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Bis-azole derivatives are a new class of energetic materials with features that include high nitrogen content,

high heat of formation (HOF), high detonation performance and insensitivity to external stimuli. In this

paper, 599 new bis-azole compounds were designed in a high-throughput fashion using bis-azole

molecules of high density and high thermal decomposition temperature as the basic structure, and high

energy groups such as nitro (–NO2) and amino groups (–NH2) as substituents. The molecular geometry

optimization and vibration frequency analysis were performed using the DFT-B3LYP/6-311++G(d,p)

method. The calculation results show that none of bis-azole derivatives exhibit a virtual frequency.

Additionally, the density, heat of formation and characteristic height (h50) of the above compounds were

obtained. Detonation performances were predicted by the Kamlet–Jacobs equations, and their structures

and performances were studied. Furthermore, correlations between the performance parameters and the

parent structure of the molecule, the number of substituting group and configuration were summarized,

revealing promising potential candidates for high-energy density materials (HEDMs).
1 Introduction

Energetic materials such as explosives, propellants and pyro-
technics play a vital role in the elds of military, defense,
aerospace technology and modern civilization. Recently, novel
insensitive HEDMs have become a target for further research
and development.1–3 There is a conict between energy and
stability, and the increase in energy is oen accompanied by an
increase in sensitivity, which poses a challenge for balancing
both parameters.4 In recent years, heterocyclic molecules have
been introduced into the molecular design due to their advan-
tages of increasing heat resistance and decreasing sensitivity.5

Nanjing University of Science and Technology (NUST) has
carried out the molecular design of novel high-energy nitrogen
heterocyclic compounds6 with computer technology, which has
potential application value in the eld of propellants and
explosives. The azole ring compounds have become a research
hotspot because they have high nitrogen content, high heat of
formation, high gas production and produce clean detonation
products.7–13 Previously, researchers synthesized various bis-
azoles compounds by changing substituents. The synthesis of
energetic materials is dangerous, and the characterization is
difficult, so theoretical prediction becomes the rst choice. This
method not only evaluates the performance in advance and
eering, Southwest Petroleum University,
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f Chemistry 2020
reveals the relationship between structures and properties, but
also provides guidance for experimental synthesis and reduc-
tion of the experimental blindness.14–16

In addition to the advantages of traditional azole
compounds like high nitrogen content and high heat of
formation, the bis-azole compounds also have higher density
and lower sensitivity. Compared to traditional nitramines, the
bis-azole compounds have more advantages including more
convenient control of reaction processes and less environ-
mental impact. Therefore, it is expected to be widely used in
production of low-signature propellant, low-smoke reworks
and new explosives.17 In this paper, 599 kinds of nitro-
containing compounds were generated by the automatic
assembly of the skeleton and functional groups, with each high-
energy bis-azole ring as the skeleton, –NH2 as the stabilizing
group and –NO2 as the detonating group.18 Compounds were
divided into four groups (A–D) according to the skeleton type.
The B3LYP/6-311++G(d,p) level of the density functional theory
(DFT)19–21 has been applied to study the molecular geometry,
density, heat of formation, detonation property and stability of
the compounds. Furthermore, the relationship between struc-
ture and property was analyzed, and seven compounds meeting
the requirements (i.e. high energy and low sensitivity) were
selected as potential novel HEDMs.
2 Computational methods

A series of studies by Xiao Heming et al.22–24 on systems con-
taining C, H, O, N and other elements show that the B3LYP
method can provide reliable geometric structures and other
RSC Adv., 2020, 10, 13185–13195 | 13185
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information in the study of energetic materials. Molecular
geometries of the bis-azole derivatives were fully optimized at
the B3LYP/6-311++G(d,p) level. The vibration frequency analysis
showed that none of the optimized structures exhibited imagi-
nary frequencies, and when all optimized structures corre-
sponded to the local energy minimum points on the respective
potential energy surfaces, the stable structures were obtained.
DFT combined with the atomization scheme25–28 is used to
predict heat of formation, and the principle of the atomization
scheme is as follows:

CaHbOcNd(g) / aC(g) + bH(g) + cO(g) + dN(g) (1)

That is, the molecule is decomposed into atoms, and the
formula for heat of formation DH298 at 298 K is

DH298 ¼
P

DHf,p �
P

DHf,R ¼ aDHf,C + bDHf,H + cDHf,O

+ dDHf,N � DHf,CaHbOcNd
(2)

where DHf,p and DHf,R are the standard heat of formation (298
K) of products and reactants, DHf,C, DHf,H, DHf,O and DHf,N are
the standard heat of formation (298 K) of C, H, O and N atoms,
which can be obtained from the manual, and DHf,CaHbOcNd

is the
standard heat of formation (298 K) of the CaHbOcNd molecule,
which needs to be obtained through calculation.

Additionally,

DH298 ¼ DE298 + D(pV) ¼ DE0 + DEZPE + DnRT ¼ E0,C + E0,H

+ E0,O + E0,N � E0,CaHbOcNd
� EZPE,CaHbOcNd

� DET,CaHbOcNd
+ DnRT (3)

where E0,C, E0,H, E0,O, E0,N and E0,CaHbOcNd
are the calculated total

energy (0 K) of C, H, O and N atoms and CaHbOcNd molecule,
respectively. EZPE,CaHbOcNd

and DET,CaHbOcNd
are the zero point

energy and thermal correction value of molecule CaHbOcNd,
which can be obtained from vibration analysis thermodynamic
data, and the EZPE and DET are zero for atoms. The term Dn is
the difference value of the amount of substance between
gaseous products and reactants, R is the gas constant, 8.314J
mol�1 K�1, and T is the absolute temperature, K. According to
the above atomization scheme, gas phase heat of formation is
obtained, and the solid phase heat of formation is obtained by
subtracting the sublimation heat from the gas phase heat of
formation of each compound. The sublimation heat of each
compound can be obtained by reading the Gaussian output le.

The characteristic height (h50) can be computed using the
following formula, which evaluates the impact sensitivity and
stability of energetic compounds,29,30 as suggested by Cao:31

h50 ¼ 0.1296 + 98.64QNO2

2 � 0.03405OB100 (4)

where QNO2
is the net Mulliken charge of the nitro group, and

OB100 is the oxygen balance. In general, the higher the negative
charge on the nitro group, the more stable the compound.

The following equation was used to calculated OB100:

OB100 ¼ 100ð2nO � nH � 2nC � 2nCOOÞ
M

(5)
13186 | RSC Adv., 2020, 10, 13185–13195
where nO, nH and nC are the numbers of O, H and C atoms in the
molecule, nCOO represents the number of carboxyl groups, and
M is the molecular weight.

Density directly affects the detonation performance.32 In this
paper, the density is calculated by

r ¼ 0:9183
�
M
Vm

�
þ 0:0028ðystot2Þ þ 0:0443 of Politzer's

method,33,34 whereM is the molecular mass, Vm is the molecular
van der Waals volume and ystot

2 reects the characteristics of
the molecules surface electrostatic potentials. Based on the
Monte-Carlo method,35,36 Vm is the volume to be dened as the
space within a contour of 0.001e bohr�3 (a.u.) density under
stable structures. This method for calculating Vm has been
successfully applied to the high nitrogen compounds.37 The
calculation was performed using the Gaussian 09 and Multiwfn
programs.38,39

Detonation performance is an important indicator to eval-
uate the quality of energetic materials. For C-, H-, O- and N-
series explosives, the widely used semiempirical Kamlet–
Jacobs equation40,41 was used to predict the detonation
performance:

D ¼ 41/2(1.011 + 1.312r) (6)

4 ¼ N �M1/2Q1/2 (7)

p ¼ 1.5584r2 (8)

where r is the density (g cm�3), D is the detonation velocity (km
s�1), p is the detonation pressure (GPa), 4 is the explosive
characteristic value, N is the amount of gaseous detonation
product per gram of explosive (mol g�1), �M is the average molar
mass of gaseous detonation products (g mol�1), Q is the deto-
nation chemical energy per gram of explosive (maximum
detonation heat per unit mass), J g�1. The term Q ¼ �DHf,298,
which is the heat of formation. Combined with the heat of
formation obtained from the atomization scheme, Q was ob-
tained by using a previously reported method in.23 From the
above equation, it can be seen that the impact of the value of
Q(�DHf,298) on D and p is insignicant, while r great inuences
the estimation of D and p. Previous studies have shown that42–45

the use of the K–J equation to predict detonation performance
of high nitrogen compounds is reliable.

All of the above calculation methods and rationales were
developed using B3LYP/6-311++G(d,p), and the calculation was
performed using the Gaussian 09 quantum chemistry
program46 and quantum chemistry Multiwfn program. Addi-
tionally, all DFT calculations were performed on the high-
throughput computing platform EM-studio1.0 for energetic
materials, and the convergence precision is the default value of
the program.
3 Results and discussion

Through the use of a high-throughput computing platform, 599
compounds were designed. The molecular structures of A and C
series derivatives are listed in Table 1, and the molecular
This journal is © The Royal Society of Chemistry 2020
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Table 1 Molecular structures of each series of bis-azole derivativesa

A1: R1 ¼ H, R2 ¼ NO2 C1: R1 ¼ H, R2 ¼ NO2

A2: R1 ¼ NH2, R2 ¼ NO2 C2: R1 ¼ NH2, R2 ¼ NO2

A3: R1,2 ¼ NO2 C3: R1,2 ¼ NO2

B1: R1,2,4 ¼ H, R3 ¼ NO2 D6: R4,6 ¼ H, R1,2,3 ¼ NH2, R5 ¼ NO2

B2: R1,2,3 ¼ H, R4 ¼ NO2 D7: R1,3,6 ¼ H, R4,5 ¼ NH2, R2 ¼ NO2

B3: R1,2 ¼ H, R3,4 ¼ NO2 D8: R1,3 ¼ H, R4,5,6 ¼ NH2, R2 ¼ NO2

B4: R1,3 ¼ H, R2,4 ¼ NO2 D31: R1,3,5 ¼ H, R2,6 ¼ NH2, R4 ¼ NO2

B5: R1,4 ¼ H, R2,3 ¼ NO2 D32: R2,3,4,6 ¼ H, R1 ¼ NH2, R5 ¼ NO2

B6: R2,3 ¼ H, R1,4 ¼ NO2 D33: R1,2,3,4,6 ¼ H, R5 ¼ NO2

B7: R1 ¼ H, R3 ¼ NH2, R2,4 ¼ NO2 D34: R2,5,6 ¼ H, R1,3 ¼ NH2, R4 ¼ NO2

B8: R2 ¼ H, R1 ¼ NH2, R3,4 ¼ NO2 D35: R2,3,4 ¼ H, R5,6 ¼ NH2, R1 ¼ NO2

B9: R1 ¼ H, R2 ¼ NH2, R3,4 ¼ NO2 D120: R2 ¼ H, R1,3,4,5 ¼ NH2, R6 ¼ NO2

B10: R3 ¼ H, R1 ¼ NH2, R2,4 ¼ NO2 D121: R1 ¼ H, R2,3,4,5 ¼ NH2, R6 ¼ NO2

B11: R1 ¼ H, R4 ¼ NH2, R2,3 ¼ NO2 D122: R1,2,3,4,5 ¼ NH2, R6 ¼ NO2

B12: R2 ¼ H, R3 ¼ NH2, R1,4 ¼ NO2 D123: R2,4,6 ¼ H, R1,5 ¼ NH2, R3 ¼ NO2

B13: R2,3 ¼ NH2, R1,4 ¼ NO2 D124: R2,4 ¼ H, R1,5,6 ¼ NH2, R3 ¼ NO2

B14: R1,3 ¼ NH2, R2,4 ¼ NO2 D125: R2 ¼ H, R1,4,5,6 ¼ NH2, R3 ¼ NO2

B15: R1,4 ¼ NH2, R2,3 ¼ NO2 D146: R1,2,4,5 ¼ H, R6 ¼ NH2, R3 ¼ NO2

B16: R1,2 ¼ NH2, R3,4 ¼ NO2 D147: R1,2,5 ¼ H, R4,6 ¼ NH2, R3 ¼ NO2

B17: R2 ¼ NH2, R1,3,4 ¼ NO2 D148: R1,4,5,6 ¼ H, R2 ¼ NH2, R3 ¼ NO2

B18: R2 ¼ H, R1,3,4 ¼ NO2 D152: R2 ¼ H, R1,4,5 ¼ NH2, R3,6 ¼ NO2

B19: R1 ¼ H, R2,3,4 ¼ NO2 D153: R4 ¼ H, R1,5,6 ¼ NH2, R2,3 ¼ NO2

B20: R1 ¼ NH2, R2,3,4 ¼ NO2 D154: R4,6 ¼ H, R1,5 ¼ NH2, R2,3 ¼ NO2

B21: R1,2,3,4 ¼ NO2 D176: R1,4,5 ¼ H, R2,3,6 ¼ NO2

D177: R4,5 ¼ H, R1 ¼ NH2, R2,3,6 ¼ NO2

D178: R5 ¼ H, R1,4 ¼ NH2, R2,3,6 ¼ NO2

D183: R5,6 ¼ H, R1,2,3,4 ¼ NO2

D237: R5 ¼ H, R1,2,3,4,6 ¼ NO2

D238: R1,2,3,4,5,6 ¼ NO2

a R1 ¼ H indicates that the R1 substitution site is H, R1,2 ¼ H indicates that R1 and R2 substitution sites are H, and the rest are analogous.
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structures of partial derivatives of B and D series are listed in
Table 1, representing and illustrating the structure and
performance rules of B and D series. The molecular structures
of all designed derivatives of the B and D series are listed (see
Tables S1 and S4 in ESI†).
3.1 Heats of formation

The heat of formation, as the basic thermodynamic property, is
an indication of energy level and an important parameter to
measure detonation performance. Whether it is to calculate the
detonation velocity and detonation pressure of explosives and
This journal is © The Royal Society of Chemistry 2020
powders or the specic impulse of propellants, heat of forma-
tion occupies a considerable weight in the formula.

Fig. 1 compares the heat of formation of the designed 599
derivatives. In the skeleton of the A series, the O on the iso-
furazan is replaced by N to obtain the skeleton of the B series.
Compared with the A series, the heat of formation of the B
series is signicantly improved, which indicates that the heat of
formation increases with the increase of the nitrogen content,
and that the skeleton of the B series is energetic and preferable
to that of the A series. It is known from Fig. 1 that the heat of
formation of all derivatives are higher than that of the
RSC Adv., 2020, 10, 13185–13195 | 13187
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Fig. 1 Comparison of the HOF of each series of bis-azole derivatives.

Fig. 2 The relationship between the HOF and substitution sites (D
series).
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traditional energetic materials 1,3,5-trinitro-1,3,5-triazinane
(RDX) and 1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX). All
derivatives exhibit high heat of formation (HOF) values.
Therefore, the derivatives can be considered endothermic
compounds and possess one of the basic conditions of HEDC.
The high HOF values of all derivatives are consistent with
previous reports, and high nitrogen heterocyclic energetic
compounds have high HOF.47,48 From the perspective of HOF,
the application prospects of B and D series are better.

Table 2 shows the heats of formation of partial derivatives,
and the heats of formation of all design derivatives of B and D
series are presented (see Tables S2 and S5 in ESI†). When the B
series substituents are two –NO2 and two –NH2 groups, the HOF
of each compound increases in the order of B13 < B14 < B16 <
B15. This may be because the reduction of the distance between
–NO2 in compounds B13, B14, B16 and B15 leads to the
enhancement of steric hindrance effect, thus increasing the
HOF of the compound. It indicates that when designing
compounds, we can appropriately reduce the distance between
–NO2 so as to increase the compound energy. However, when
the B series substituents are two –NO2 and one –NH2, the HOF
of each compound is: B7 < B8 < B9 < B11 < B10 < B12.
Compound B12 has a symmetrical distribution of –NO2 and all
Table 2 Calculated heats of formation (HOFs) of each series of bis-azo

Comp. HOF Comp. HOF Comp.

A1 142.2 B9 178.8 B20
A2 155.6 B10 181.5 B21
A3 157.4 B11 180.3 C1
B1 153.7 B12 184.2 C2
B2 164.6 B13 180.3 C3
B3 167.9 B14 185.3 D6
B4 169.4 B15 192.9 D7
B5 167.1 B16 192.7 D8
B6 183.8 B17 194.3 D31
B7 173.1 B18 186.5 D32
B8 175.9 B19 186.2 D33

a HOFs (kJ mol�1).

13188 | RSC Adv., 2020, 10, 13185–13195
the C and N atoms in the molecule are basically on the same
plane. The molecule has a stable geometric conguration, so
the molecule has larger conjugation and higher HOF. Mean-
while, when the D series contains one –NO2, the derivatives are
D1–D151 and D239–D250. In this case, the –NO2 substitution
site of the compound with higher HOF is basically on the
carbon atom of the diazole ring (R3), especially the compounds
D131, D133, D141, D143, D144, D150, and D151 have high HOF.
It suggests that we can look for high-energy compounds in D
series derivatives with –NO2 at the R3 substitution site. The
relationship between the HOF and the substitution site of the D
series is shown in Fig. 2. An average HOF of all compounds in
the D series that possess an –NO2 group at a certain substitution
site (such as R1) is determined, which is the HOF value corre-
sponding to this substitution site (such as R1) on the NO2 line in
the gure, and we repeat the above steps for the rest of substi-
tution sites. Similarly, we repeat the above steps to obtain the
NH2 line and the H line when the substituents are NH2 and H,
as shown in Fig. 2. It is known from the gure that when the D
series contains one –NO2 group, –NO2 of compounds with
higher HOF is basically substituted at R3, and –NO2 contributes
le derivativesa

HOF Comp. HOF Comp. HOF

200.3 D34 151 D152 184.3
204.6 D35 155.7 D153 180.1
107.7 D120 164.9 D154 168.7
116.7 D121 170.7 D176 169.9
123.1 D122 177 D177 178.2
158 D123 157.1 D178 191.1
150.2 D124 166.1 D183 188.4
161.4 D125 173.5 D237 203.3
165 D146 165.9 D238 211.1
146.2 D147 171.4
140.7 D148 167.7

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The relationship between the HOF and number of substituent
(B, D series).

Table 3 Calculated h50 values of each series of bis-azole derivativesa

Comp. h50 Comp. h50 Comp. h50 Comp. h50 Comp. h50

A1 297 B9 105 B20 41 D34 42 D152 478
A2 297 B10 75 B21 41 D35 42 D153 482
A3 291 B11 28 C1 216 D120 940 D154 490
B1 43 B12 253 C2 217 D121 952 D176 293
B2 215 B13 269 C3 204 D122 958 D177 328
B3 51 B14 66 D6 65 D123 520 D178 414
B4 93 B15 23 D7 593 D124 524 D183 102
B5 27 B16 70 D8 602 D125 516 D237 116
B6 209 B17 79 D31 41 D146 332 D238 104
B7 84 B18 57 D32 41 D147 424
B8 45 B19 40 D33 42 D148 343

a h50 (cm).
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more to the HOF than –NH2. So when designing compounds, we
can appropriately introduce multiple –NO2 to improve the HOF
of compounds.

The relationship between the HOF of B and D series and the
number of substituents is shown in Fig. 3. The relationship
between the contributions of different energetic groups to the
HOF is –NO2 > –NH2, and the HOF of B and D series increases as
the number of –NH2 or –NO2 increases. It can be seen that in
each series of derivatives, the inuence of substituents on the
HOF of the compounds is consistent. Table 2 also shows that
the HOF of A and C series increases with the increase of –NO2

number; among the four series, each compound in which all
substituents are –NO2 has the highest HOF in the correspond-
ing respective series of compounds. This is because on the one
hand, the introduction of –NO2 increases the energy, and on the
other hand, the enhancement of the steric hindrance effect of
–NO2 also contributes to the energy increase.
Fig. 4 Comparison of the h50 of each series of bis-azole derivatives.

This journal is © The Royal Society of Chemistry 2020
3.2 Sensitivity

The characteristic height (h50) is the height at which the sample
is impacted by a given mass and there is 50% probability of
causing an explosion. The h50 has been calculated to reect the
impact sensitivity and stability of the designed compounds in
this work. The larger h50, the more stable the compound.

Fig. 4 compares the h50 values of all derivatives. Each series
has a compound with a higher h50 value than that of TNT (100
cm),49 which indicates that these series have low sensitivity and
good stability. The h50 values of all series of derivatives lie in the
range of 18–958 cm, which are higher than the h50 value (12
cm)50 of CL-20. Moreover, the h50 value of D series derivatives
tends to be higher, indicating that this skeleton of D series may
be more stable.

Table 3 shows the h50 values of partial derivatives. The h50
values of all design derivatives of B and D series are presented
(see Tables S2 and S5 in ESI†), and the oxygen balance (OB100)
and nitro group charge (QNO2

) of all derivatives of the B and D
series are listed (see Tables S3 and S6 in ESI†). When the B
series contains three –NO2, the h50 value of the compound in
which substitution sites of –NO2 are adjacent is smaller than
that of the isomeride. This behavior can be found in
compounds B17 and B20, as well as B18 and B19. Among these
compounds, B17 has a higher h50 value than B20 (B17 is more
stable than B20), and B18 is less sensitive to external stimuli
than B19 because the presence of N–NO2 groups or the decrease
of the distance between –NO2 in B19 and B20 increases the
sensitivity. When the substituents of the B series are one –NO2

and three H, the h50 value of each compound is: B2 > B1. The
compound B2 has a C–NO2 structure, and the compound B1 has
an N–NO2 structure. The h50 value of the compound that is
substituted at the carbon atom by –NO2 is higher than that of
the compound that is substituted at the nitrogen atom by –NO2,
so B2 has a higher h50 value and lower sensitivity. Additionally,
when the B series contains two –NO2 groups, the h50 value of
each compound decreases in the order of B13, B12, B6, B9, B4,
B7, B10, B16, B14, B3, B8, B11, B5 and B15, and the number of
N–NO2 increases. These results show that the sensitivity
increases as the number of N–NO2 groups increases. The h50
values of compounds B6, B12 and B13 are large because the
RSC Adv., 2020, 10, 13185–13195 | 13189
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Fig. 6 The relationship between the h50 and number of substituent (B,
D series).

Fig. 5 The relationship between the h50 and substitution sites (B, D
series).
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–NO2 distribution of these compounds is symmetrical, so the
molecules have stable geometric congurations and low sensi-
tivities. Meanwhile, when the D series contains one –NO2, the
derivatives are D1–D151 and D239–D250. The –NO2 of
a compound with h50 # 241 cm is substituted on nitrogen (D1–
D6, D14–D77 and D239–D250), the –NO2 of a compound with
h50 > 241 cm is substituted on carbon (D7–D13, D78–D151). It
can be seen that C–NO2 has lower energy and is more stable
than N–NO2. This may be because the N–NO2 functional group
introduces an N–N bond more than C–NO2, which can effec-
tively increase the energy of the compound and increase the
sensitivity of the compound. When the D series contains one
–NO2, in compounds with h50 > 241 cm, the h50 value is greater
when –NO2 is substituted at the C position of the triazole ring
(D7–D13, D78–D122), which may be because –NO2 forms an
intramolecular hydrogen bond with H at the N position of the
triazole ring, thus reducing the sensitivity of compounds. When
the D series contains two –NO2 groups, the derivatives are
D152–D175 and D251–D427, and the –NO2 of a compound with
h50$ 297 cm is substituted on carbon (D152–D175, D259, D263,
D290, D299, D301, D302, D306, D307, D358, D365, D370, D372,
D375, D416). It indicates that the h50 value substituted by –NO2

on C atom is higher than the h50 value substituted by –NO2 on N
atom. When the D series contains three –NO2 groups, the
derivatives are D176–D182 and D428vD558, and the –NO2 of
a compound whose h50 value is higher than that of TNT is
substituted on carbon (D176–D182). It can be seen that C–NO2

has lower energy and is more stable than N–NO2. The rela-
tionship between h50 and the substitution site of the B and D
series is shown in Fig. 5. As can be seen from the gure, in series
B, when –NO2 is substituted at R1 or R4 (on C atom), the
compound has a higher h50 value and lower sensitivity. In the D
series, the compound has a higher h50 value and the compound
is more stable when –NO2 is substituted at R2 or R3 or R6 (on C
atom). These are mutually conrmed with the above laws, and
13190 | RSC Adv., 2020, 10, 13185–13195
the introduction of –NH2 is more advantageous for the reduc-
tion of sensitivity.

The relationship between the h50 of B and D series and
substituent number is shown in Fig. 6, and the effect of
different energetic groups on h50 is that –NH2 is more favorable
to increase the h50 value, which can reduce the sensitivity, and
the h50 value of the B and D series increases as the substituent
number of –NH2 increases. The h50 value of the B series
decreases as the number of –NO2 groups increases, and the h50
value of the D series decreases rst as the number of –NO2

groups increases, and then slightly rises. Table 3 shows that the
h50 value of the A and C series decreases as the number of –NO2

increases. In general, the sensitivity of the compound increases
with the number of –NO2, because the introduction of –NO2

enhances the steric hindrance effect or increases the energy. It
is also found from Fig. 6 that the derivatives of B and D series
has high h50 values and low sensitivities when the number of
–NO2 is 1. It indicates that when the number of substituents of
Fig. 7 Comparison of the density of each series of bis-azole
derivatives.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Comparison of the velocity of each series of bis-azole derivatives.

Fig. 9 Comparison of the pressure of each series of bis-azole
derivatives.

Table 4 Calculated density (r) and detonation properties (D, p) of each

Comp. r D p Comp. r

A1 1.736 6923 20.8 B16 1.788
A2 1.752 7015 21.5 B17 1.757
A3 1.778 7432 24.3 B18 1.783
B1 1.709 6373 17.5 B19 1.797
B2 1.759 6518 18.6 B20 1.81
B3 1.745 6957 21.1 B21 1.822
B4 1.749 6969 21.2 C1 1.716
B5 1.755 6982 21.3 C2 1.719
B6 1.816 7174 23 C3 1.784
B7 1.725 6924 20.7 D6 1.654
B8 1.736 6960 21 D7 1.635
B9 1.755 7016 21.5 D8 1.646
B10 1.761 7034 21.7 D31 1.739
B11 1.771 7060 21.9 D32 1.658
B12 1.777 7082 22.1 D33 1.695
B13 1.712 6911 20.6 D34 1.69
B14 1.734 6977 21.1 D35 1.659
B15 1.783 7124 22.4 D120 1.656

a r (g cm�3), D (m s�1), p (GPa).

This journal is © The Royal Society of Chemistry 2020
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–NO2 is small, the superconjugation of –NO2 can stabilize the
molecular skeleton.
3.3 Predicted density and detonation properties

Fig. 7–9 compare the density, detonation velocity and pressure
of all derivatives. There are compounds with higher density
than that of RDX in the B and D series, and the detonation
performance of the D series is closer to RDX. Compared to the A
series, the density and detonation performance of the B series
are improved, indicating that the skeleton of the B series is
better. From the perspective of density and detonation perfor-
mance, the application prospects of B and D series are better.
D230, D233, D237 and D238 have high detonation velocity
(8102, 8101, 8242 and 8335 m s�1) because they have a large
density and positive HOF. A large amount of heat is released
during detonation, and more heat energy is converted into
detonation energy, resulting in a high detonation velocity. In
each series, the compounds with lower density compared to
TNT are mostly planar molecules, while those with higher
density compared to RDX exhibit non-planar structures.

Table 4 lists the density and detonation parameters of partial
derivatives, and the density, detonation velocity and pressure of
all derivatives of B and D series are listed (see Tables S2 and S5
in ESI†). When the B series contains three –NO2 groups, the
density, detonation velocity and pressure of each compound
are: B17 < B18 < B19 < B20. The high density and detonation
performance values of B19 and B20 indicate that the group
density of N–NO2 is larger, thereby increasing the compound
density and detonation performance. When the B series
substituents are two –NO2 and two –NH2, the density and
detonation performance value of each compound increases in
the order of B13, B14, B15 and B16, and the distance between
–NO2 decreases in this order. It indicates that the energy of the
compound increases with the decrease of the distance between
–NO2 in the isomer. When the D series contains one –NO2, the
series of bis-azole derivativesa

D p Comp. r D p

7137 22.5 D121 1.702 6187 16.4
7370 23.7 D122 1.671 6138 16
7429 24.3 D123 1.688 6065 15.7
7470 24.7 D124 1.686 6114 15.9
7532 25.3 D125 1.682 6144 16.1
7827 27.4 D146 1.844 6421 18.6
7038 21.3 D147 1.835 6463 18.7
7089 21.7 D148 1.862 6469 18.9
7679 26 D152 1.779 6938 21.2
6017 15.2 D153 1.741 6828 20.3
5919 14.6 D154 1.737 6787 20
6003 15.1 D176 1.824 7451 24.8
6210 16.8 D177 1.814 7442 24.7
5918 14.8 D178 1.811 7455 24.7
5930 15 D183 1.879 7973 28.9
6055 15.6 D237 1.878 8242 30.9
5991 15.1 D238 1.842 8335 31.2
6060 15.5

RSC Adv., 2020, 10, 13185–13195 | 13191
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Fig. 10 The relationship between the density and substitution sites (D
series).

Fig. 12 The relationship between the detonation pressure and
substitution sites (D series).
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derivatives are D1–D151 and D239–D250, and the density range
is 1.616–1.865 g cm�3. The density of the compounds where the
substitution site of –NO2 are at the diazole ring is all greater
than that of TNT (1.65 g cm�3), including compounds D15–D23,
D25, D27–D31, D34, D36, D39, D43, D44, D47, D48, D50–D52,
D54, D57, D58 and D123–D151. When the D series contains one
–NO2 group, the –NO2 of compounds having a density greater
than that of RDX is substituted at R3, and the –NO2 group of
compounds having a higher detonation velocity and pressure is
also basically substituted at R3, which is the case for
compounds D146–D151. In the four series, the compounds
whose density is less than or equal to the density of TNT are the
D series (D1–D3, D5 and D7–D12), which contain one –NO2

group substituted at the triazole ring. The relationship between
density, detonation velocity and detonation pressure of the D
series and substitution site is shown in Fig. 10–12: when R3 is
Fig. 11 The relationship between the detonation velocity and substi-
tution sites (D series).

Fig. 13 The relationship between the density and number of substit-
uent (B, D series).

13192 | RSC Adv., 2020, 10, 13185–13195
–NO2, it contributes the most to the density, detonation velocity
and detonation pressure, and it's mutually conrmed with the
above-mentioned regular phenomenon. In addition, –NO2

contributes to the density and detonation performance to
a greater extent than –NH2.

The relationship between the density, detonation perfor-
mance and the substituent number of B and D series is shown
in Fig. 13–15. The relationship between the contributions of
different energetic groups to the density and detonation
performance is –NO2 > –NH2. The density, detonation velocity
and pressure of B and D series decrease as the number of –NH2

increases, and increase as the number of –NO2 increases, which
supports the viewpoint that the introduction of more –NO2

groups in the molecule can improve the detonation perfor-
mance. Table 4 shows that the density and detonation perfor-
mance of A and C series improve as the number of –NO2
This journal is © The Royal Society of Chemistry 2020
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Fig. 14 The relationship between the detonation velocity and number
of substituent (B, D series).

Fig. 15 The relationship between the detonation pressure and
number of substituent (B, D series).

Fig. 16 Calculated QNO2, r, D, p of derivatives.
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increases, and among all derivatives, each compound in which
all substituents are –NO2 has the highest density (except D238),
detonation velocity and detonation pressure in the corre-
sponding respective series of derivatives.
3.4 Predicted potential HEDM candidates

The ideal HEDM candidates should be stable and exhibit
effective detonation performance, and of the various factors
that constrain each other need to be considered.51 It is generally
believed that the promising HEDC meets the following
requirements: r > 1.9 g cm�3, D > 9.0 km s�1 and p > 40 GPa.52

The HEDM candidates have potential for further development,
prompting further investigation into compound synthesis.
Compounds meeting the following conditions are selected from
each series, and the detonation performance and other
This journal is © The Royal Society of Chemistry 2020
parameters are shown in Fig. 16: (1) r$ r (RDX), D > D (TNT), p >
p (TNT),�QNO2

$�QNO2
(RDX); (2) r$ r (RDX), D$ 8000 m s�1;

(3) r is the largest.
According to the gure, the variation trend of detonation

velocity and detonation pressure is the same, while this trend
differs from that of density. This indicates that the density is not
the only parameter that determines detonation velocity and
pressure, and the detonation heat also affects the detonation
performance. The density of the compound in the gure is
greater than or equal to that of RDX (1.82 g cm�3 (ref. 53)). Also,
the unique nitrogen heterocycle of D494 increases the density,
and its density is the largest at 1.887 g cm�3, which is close to
the density of HMX (1.91 g cm�3 (ref. 53)). D238 has the highest
detonation velocity (8335 m s�1) and detonation pressure (31.2
GPa), which are close to RDX (8750 m s�1, 34 GPa (ref. 53)).
Meanwhile, the h50 value of D176 is larger than that of TNT,
indicating that D176 appears to be insensitive, which is mainly
due to the intramolecular hydrogen bond. Calculations revealed
that D230, D233, D234, D237 and D238 exhibit high detonation
performances and might be HEDM candidates, and the group
density of N–NO2 in those molecules is relatively high, which
increases the molecular characteristic density and the crystal
density of explosives and thus increases the detonation velocity.
In addition, the increase in the number of detonating groups,
the existence of the unique nitrogen heterocycle structure and
the ring tension lead to large detonation velocity, detonation
pressure and high energy.

Consequently, based on the results of detonation properties
and stability, compounds D176 (1.824 g cm�3, 7451 m s�1,
RSC Adv., 2020, 10, 13185–13195 | 13193
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24.8 GPa, 293 cm), D230 (1.833 g cm�3, 8102 m s�1, 29.4 GPa, 97
cm), D233 (1.835 g cm�3, 8101 m s�1, 29.4 GPa, 62 cm), D234
(1.823 g cm�3, 8068 m s�1, 29.1 GPa, 62 cm), D237
(1.878 g cm�3, 8242 m s�1, 30.9 GPa, 116 cm), D238
(1.842 g cm�3, 8335 m s�1, 31.2 GPa, 104 cm) and D494
(1.887 g cm�3, 7670 m s�1, 26.8 GPa, 54 cm) can be considered
as potential HEDM candidates.

4 Conclusions

Based on DFT calculation, the density, heat of formation,
detonation velocity, detonation pressure and h50 values of
derivatives were compared, and the relationship between
structure and performance was studied. The performance
parameters are affected by the molecular structure, and the type
and number of groups in the structure, the arrangement of the
groups and the intramolecular symmetry appear to be inuen-
tial parameters. The conclusions are as follows: (1) compared
with the A series, the B series has higher density, higher heat of
formation, better detonation performance and better stability,
indicating that the energy improves with the increase of the
nitrogen content, and the skeleton of B series is better. (2) The
density, heat of formation, detonation velocity and detonation
pressure of the compound improve with the increase in the
number of the –NO2 group. However, the variation trend of the
h50 value is opposite. (3) The density, detonation velocity and
detonation pressure of the compound decrease as the number
of the –NH2 group increases, while the heat of formation and
h50 value increase as the number of the –NH2 group increases,
and the growth rate of heat of formation here is less than the
growth rate of heat of formation in which the substituent is
–NO2. (4) The h50 value indicates that the molecular stability
decreases as the number of the –NO2 group increases; however,
if the substituent is –NH2, the opposite is true. (5) –NO2

substituents are advantageous for increasing density, heat of
formation and detonation properties, while –NH2 substituents
are advantageous for increasing stability. (6) The presence of
multiple nitrogen–nitro groups (N–NO2) can effectively improve
oxygen balance, so these compounds generally have high
density and low sensitivity. (7) In terms of detonation perfor-
mance and stability, compounds D176, D230, D233, D234,
D237, D238 and D494 yield promising results and may be
considered as potential HEDM candidates.
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