., to show the influence of the NH, substituent in a more suitable way. 1 means that the parameter of
the other conformer is presented, too.
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We remind the reader that the detonation pressure was calculated as follows:
P(kbar) = 15.58 (D p/(1.01(1 + 1.30 p))?

As detonation velocity and density were calculated by different approaches, we have
several values of these parameters, as presented in Table 4.

Table 4. The detonation pressure of the compounds belonging to (a) Homologous aromatic N-nitramines,
tetryl derivatives [(2,4,6-trinitrophenyl-(O,N)N(CHy),, H, n = 0-5]. (b) Bis-aromatic homologs of chain
length variation (CHy),; of [(2,4,6-trinitrophenyl-N(NO,)], (CHy)y, (n = 1-5)]. (c) 3-Amino derivatives of
tetryl with chain length variation [(3-amino-2,4,6-trinitrophenyl-(O,N)N(CH,),, H, n = 1-5] homologs.

(a)

Compound *P(Dq1), kbar  P(Dyqp), kbar  P(Dyy), kbar  P(Dop), kbar  P(Dj3p), kbar  P(Djpp), kbar  P(Dgp), kbar  P(Dypy), kbar
2,4,6-Trinitrophenyl-N-nitramine 330.00 317.94 353.21 340.3 342.40 300.88 339.72 298.83
Tetryl 289.38 286.11 331.73 318.37 274.22 263.95 282.59 27211
Ethyltetryl 253.14 254.04 294.89 291.98 230.19 232.86 246.16 248.98
Propyltetryl 222.28 225.79 263.50 267.65 196.27 217.28 217.67 228.82
Butyltetryl 199.86 203.05 241.65 246.01 169.46 168.15 194.82 211.16
Amyltetryl 171.00 177.09 211.32 218.85 147.53 164.34 175.80 195.48

(b)

Compound *P(Dq1), kbar  P(Dqpp), kbar  P(Dy), Kbar  P(Dyyy), kbar P(D3)), kbar P(Ds), kbar P(Dyj), kbar P(Dgp1), kbar
Bis-tetryl-CH, 384.62 324.43 476.26 425.53 363.07 281.88 6362.59 282.09
Bis-tetryl-CH,CH, 329.97 310.26 476.26 425.76 326.99 264.17 333.81 270.18
Bis-tetryl-CH,CH,CH, 308.98 293.21 431.50 400.01 296.36 247.88 308.40 258.32
Bis-tetryl-CH,CH,CH,CH, 289.57 277.15 409.92 386.35 269.91 232.90 286.27 247.39
Bis-tetryl-CH,CH,CH,CH,CH, 233.0 258.38 339.01 370.93 234.61 209.47 282.80 226.82

(0)

Compound *P(Dqy), kbar  P(Dqpp), kbar P(Dyp), kbar P(Dzn1), kbar P(D3)), kbar P(Ds1), kbar P(Dyj), kbar P(Dypp), kbar
Tetryl # 289.38 286.11 331.73 318.37 274.22 263.95 282.59 272.11
3-Amino-tetryl 1 287.90 331.37 279.82 311.25 295.06 267.79 304.35 276.46
3-Amino-N-ethyltetryl 25291 295.74 249.56 286.42 248.40 237.62 265.19 253.81
3-Amino-N-propyltetryl 222.53 264.78 222.49 263.70 211.96 211.82 234.12 233.96
3-Amino-N-butyltetryl 196.05 237.79 198.17 242.83 183.20 189.58 209.29 216.48
3-Amino-N-amyltetryl 225.83 176.24 263.07 218.35 133.33 170.30 158.01 200.99

1 “_

* Here D,,, where n = 1-4, denotes the equation used to calculate detonation velocity, while “;” and “;;” denote
that detonation pressure obtained by density calculated by applying the approach implemented in ACD/Labs
program and that suggested in [84], respectively. We remind one that the parameters of tetryl (Tetryl #) are
included in the table to show the influence of the NH, substituent in a more suitable way. ! indicate that the
parameters of conformer is presented.

4. Discussion

Let us remind the reader that our investigated compound could be addressed to
CaHp N O4 group derivatives. Most often, this type of explosives generally have crystal
densities of 1.7-1.9 g/cm3, and they are generally used at high fractions of theoretical
maximum density [85]. According to our calculation results, the density of Bis-tetryl-CH2
and Bis-tetryl-CH2CH2 is higher than 1.9 g/cm?, while that of 3-Amino-N-butyltetryl,
Amyltetryl, and Butyltetryl are lower than 1.7 g/cm3. Thus, the densities obtained by
using the approach implemented in ACD/Labs laboratory could be overestimated or
undervalued, more probably in the case of insufficient data in the database implemented.
The results have been considered when the detonation pressure and velocity were evaluated
and compared.

The hardness index of 0.80-0.90 indicates that the compounds under investigation
are chemically and thermally stable. The binding energy per atom revealed that the
thermal stability of the compound investigated also increased when the CH; chain length
increased. It occurred in all compounds investigated. We did not find strict dependence
of the chemical stability of the compound under study on the -CH; length. Referring
to the results presented in Table 1, we may state that chemical stability is related to the
geometrical structure of the compound, for example, the conformers of 3-Amino-tetryl with
different bending of NO,-N-CHj substitution. The analysis of values of chemical hardness,
softness, and electronegativity indicates that one of these conformers (3-Amino-tetryl) is
more resistant to deformation or change than another (3-Amino-tetryl *), better attracting
shared electrons (or electron density) when forming a chemical bond. Briefly, the bonding
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chemical reactions should be faster if 3-Amino-tetryl will be involved in them; however,
3-Amino-tetryl * activation could be easier than that of 3-Amino-tetryl. We speculate that
the occurrence of less stable conformers could lead to faster aging of this type of explosives.

The bending, not only of the abovementioned substitution but also of the -CH, chain,
could lead to higher stability. The parameters revealing the stability of the (b) compound
group clearly indicate this finding. In the case when the CH; chain is bending in this way,
the initial (gem/mother) molecules displace above each other (see Figure 1, n =1, 3 cases),
and the chemical and thermal stabilities of the compounds increase.

Figure 1. Views of the most stable conformers of bis-aromatic homologs of chain length variation
(CHy)y (n=1-5) of (b) [(2,4,6-trinitrophenyl-N(NO,)]2(CH,),]. The Figure was drawn by Molden [86].

The values of oxygen balance representing the brisance, strength, and sensitivity to
shock stimuli increase with the enlargement of the CH; chain length in the compound
investigated (Table 2). It allows us to conclude that the brisance and strength of the materials
under study tend to approach their maxima as the oxygen balance approaches a more
negative value. The log; and log, values revealed that the -CH; chain length of Tetryl
leads to higher resistance to shock stimuli. Let us remind the reader that the value of the
oxygen balance of TNT, which is considered a standard reference for many purposes, is
equal to —74% [87]. Thus, the properties of the HEMs’ power of group (a) and (c) materials
are greater than TNT when the number of -CH; is smaller than 3. However, these materials
are more sensitive to stimuli than indicated by the calculated values of log; and logy. In the
case of group (b) materials, the abovementioned parameter’s values indicate their better
energetic properties and higher sensitivity than TNT, but these properties are worse than
nitromethane (oxygen balance —39%), and PETN (—10%), along with higher resistance
to the shock stimuli. The comparison of the parameters representing the effectiveness of
explosion and resistance for stimuli of the (a) and (c) group materials leads to a conclusion
that the inclusion of NH, insignificantly changes explosive properties and resistance to
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shock stimuli. It leads to a presumption that certain combinations of substituents and CH,
could allow one to design brisance and insensitive materials.

The calculated values of detonation velocity and pressure (Tables 3 and 4) also revealed
the worseness of the energetic properties with increasing -CH; chain length. These results
show that an increasing -CHj chain length leads to decreasing in detonation velocity and
pressure, which indicates a decrease in explosive effectiveness. The exception is the cases
when the density of the materials is inaccurately calculated due to a lack of data in the
database used. However, considering the 6.9 km/s detonation velocity of TNT [88] (in
comparison to our calculated 7.31-7.69 km/s), we could foresee that (b) materials possess
better energetic properties than TNT despite their worseness due to -CH, chain length
increases. In the case of (a) and (c) group materials, the above properties remain better than
those of TNT when the -CH; number in the compound is not larger than 3. Moreover, the
detonation velocities for high explosives range from 3300 to 29,900 fps (1.01 to 9.11 km/s).
Hence, the results obtained indicate that the compounds under investigation remain highly
energetic despite the decrease in explosive effectiveness due to CHj, chain length increases.
This conclusion is also supported by the results of the detonation pressure calculations that
showed that values are higher than those of TNT in most of the material investigated. For
comparison, the detonation pressure of TNT is equal to 171.8 kbar in a liquid state [89]
and 213-259 kbar in a solid state, and is used as a standard; the detonation pressure
evaluated by us varies from 133 to 364 kbar. However, only group (a) and (b) materials’
detonation pressures are below that of TNT when the CH, number in the chain is higher
than 3, and these values depended on the approach used. Hence, as is mentioned above,
increasing CHj chain length in the Tetryl should increase the stability of the compounds
more significantly than worsening the explosion properties.

5. Conclusions

Our study was performed to reveal if and how variating lengths of the CH, (methylene)
chain, attached to the nitramine group nitrogen gaining, improves the stability and resistance
for shock stimuli as well as explosive properties of the series of secondary aromatic nitramines,
possessing as the main substituents traditional 2,4,6-trinitrophenyl moiety. Referring to the
results obtained, we may state that the thermal stability and resistance to shock stimuli of
the compound investigated are directly dependent on the CH, chain length, while their
explosive properties are worsened due to this chain lengthening. The results of our study also
show that the case of Tetryl with different -CH, chain lengths (n = 1-5) [(2,4,6-trinitrophenyl-
(O2N)N(CHy),; H] ((a) group) could not be longer than 3 in order for the detonation pressure
of these compound not to be below that of TNT. A similar conclusion follows from the results
of the investigation of Bis-aromatic nitramine homologs of chain length variation (CHy),
of [(2/4,6-trinitrophenyl-N(NO;)]>(CHy),, (n = 1-5)- joined per different lengths of the -CH,
chain ((b) group). However, the stability of the compounds increases more significantly
than the worsening of the explosive properties. These results were proven by the different
approaches applied.
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Appendix A

Table A1. The values of density for the studied compounds, obtained using the approach implemented
in the ACD/Labs program (denoted as p1) and that suggested by M.S. Keshavarz (denoted as py).

Compound p1, glem® P2, glem3 Deviation, %
2,4,6-Trinitrophenyl-N-nitramine 1.574 1.642 —4.30
Tetryl 1.803 1.769 1.87
Ethyltetryl 1.713 1.723 —0.57
Propyltetryl 1.523 1.606 —8.30
Butyltetryl 1.639 1.680 —2.53
Amyltetryl 1.870 1.782 4.69
Bis-tetryl-CH, 2.041 1.800 11.80
Bis-tetryl-CH,CH, 1.973 1.775 10.03
Bis-tetryl-CH,CH,CH, 1.913 1.751 8.4
Bis-tetryl-CH,CH,CH,CH, 1.859 1.728 7.04
Bis-tetryl-CH, CH,CH,CH,CH, 1.765 1.669 5.45
3-Amino-tetryl 1.870 1.782 4.69
3-Amino-N-ethyltetryl 1.776 1.737 217
3-Amino-N-propyltetryl 1.697 1.696 0.03
3-Amino-N-butyltetryl 1.631 1.659 -1.70
3-Amino-N-amyltetryl 1.765 1.669 5.45
Appendix B

Table A2. The view of the molecules belonging to (a) Homologous aromatic N-nitramines, tetryl
derivatives [(2,4,6-trinitrophenyl-(O,N)N(CH,),, H, n = 0-5]. (b) Bis-aromatic homologs of chain
length variation (CHy),, of [(2,4,6-trinitrophenyl-N(NO,)], (CHy),; (n = 1-5)]. (¢) 3-Amino deriva-
tives of tetryl with chain length variation [(3-amino-2,4,6-trinitrophenyl-(O,N)N(CH,),, H, n = 1-5]
homologs. their names, structures, chemical compositions and molecular weights (g/mol).

(@)

CH) H
O,N~\~(CHY
O,N NO,
NO,
No. Name Structural Formula Molecular Formula Molecular Weight Molecular Composition

ON.H C 26.39%
s ON NO H 1.11%

1 2,4,6 'Trlnlt‘rophenyl P 2 C¢H;N505 273.12
-N-nitramine n =0 N 25.64%
NO, (@] 46.86%
ON. CH, C 29.28%
O,N H 1.76%

) Tet_ryl 2 NO, CyH5N50g 287.15
n=1 N 24.39%
NO, (@) 44.57%
C 31.90%
ON< ey ”
H 2.34%

3. Ethyltetryl ON No, CsH;N50g 301.17
n=2 N 23.25%
NO. @) 42.50%
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Table A2. Cont.

N, C 34.30%
oN H 2.88%
" Propy_ltetryl N, CyHyN;50g 315.20
n=3 N 22.22%
NO, (0] 40.61%
oM, C 36.48%
: H 3.37%
5 Butyltetryl O,N NoO, C10H11N503 329.23
n=4 N 21.27%
NO, O 38.88%
\N/\/\/CH3 ¢ 38.49%
ON NO, H 3.82%
6. AmyEcetryl C11H13N508 343.25
n=>5 N 20.40%
NO, (@) 37.29%
(b)
(CH,)
2
No. Name Structural Formula Molecular Formula Molecular Weight Molecular Composition
C 27.97%
oN. /C\N No,
. i H 1.08%
1 Bis-tetryl-CH, ON NO,  ON No, C13HgN19O16 558.25
n=1 N 25.09%
NO, No,
(@] 45.86%
C 29.38%
ox o, H 1.41%
2. B1s-tetryl-CH2CHz O,N NO, O,N NO, C14H8N10016 57228 ; 0
n=2 N 24.48%
NO, No, (@] 44.73%
C 30.73%
OzV\V/v\N’NOZ
. } ! H 1.72%
3. Bis-tetryl CE{ZCHZCHZ ON NOo, ON NO, Ci15H19N10016 586.30
n=3 N 23.89%
NO, No,
(@) 43.66%
C 32.01%
4 oN N\ o, H 2.01%
4 Bls-tetryl-CHiCH2CH2CHz ON NO, O,N NO, C16H12N10016 600.33 01%
n=4 N 23.33%
NoO, NO, (@] 42.64%
C 33.24%
. O,N. /\A/\NNOz
Bis-tetryl- N H 2.30%
O,N NO, O,N No, =
5. CH,CH,CH,CH,CH, > 2 Cy7H14N10016 614.36
pr N 22.80%
NO,
NO, (@) 41.67%
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Table A2. Cont.

()

CH,) H
OZN\ N/ ( 2)n
02N NO 5
NO,
No. Name Structural Formula Molecular Formula Molecular Weight Molecular Composition
0N _CH, C 27.83%
N
-Amino- H 2.00%
1 3-Amino-tetryl ON NO, C7HgN4Og 302.16
n=1 N 27.81%
H,N
NO, @) 42.36%
LN cH, C 30.39%
A AT ON NO. H 2.55%
5. 3 AmmonN:eZthyltetryl 2 2 CgHgN¢Og 316.19
N N 26.58%
NO, O 40.48%
o o, C 32.74%
- Amino-N- H 3.05%
3 3-Amino-N _propyltetryl O,N NO, CyH;oNgOg 33022
n=3 N 25.45%
H,N
NO, (@) 38.76%
fﬁHs C 34.89%
O,N~y
4 3—Am1n0;1N_-kzlutyltetryl O,N No, C10H12NgOs 344.24 H 3.51%
N N 24.41%
NO, (@] 37.18%
JNC"J C 36.88%
. 0N~y
5. 3-Ammo;ll\lz-a5rnyltetry1 oN No, C11H14NgOg 358.27 H 3.94%
H N 23.46%
NO, @) 35.73%
References

1.  Klapotke, T.M. Chemistry of High-Energy Materials, 6th ed.; Walter de Gruyter GmbH: Berlin, Germany; Boston, MA, USA, 2022;
534p, ISBN 978-3-11-073949-7.

2. Koch, E.C. High Explosives, Propellants, Pyrotechnics; Walter de Gruyter GmbH: Berlin, Germany; Boston, MA, USA, 2021; 759p,
ISBN 978-3-11-066052-4.

3.  Agrawal, ].P. High Energy Materials: Propellants, Explosives and Pyrotechnics; Wiley-VCH: Weinheim, Germany, 2010; 498p,
ISBN 978-3-527-32610-5.

4.  Cumming, A.S. (Ed.) Energetics Science and Technology: An Integrated Approach; IOP Publishing: Bristol, UK, 2022; 530p,
ISBN 978-0-7503-3941-4. [CrossRef]

5. Keshavarz, M.H.; Klapotke, T.M. The Properties of Energetic Materials: Sensitivity, Physical and Thermodynamic Properties; Walter de
Gruyter GmbH: Berlin, Germany; Boston, MA, USA, 2021; 268p. [CrossRef]

6. Olah, G.A,; Squire, D.R. (Eds.) . Chemistry of Energetic Materials; Academic Press: Cambridge, MA, US, 2012; 212p,
ISBN 978-0-1239-5897-6.

7. Agrawal, ].P. Recent trends in high-energy materials. Prog. Energy Combust. Sci. 1998, 24, 1-30. [CrossRef]

8. Muravyev, N.V.; Wozniak, D.R.; Piercey, D.G. Progress and performance of energetic materials: Open dataset, tool, and
implications for synthesis. J. Mater. Chem. A 2022, 10, 11054-11073. [CrossRef]


http://doi.org/10.1088/978-0-7503-3943-8
http://doi.org/10.1515/9783110740158
http://doi.org/10.1016/S0360-1285(97)00015-4
http://doi.org/10.1039/D2TA01339H

Energies 2023, 16, 3117 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

Talawar, M.B.; Sivabalan, R.; Anniyappan, M.; Gore, G.M.; Asthana, S.N.; Gandhe, B.R. Emerging trends in advanced high energy
materials. Combust. Explos. Shock Waves 2007, 43, 62-72. [CrossRef]

Fershtat, L.L.; Makhova, N.N. 1,2,5-Oxadiazole-Based High-Energy-Density Materials: Synthesis and Performance (Review).
ChemPlusChem 2019, 85, 13-42. [CrossRef]

Sikder, A.K,; Sikder, N. A review of advanced high performance, insensitive and thermally stable energetic materials emerging
for military and space applications. |. Hazard. Mater. 2004, 112, 1-15. [CrossRef]

Badgujar, D.M.; Talawar, M.B.; Asthana, S.N.; Mahulikar, P.P. Advances in science and technology of modern energetic materials:
An overview. J. Hazard. Mater. 2008, 151, 289-305. [CrossRef]

Fried, L.E.; Manaa, M.R,; Pagoria, PF.; Simpson, R.L. Design and Synthesis of Energetic Materials. Annu. Rev. Mater. Res. 2001, 31,
291-321. [CrossRef]

Tsyshevsky, R.; Pagoria, P.; Zhang, M.; Racoveanu, A.; DeHope, A.; Parrish, D.; Kuklja, M.M. Searching for low-sensitivity
cast-melt high-energy-density materials: Synthesis, characterization, and decomposition kinetics of 3, 4-bis (4-nitro-1, 2, 5-
oxadiazol-3-yl)-1, 2, 5-oxadiazole-2-oxide. J. Phys. Chem. C 2015, 119, 3509-3521. [CrossRef]

Urbanski, T. Chemistry and Technology of Explosives; PWN-Polish Scientific Publishers Warszawa: Warsaw, Poland, 1964; Volume 1,
pp- 1-450.

Urbanski, T. Chemistry and Technology of Explosives; Pergamon Press Ltd.: Oxford, UK, 1984; Volume 4, pp. 1-702.
ISBN 0-08-026206-6.

Agrawal, J.P; Hodgson, R. Organic Chemistry of Explosives; John Wiley & Sons, Ltd.: Chichester, UK, 2007; 414p,
ISBN 978-0-470-02967-6.

Rice, B.; Byrd, E. Theoretical chemical characterization of energetic materials. J. Mater. Res. 2006, 21, 2444-2452. [CrossRef]
Zlotin, S.G.; Dalinger, I.L.; Makhova, N.N.; Tartakovsky, V.A. Nitro compounds as the core structures of promising energetic
materials and versatile reagents for organic synthesis. Russ. Chem. Rev. 2020, 89, 1-54. [CrossRef]

Manzoor, S.; Yin, X.; Zhang, J.G. Nitro-tetrazole based high performing explosives: Recent overview of synthesis and energetic
properties. Def. Technol. 2021, 17, 1995-2010. [CrossRef]

Zhao, G.; He, C.; Kumar, D.; Hooper, J.P; Imler, G.H.; Parrish, D.A.; Shreeve, ] M. 1,3,5-Triiodo-2,4,6-trinitrobenzene (TITNB)
from benzene: Balancing performance and high thermal stability of functional energetic materials. Chem. Eng. J. 2019, 378, 122119.
[CrossRef]

Yin, P.; Shreeve, ].N.M. From N-Nitro to N-Nitroamino: Preparation of High-Performance Energetic Materials by Introducing
Nitrogen-Containing Ions. Angew. Chem. Int. Ed. 2015, 54, 14513-14517. [CrossRef]

Zhao, G.; Kumar, D.; Yin, P; He, C.; Imler, G.H.; Parrish, D.A.; Shreeve, ].N.M. Construction of polynitro compounds as
high-performance oxidizers via a two-step nitration of various functional groups. Org. Lett. 2019, 21, 1073-1077. [CrossRef]
Gao, H.; Zhang, Q.; Shreeve, ] M. Fused heterocycle-based energetic materials (2012-2019). J. Mater. Chem. A 2020, 8, 4193-4216.
[CrossRef]

Larin, A.A.; Shaferov, A.V,; Kulikov, A.S.; Pivkina, A.N.; Monogarov, K.A.; Dmitrienko, A.O.; Ananyev, I.V,; Khakimov, D.V,;
Fershtat, L.L.; Makhova, N.N. Design and Synthesis of Nitrogen-Rich Azo-Bridged Furoxanylazoles as High-Performance
Energetic Materials. Chem. Eur. J. 2021, 27, 14628-14637. [CrossRef]

Klapotke, TM.; Ang, H.G. Estimation of the Crystalline Density of Nitramine (N-NO, based) High Energy Density Materials
(HEDM). Propellants Explos. Pyrotech. 2001, 26, 221-224. [CrossRef]

Mustafa, A.; Zahran, A.A. Tetryl, Pentyl, Hexyl, and Nonyl. Preparation and Explosive Properties. ]. Chem. Eng. Data 1963, 8,
135-150. [CrossRef]

Saal, T.; Rahm, M.; Christe, K.O.; Haiges, R. Protonation of Nitramines: Where Does the Proton Go? Angew. Chem. Int. Ed. 2017,
56,9587-9591. [CrossRef]

Sukhanov, G.T; Filippova, Y.V.; Gatilov, Y.V.; Sukhanova, A.G.; Krupnova, I.A.; Bosov, K.K; Pivovarova, E.V.; Krasnov, V.I
Energetic Materials Based on N-substituted 4 (5)-nitro-1, 2, 3-triazoles. Materials 2022, 15, 1119. [CrossRef]

Qu, Y.; Babailov, S.P. Azo-linked high-nitrogen energetic materials. J. Mater. Chem. A 2018, 6, 1915-1940. [CrossRef]
Bhattacharya, A.; Guo, Y.Q.; Bernstein, E.R. Experimental and theoretical exploration of the initial steps in the decomposition of a
model nitramine energetic material: Dimethylnitramine. J. Phys. Chem. A 2009, 113, 811-823. [CrossRef] [PubMed]

Srinivas, D.; Ghule, V.D.; Tewari, S.P.; Muralidharan, K. Synthesis of Amino, Azido, Nitro, and Nitrogen-Rich Azole-Substituted
Derivatives of 1H-Benzotriazole for High-Energy Materials Applications. Chem. Eur. ]. 2012, 18, 15031-15037. [CrossRef]
[PubMed]

Leonov, N.E.; Klenov, M.S.; Anikin, O.V.; Churakov, A.M.; Strelenko, Y.A.; Voronin, A.A.; Lempert, D.B.; Muravyev, N.V,;
Fedyanin, I.V,; Semenov, S.E.; et al. Synthesis of New Energetic Materials Based on Furazan Rings and Nitro-NNO-azoxy Groups.
ChemistrySelect 2020, 5, 12243-12249. [CrossRef]

He, C,; Shreeve, ] N.M. Energetic Materials with Promising Properties: Synthesis and Characterization of 4, 4'-Bis (5-nitro-1,2,3-
2H-triazole) Derivatives. Angew. Chem. 2015, 127, 6358-6362. [CrossRef]

Gupta, S.; Singh, H.J. Computational studies on nitro derivatives of BN indole as high energetic material. J. Mol. Model. 2020,
26, 83. [CrossRef]

Tamuliene, J.; Sarlauskas, J.; Bekesiene, S. Modeling and investigation of new explosive materials based on N-(3, 5-dimethyl-2, 4,
6-trinitrophenyl)-1H-1,2 4-triazol-3-amine. J. Mol. Model. 2017, 23, 228. [CrossRef]


http://doi.org/10.1007/s10573-007-0010-9
http://doi.org/10.1002/cplu.201900542
http://doi.org/10.1016/j.jhazmat.2004.04.003
http://doi.org/10.1016/j.jhazmat.2007.10.039
http://doi.org/10.1146/annurev.matsci.31.1.291
http://doi.org/10.1021/jp5118008
http://doi.org/10.1557/jmr.2006.0329
http://doi.org/10.1070/RCR4908
http://doi.org/10.1016/j.dt.2021.02.002
http://doi.org/10.1016/j.cej.2019.122119
http://doi.org/10.1002/anie.201507456
http://doi.org/10.1021/acs.orglett.8b04114
http://doi.org/10.1039/C9TA12704F
http://doi.org/10.1002/chem.202101987
http://doi.org/10.1002/1521-4087(200112)26:5&lt;221::AID-PREP221&gt;3.0.CO;2-T
http://doi.org/10.1021/je60016a042
http://doi.org/10.1002/anie.201705397
http://doi.org/10.3390/ma15031119
http://doi.org/10.1039/C7TA09593G
http://doi.org/10.1021/jp807247t
http://www.ncbi.nlm.nih.gov/pubmed/19143546
http://doi.org/10.1002/chem.201202481
http://www.ncbi.nlm.nih.gov/pubmed/23033218
http://doi.org/10.1002/slct.202003182
http://doi.org/10.1002/ange.201412303
http://doi.org/10.1007/s00894-020-4337-4
http://doi.org/10.1007/s00894-017-3399-4

Energies 2023, 16, 3117 13 of 14

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

Tamuliene, J.; Sarlauskas, J.; Bekesiene, S.; Kravcov, A. Benzimidazole derivatives as energetic materials: A theoretical study.
Materials 2021, 14, 4112. [CrossRef]

Gribov, PS.; Suponitsky, K.Y.; Sheremetev, A.B. Efficient synthesis of N-(chloromethyl) nitramines via TiCls-catalyzed chlorodeace-
toxylation. New . Chem. 2022, 46, 17548-17553. [CrossRef]

Mazilov, E.A.; Ogurtsova, E.V,; Shamov, A.G.; Khrapkovskii, G.M. Theoretical study of the competition between various
mechanisms of gas-phase decomposition in the series of primary N-nitramines. Russ. ]. Appl. Chem. 2009, 82, 1792-1798.
[CrossRef]

Lothrop, W.C.; Handrick, G.R. The Relationship between Performance and Constitution of Pure Organic Explosive Compounds.
Chem. Rev. 1949, 44, 419-445. [CrossRef]

Stepanov, R.S.; Astachov, A.M.; Kruglyakova, L.A. 29th International Annual ICT-Conference; 1998; pp. 128/1-128/7. Available
online: https://archive.org/details/DTIC_ADA371351 (accessed on 27 February 2023).

Astachov, A.M.; Stepanov, R.R.; Kruglyakova, L.A.; Kekin, Y.V. 31st International Annual ICT-Conference; 2000; pp. 13/1-13/10.
Available online: https://www.researchgate.net/publication/9059728_12-Dinitroguanidine (accessed on 27 February 2023).
Bénazet, S.; Jacob, G.; Pépe, G. GenMol™ supramolecular descriptors predicting reliable sensitivity of energetic compounds.
Propellants Explos. Pyrotech. 2009, 34, 120-135. [CrossRef]

Farahani, B.V.; Rajabi, F.H.; Hosseindoust, B.; Zenooz, N. DSC study of solid-liquid equilibria for energetic binary mixtures of
methylnitramine with 2, 4-dinitro-2, 4-diazapentane and 2, 4-dinitro-2,4-diazahexane. J. Phase Equilibria Diffus. 2010, 31, 536-541.
[CrossRef]

Parakhin, V.V,; Pokhvisneva, G.V.; Ternikova, T.V.; Nikitin, S.V.; Smirnov, G.A.; Kon'kova, T.S.; Lempert, D.B.; Pivkina, A.N.
Energetic alkylnitramine-functionalized pentanitro hexaazaisowurtzitanes: Towards advanced less sensitive CL-20 analogues.
J. Mater. Chem. A 2022, 10, 818-828. [CrossRef]

Daszkiewicz, Z.; Kyziot, ].B.; Prezdo, W.W.; Zaleski, ]J. Structure and properties of some nitro derivatives of N-methyl-N-
phenylnitramine. J. Mol. Struct. 2000, 553, 9-18. [CrossRef]

Daszkiewicz, Z.; Spaleniak, G.; Kyziot, J.B. Acidity and basicity of primary N-phenylnitramines: Catalytic effect of protons on the
nitramine rearrangement. J. Phys. Org. Chem. 2002, 15, 115-122. [CrossRef]

Anulewicz, R.; Krygowski, T.M.; Gawinecki, R.; Rasata, D. Crystal and molecular structure of N-nitro-N-methyl-p-nitroaniline:
Analysis of substituent effects on the ring geometry and estimation of the Hammett substituent constant for the N-methylnitramino
group. . Phys. Org. Chem. 1993, 6, 257-260. [CrossRef]

Holden, J.R.; Dickinson, C. Crystal structure of N-(.beta.,.beta.,.beta.-trifluoroethyl)-N,2,4,6-tetranitro-aniline. J. Phys. Chem. 1969,
73,1199-1204. [CrossRef]

White, W.N.; Hathaway, C.; Huston, D. Acid-catalyzed nitramine rearrangement. III. Nature of the acid catalysis. J. Org. Chem.
1970, 35, 737-739. [CrossRef]

Avakyan, V.G.; Fateyev, O.V. Quantum-chemical study on the tautomerism of primary nitramines: The mechanism of N-nitro-
anion protonation excluding aci-form formation. Russ. Chem. Bull. 1993, 42, 90-94. [CrossRef]

Davis, T.L. The Chemistry of Powder and Explosives; Pickle Partners Publishing: Potomac, MD, USA, 2016; pp. 1-358.

Ritter, H.; Licht, H.H. Synthesis and Characterization of Methylnitramino-Substituted pyridines and triazines. Propellants Explos.
Pyrotech. 1993, 18, 81-88. [CrossRef]

Xu, J.G.; Li, X.Z.; Wu, H.E; Zheng, EK,; Chen, J.; Guo, G.C. Substitution of nitrogen-rich linkers with insensitive linkers in
azide-based energetic coordination polymers toward safe energetic materials. Cryst. Growth Des. 2019, 19, 3934-3944. [CrossRef]
Anniyappan, M.; Talawar, M.B.; Sinha, R.K.; Murthy, K.P.S. Review on Advanced Energetic Materials for Insensitive Munition
Formulations. Combust. Explos. Shock Waves 2020, 56, 495-519. [CrossRef]

Becke, A.D. Density functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 1993, 98, 5648. [CrossRef]
Dunning, T.H., Jr. Gaussian basis sets for use in correlated molecular calculations. I. The atoms boron through neon and hydrogen.
J. Chem. Phys. 1989, 90, 1007. [CrossRef]

Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Mennucci, B.;
Petersson, G.A.; et al. Gaussian 09, Revision A.2; Gaussian, Inc.: Wallingford, CT, USA, 2009.

Cardia, R.; Malloci, G.; Mattoni, A.; Cappellini, G. Effects of TIPS-Functionalization and Perhalogenation on the Electronic,
Optical, and Transport Properties of Angular and Compact Dibenzochrysene. J. Phys. Chem. A 2014, 118, 5170-5177. [CrossRef]
Cardia, R.; Malloci, G.; Rignanese, G.M.; Blasé, X.; Molteni, E.; Cappellini, G. Electronic and optical properties of hexathiapen-
tacene in the gas and crystal phases. Phys. Rev. B 2016, 93, 235132. [CrossRef]

Dardenne, N.; Cardia, R.; Li, J.; Malloci, G.; Cappellini, G.; Blasé, X.; Charlier, ].C.; Rignanese, G. Tuning Optical Properties
of Dibenzochrysenes by Functionalization: A Many-Body Perturbation Theory Study. Phys. Chem. C 2017, 121, 24480-24488.
[CrossRef]

Antidormi, A.; Aprile, G.; Cappellini, G.; Cara, E.; Cardia, R.; Colombo, L.; Farris, R.; d'Ischia, M.; Mehrabanian, M.; Melis, C.; et al.
Physical and Chemical Control of Interface Stability in Porous Si-Eumelanin Hybrids. J. Phys. Chem. C 2018, 122, 28405-28415.
[CrossRef]

Mocci, P,; Cardia, R.; Cappellini, G. Inclusions of Si-atoms in Graphene nanostructures: A computational study on the ground-state
electronic properties of Coronene and Ovalene. J. Phys. Conf. Ser. 2018, 956, 012020. [CrossRef]


http://doi.org/10.3390/ma14154112
http://doi.org/10.1039/D2NJ03521A
http://doi.org/10.1134/S1070427209100085
http://doi.org/10.1021/cr60139a001
https://archive.org/details/DTIC_ADA371351
https://www.researchgate.net/publication/9059728_12-Dinitroguanidine
http://doi.org/10.1002/prep.200800029
http://doi.org/10.1007/s11669-010-9806-5
http://doi.org/10.1039/D1TA08866A
http://doi.org/10.1016/S0022-2860(00)00445-2
http://doi.org/10.1002/poc.461
http://doi.org/10.1002/poc.610060502
http://doi.org/10.1021/j100725a004
http://doi.org/10.1021/jo00828a043
http://doi.org/10.1007/BF00699982
http://doi.org/10.1002/prep.19930180207
http://doi.org/10.1021/acs.cgd.9b00351
http://doi.org/10.1134/S0010508220050019
http://doi.org/10.1063/1.464913
http://doi.org/10.1063/1.456153
http://doi.org/10.1021/jp502022t
http://doi.org/10.1103/PhysRevB.93.235132
http://doi.org/10.1021/acs.jpcc.7b08601
http://doi.org/10.1021/acs.jpcc.8b09728
http://doi.org/10.1088/1742-6596/956/1/012020

Energies 2023, 16, 3117 14 of 14

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.
87.

88.
89.

Mocci, P,; Cardia, R.; Cappellini, G. Si-atoms substitutions effects on the electronic and optical properties of coronene and ovalene.
New J. Phys. 2018, 20, 113008. [CrossRef]

Kumar, A; Cardia, R.; Cappellini, G. Electronic and optical properties of chromophores from bacterial cellulose. Cellulose 2018, 25,
2191-2203. [CrossRef]

Szafran, M.; Koput, J. Ab initio and DFT calculations of structure and vibrational spectra of pyridine and its isotopomers. J. Mol.
Struct. 2001, 565, 439-448. [CrossRef]

Begue, D.; Carbonniere, P.; Pouchan, C. Calculations of Vibrational Energy Levels by Using a Hybrid ab Initio and DFT Quartic
Force Field: Application to Acetonitrile. J. Phys. Chem. A 2005, 109, 4611-4616. [CrossRef]

Parthasarathi, R.; Padmanabhan, J.; Subramanian, V.; Maiti, B.; Chattaraj, PK. Toxicity analysis of 3,3’,4,4’,5-pentachloro biphenyl
through chemical reactivity and selectivity profiles. Curr. Sci. 2004, 86, 535-542. Available online: https:/ /www.jstor.org/stable/
24107906 (accessed on 30 January 2023).

Kaya, S.; Kaya, C. New equation based on ionization energies and electron affinities of atoms for calculating of group electronega-
tivity. Comput. Theor. Chem. 2015, 1052, 42—46. [CrossRef]

(E-57) Free Chemical Drawing Software. ChemSketch. Version 10.0. ACD/Labs. Available online: https:/ /www.acdlabs.com/
resources/free-chemistry-software-apps/chemsketch-freeware/ (accessed on 30 January 2023).

Keshavarz, M.H. New method for calculating densities of nitroaromatic explosive compounds. |. Hazard. Mater. 2007, 145,
263-269. [CrossRef]

Keshavarz, M.H. A new computer code to evaluate detonation performance of high explosives and their thermochemical
properties, part I. J. Hazard. Mater. 2009, 172, 1218-1228. [CrossRef]

Cooper, PW. Explosives Engineering; Wiley-VCH: New York, NY, USA, 1996; 480p, ISBN 0-471-18636-8.

Shevchenko, A.A.; Dolgoborodov, A.Y.; Brazhnikov, M.A.; Kirilenko, V.G. Pseudoideal detonation of mechanoactivated mixtures
of ammonium perchlorate with nanoaluminum. In Journal of Physics: Conference Series; IOP Publishing: Bristol, UK, 2018;
Volume 946, p. 012055. [CrossRef]

Kozak, G.D. Measurement and calculation of the ideal detonation velocity for liquid nitrocompounds. Combust Explos. Shock
Waves 1998, 34, 581-586. [CrossRef]

Bolton, O.; Simke, L.R.; Pagoria, PF.; Matzger, A.J]. High Power Explosive with Good Sensitivity: A 2:1 Cocrystal of CL-20:HMX.
Cryst. Growth Des. 2012, 12, 4311-4314. [CrossRef]

Viswanath, D.S.; Ghosh, T.K.; Boddu, V.M. 5-Nitro-2,4-dihydro-3H-1,2,4-Triazole-3-one (NTO). Chapter 5; In Emerging Energetic
Materials: Synthesis, Physicochemical, and Detonation Properties; Springer: Dordrecht, The Netherlands, 2018; pp. 163-211. [CrossRef]
Eaton, PE.; Gilardi, R.G.; Zhang, M. Polynitrocubanes: Advanced high-density, high-energy materials. Adv. Mater. 2000, 12,
1143-1148. [CrossRef]

Keshavarz, M.H.; Pouretedal, H.R. Simple empirical method for prediction of impact sensitivity of selected class of explosives.
J. Hazard. Mater. 2005, 124, 27-33. [CrossRef] [PubMed]

Keshavarz, M.H. Prediction of impact sensitivity of nitroaliphatic, nitroaliphatic containing other functional groups and nitrate
explosives. |. Hazard. Mater. 2007, 148, 648-652. [CrossRef] [PubMed]

Keshavarz, M.H. A new general correlation for predicting impact sensitivity of energetic compounds. Propellants Explos. Pyrotech.
2013, 38, 754-760. [CrossRef]

Ttirker, L. Velocity of detonation—A mathematical model. Acta Chim. Slov. 2010, 57, 288-296.

Kamlet, MLJ.; Jacobs, S.J. Chemistry of Detonations. I. Simple Method for Calculating Detonation Properties of CHNO Explosives.
J. Chem. Phys. 1968, 48, 23-55. [CrossRef]

Rahimi, R.; Akbarzadeh, A.; Shakeri, S.; Keshavarz, M.H.; Yousefinejad, S. New Method for Calculating Densities of Nitroaromatic
Explosive Compounds and Prediction of their Biological Activity. Iran. Semin. Org. Chem. 2014, €910582. Available online:
https:/ /www.sid.ir/paper/910582/en (accessed on 26 February 2023).

Keshavarz, M.H. A simple approach for determining detonation velocity of high explosive at any loading density. J. Hazard.
Mater. 2005, 121, 31-36. [CrossRef]

Schaftenaar, G. Molden. 2018. Available online: https://www?3.cmbi.umcn.nl/molden/ (accessed on 1 February 2023).

Edri, I; Feldgun, V.R.; Yankelevsky, D.Z. Afterburning Aspects in an Internal TNT Explosion. Int. J. Prot. Struct. 2013, 4, 97-116.
[CrossRef]

Urizar, M.].; James, E., Jr.; Smith, L.C. Detonation velocity of pressed TNT. Phys. Fluids. 1961, 4, 262-274. [CrossRef]

Garn, W.B. Detonation pressure of liquid TNT. J. Chem. Phys. 1960, 32, 653-655. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1088/1367-2630/aae7f0
http://doi.org/10.1007/s10570-018-1728-0
http://doi.org/10.1016/S0022-2860(00)00934-0
http://doi.org/10.1021/jp0406114
https://www.jstor.org/stable/24107906
https://www.jstor.org/stable/24107906
http://doi.org/10.1016/j.comptc.2014.11.017
https://www.acdlabs.com/resources/free-chemistry-software-apps/chemsketch-freeware/
https://www.acdlabs.com/resources/free-chemistry-software-apps/chemsketch-freeware/
http://doi.org/10.1016/j.jhazmat.2006.11.023
http://doi.org/10.1016/j.jhazmat.2009.07.128
http://doi.org/10.1088/1742-6596/946/1/012055
http://doi.org/10.1007/BF02672682
http://doi.org/10.1021/cg3010882
http://doi.org/10.1007/978-94-024-1201-7_5
http://doi.org/10.1002/1521-4095(200008)12:15&lt;1143::AID-ADMA1143&gt;3.0.CO;2-5
http://doi.org/10.1016/j.jhazmat.2005.05.009
http://www.ncbi.nlm.nih.gov/pubmed/15961222
http://doi.org/10.1016/j.jhazmat.2007.03.022
http://www.ncbi.nlm.nih.gov/pubmed/17434263
http://doi.org/10.1002/prep.201200128
http://doi.org/10.1063/1.1667908
https://www.sid.ir/paper/910582/en
http://doi.org/10.1016/j.jhazmat.2005.01.028
https://www3.cmbi.umcn.nl/molden/
http://doi.org/10.1260/2041-4196.4.1.97
http://doi.org/10.1063/1.1724438
http://doi.org/10.1063/1.1730775

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	Appendix A
	Appendix B
	References

