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Abstract 5-Nitro-3-trinitromethyl-1H-1,2,4-triazole (NTMT,
A) and its substituted derivatives A—-CH;, A-OCH;, A-NH,,
A-OH, A-NO,, and A-ONO, were studied using density func-
tional theory (DFT). For all of the molecules except for A—
ONO,, the C-NO, bond in the trinitromethyl group was found
to be the weakest, and no transition state occurred during the
scission of this bond. The weakest C-NO, of the trinitromethyl
group bond dissociation energies for all of the molecules were all
very similar. Most of the title molecules had similar frontier
orbital distributions and comparable energy gaps between the
frontier orbitals. The impact sensitivity (%59, in cm), predicted
at various levels of theory, decreased in the order A-NH,
(53.0-71.0)>A—CHj; (53.0)>A (36.7)>A—OCHj (32.6-42.3)>
A—OH (26.7-53.0)>A-NO, (5.6-7.4)>A-ONO, (4.6-6.1).
Their detonation velocities (D), detonation pressures (P), and
specific impulses (/5) were 8.02-8.82 km/s, 29.92-35.54 GPa,
and 214-260 s, respectively. Composite explosives made from
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and A, A—-OH, A—
NH,, A-NO,, or A-ONO, as an oxidizer were found to possess
much better detonation performance (D=9.04-9.29 km/s, P=
37.25-39.26 GPa, and 7;=270-281 s). Thus, introducing —
OCH3;, —OH, and -NH, groups into A produced new explosives
with acceptable stability and good detonation performance. A—
OH and A-NH, appear to be promising candidates for oxidizers
in composite explosives.
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Introduction

Energetic materials attract great attention because of their
wide range of military and industrial applications [1-4]. A
multitude of explosives have been prepared in order to meet
the various requirements for energetic materials. 1,3,5,7-
Tetranitro-1,3,5,7-tetraazacyclooctane (HMX), 1,3,5-trinitro-
1,3,5-triazacyclohexane (RDX), 2,4,6-trinitrotoluene (TNT),
nitroglycerin (NG), and nitrocellulose (NC) [5-10] are the
most commonly used and famous classical explosives. New
explosives such as hexaazahexanitroisowurtzitane (CL-20),
2,6-diamino-3,5-dinitropyrazine-1-oxide (LLM-105), 1,1-
diamino-2,2-dinitroethylene (FOX-7), and 1,3,3-
trinitroazetidine (TNAZ) have also been applied in military
and civilian arenas [10-19]. The requirements of energetic
materials—low sensitivity, high energy, and high oxygen
balance (OB)—have resulted in a continuous search for
new explosives. Polynitroazoles are the new stars in the field
of energetic materials due to their high detonation perfor-
mance and low sensitivities to friction and impact [20-25].
A variety of powerful nitroazoles have been prepared
[26-31]. During ongoing efforts to find more powerful, less
sensitive, and eco-friendly energetic nitroazole explosives,
Shreeve’s team found a new molecule: 5-nitro-3-
trinitromethyl-1H-1,2,4-triazole (NTMT, A in Fig. 1) [32].
This is a heterocyclic compound with high oxygen (48.7 %)
and nitrogen (37.3 %) contents and low carbon (13.6 %) and
hydrogen (0.4 %) contents, which results in a positive OB
(9.2 %). NTMT has a high heat of formation (HOF,
123.2 kJ/mol™), which is helpful for improving detonation
performance. Its positive OB, high HOF, environmental-
ly benign decomposition products, and acceptable ther-
mal stability (decomposition temperature T43=135 °C)
and impact sensitivity (hs50=36.7 cm, 2.5 kg drop ham-
mer) [32] indicate that NTMT may be a potential can-
didate for an oxidizer.
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Fig. 1 Structures of A and its derivatives

A substituted derivative of NTMT, 5-trinitro-3-
trinitromethyl-1-methyl-1,2,4-triazole (NTMMT, A—CH3),
has also been prepared by mixing A with trimethylsilyl
diazomethane [32]. A-CH; has good thermal stability (74=
153 °C) and impact sensitivity (25,=>53.0 cm), a high HOF
(95.6 kJ/mol™), and appealing detonation properties [32].
These attractive properties of A and A—CHj inspired us to
search for new derivatives of NTMT with other functional
groups, i.e., -OCH;, -NH,, —OH, —-NO,, and -ONO, (see
Fig. 1). In order to assess the potential of these new derivatives
as explosives, we predicted their thermal stabilities, impact
sensitivities, chemical stabilities, and detonation properties
in the solid state, as reported in this paper.

Computational details

Geometry optimizations for all compounds were performed at
the M06-2X/6-311++G**, B3LYP/6-31G*, and B3PW91/6-
31G** levels of theory using the Gaussian software package
[33]. All geometries were verified to be the local energy min-
ima via frequency analysis. Relaxed potential energy surface
scans were carried out and the stretching of C—NO, in the
trinitromethyl group C—C(NO,); and in C(R)-NO, (i.e., the
C in the C-NO, group is in the ring) in all molecules, the
stretching of N-NO, in A-NO,, and the stretching of O—
NO, in A-ONO, were investigated at the B3LYP/6-31G*
level.

The bond dissociation energy (BDE), which is key to elu-
cidating the mechanism of pyrolysis and thermal stability
[34-37], was calculated at the M06-2X/6-311++G**,
B3LYP/6-31G*, and B3PW91/6-31G** levels using the fol-
lowing equation:

BDE = ERIA + ER2A—ER1iR2, (1)

where Eri_r», Eri., and Eg,. are the zero-point-corrected
total energies of the parent molecule and the radicals produced
by bond scission, respectively.

Onio 18 the algebraic sum of charges on the atoms in a nitro
group, obtained using

Oniro = On + Qo1 + Oop- (2)

@ Springer

The average value of O ((Onio) ) Was calculated using

_ 1
QNitro = ; Z QNitro,iv (3)
i=1

where 7 is the number of nitro groups in the molecule of
interest.

The electrostatic potential V(r) created by the nuclei and
electrons of a molecule in its environment was obtained using

Z, r)dr
V(r) = ; T / P(r,zﬂ , 4)

Here, Z, is the charge on nucleus 4 located at R 4, and p(r)
is the electronic density.

o2, 0%, and o2, are the positive, negative, and total vari-
ances of the surface electrostatic potential at 7 (V(r)). These
reflect the range or variability of V(r) and were obtained using

the following equations:

n

o = %Z [V;(r,-)—V;aver (5)

i=1

m

S s 0) Ve ©)

j=1

o’ =
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Here, i and j are the indices of the sampling points in pos-
itive and negative regions, respectively. » and m are the num-
ber of positive and negative points on the surface, respectively.
V(r;) and Vs(r;) are the electrostatic potentials at points 7 and .
Vg,ave and Vs ... denote the average positive and negative
electronic potentials on the surface, respectively.

v indicates the degree of balance between the positive and
negative electrostatic potentials:

e
V= +

5
(UtZOt)

(8)

The density was calculated using the equation below,
in which the intermolecular interactions were taken into
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account via the electrostatic interactions on the molecu-
lar surface [38]:

M

P= %% 0.001) ®)

+ 51V0t20t +7-

Here, M is the molecular mass in g/mol. 7(0.001) is
the volume that is encompassed by the 0.001-au contour

of the molecule’s electronic density. Geometry optimiza-
tions and calculations of electrostatic parameters were
performed at the B3PW91/6-31G** level of theory.
The values of the coefficients oy, (3, and 7, were taken
from [38].

The isodesmic reaction method was employed to
predict the gas-phase HOFs (ApH(g)) of the title
compounds:

N02 NO2
02N N02 02N N02
Ny \,N + NH; ———> Ny \/N + NH,R
)—N\ )—N\ (10)
O,N R O,N H

The enthalpy of reaction (A.H9g) at 298 K for this
isodesmic reaction was calculated using the following equa-
tion:

AHogs = Y AcHp—Y AcHR
= AEq + AEp, + AHy + AnRT’

where A¢Hp and A¢Hy are the HOFs of the products and the
reactants, respectively. AE, is the difference in total energy
between the products and the reactants at 0 K. The MP2/6-
311++G**//B3LYP/6-31G* level of theory was employed in
this work to predict AEy more accurately. AE,;, is the differ-
ence in zero-point energy (£,,,) between the products and the
reactants, and AHt is the thermal correction from 0 K to
298 K, which were both calculated at the B3LYP/6-31G*
level. AnRT is the work term, which equals zero here. Since
the HOFs of A, NH;, NH,NH,, and CH;NH, are available
[32, 39], the HOFs of the others (NH,OCH;, NH,OH,

NH,NO,, and NH,ONO,) were estimated using the atomiza-
tion reaction method at the G3 level.

The HOF in the solid state (AgH(s)) was estimated using the
following equation:

AfH(S) = AfH(g) _AsubH- (12)

Here, Ay, H is the enthalpy of sublimation estimated using
the equation below, as suggested by Rice and Politzer et al.
[40, 41]:

0.5
AwpH = A + By (vog,) ~ + 7, (13)

In this equation, A4 is the surface area of the 0.001-au
isosurface of the electron density, and v and o2, were obtained
at the B3LYP/6-31G* level of theory. The values of the coef-
ficients o, (5, and 7, were taken from [40].

Detonation velocity (D) and detonation pressure (P),
which are important properties of energetic materials,

-1099.25
-1099.40 4 -1099.32 4
-t N s
o~ -1099.34 4 e -1099.30 o=
.
.
-1099.42 4 -1099.36 4
%e .
) -1099.38 4 P 109351 o ° -
) 9 g o s (4 »
3 -1099.44 ,.. ® ~ b= 4 Y / L] (X )
‘;__j s 14 r‘..s '. 8 -1099.40 .J' ° ‘ ¢ b ° k] %% 0‘. g 5.0
5 oo ° £ 0, 0,9 2o’ 4 | Samaw{ 9 oo = LA
[ s £ 1099424 P ° 09 ° P > ° °
o -1099.46 o =2 : ° i -
/ bt § i v ° F
~1099.44 4 -1099.45 4 o
-1099.48 - -1099.46 4 f
«
RITTRIS R -1099.50 -
-1099.50 -1099.50 R S e e
14 16 18 20 22 24 26 28 30 32 34 36

T T T T T T
14 16 18 20 22 24 26 28 30 32

C-NO, (A)

T
34

T T
3.6 38 4.0

Tt
12 14 16 18

L R P P R A i, A
20 22 24 26 28 3.0 32 34 36

C(R)-NOL(A) C-C(NO,);(A)

Fig. 2 Plots showing how the energy changes as the lengths of the C-NO,, C(R)-NO,, and C—C(NO,); bonds in A are varied
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Table 1  Predicted BDEs (in kJ/mol) of the bonds C~NO,, C(R)-NO,, and C-C(NO,)s, calculated at various levels of theory”

M06-2X B3LYP B3PWIl

C-NO, C(R)-NO, C-C(NO,); C-NO, C(R)-NO, C-C(NO,); C-NO, C(R)-NO, C-C(NO»);
A 164.0 282.1 465.6 110.1 266.4 409.8 115.5 270.6 412.7
A—CH; 163.1 280.7 469.5 109.2 261.9 412.8 114.6 266.7 4159
A-OCH; 162.3 275.7 466.1 108.5 257.3 408.6 113.8 260.4 411.9
A-NH, 159.7 272.5 468.4 105.1 260.3 4122 110.3 264.9 4154
A-OH 160.0 266.2 448.1 110.1 266.4 409.8 110.7 257.1 4114
A-NO, 162.8 249.0 4555 105.4 2532 408.1 113.6 2344 404.6
A-ONO, 162.5 273.5 458.5 108.4 231.1 401.6 113.3 256.2 405.9

? The BDE of the N-NO, bond in A-NO, was 169.0, 376.7, and 142.1 kJ/mol when calculated at the M06-2X/6-311++G**, B3LYP/6-31G*, and
B3PW91/6-31G** levels of theory, and that of the O—-NO, bond in A-ONO, was 86.3, 65.9, and 69.4 kJ/mol when calculated at those levels,

respectively

were estimated via the empirical Kamlet-Jacobs equa-
tions [42] as follows:

D= 101 (N*M,"#0")(1 + 1.30p) (14)

P = 1.5580’N M.>>Q". (15)

Here, N is the number of moles of gaseous detonation
products per gram of explosives, M, is the mean molecular
mass of the detonation products, and Q is the detonation en-
ergy (cal/g). N, My, and Q are determined based on the max-
imum exothermicity principle [42].

The specific impulse (/;) was calculated with a widely
adopted method [43] using the following equation:

I, = kTc"NO3. (16)

k (19.26) was determined via the experimentally evaluated /g
value of CL-20, and this constant was then used to accurately
reproduce the [ values of TNAZ (1,3,3-trinitroazetidine) and
RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine). 7¢ is the tem-
perature in the combustion chamber, calculated using

_AHc = Cp,g(TC_TO)a (17)

where AH, represents the enthalpy of combustion and C,
is the total heat capacity of the gaseous products. 7y is the
initial temperature.

@ Springer

Results and discussion
Bond stability

Bond stability is a conventional index that reflects the thermal
stability of explosives [35-37, 44—48]. To evaluate the thermal
stabilities of the title molecules, the stabilities of several bonds of
A and its derivatives were predicted. These included the weakest
C—NO, bond in the trinitromethyl group, the C(R)-NO, bond
(i.e., where the C atom is in the ring), the C—-C(NO,); bond, the
N-NO, bond for A-NO,, and the O-NO, bond for A—-ONO,.
Since the bond-breaking processes for the weakest C—NO, of
trinitromethyl group, C(R)-NO,, and C—C(NO,); bonds of the
derivatives are similar to those of A, only those of A are shown
in Fig. 2. The simulated processes of N-NO, and O-NO, bond
dissociation are also similar to those presented in Fig. 2.
Figure 2 shows that the energy of A increases as the
weakest C—NO, bond of the trinitromethyl group, C(R)—
NO,, and C-C(NO,); bonds lengthen, the slopes of
the curves gradually decrease, and the energy ultimately
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Fig. 3 Variation in the BDE of the weakest C-NO, bond of the
trinitromethyl group, as calculated at various levels of theory



J Mol Model (2015) 21: 26

Page 5 of 11 26

Table 2 Predicted Oy, Vvalues

and /5, values of the title Compound M06-2X MP2 B3PW91

molecules, calculated at three

levels of theory Onino (©) hso (cm) Onio (©) hso (cm) Onito (© hso (cm)
A —0.140 36.7[32] -0.168 36.7 [32] -0.119 36.7 [32]
A-CH; —0.145 53.0 [32] -0.172 53.0[32] —0.123 53.0 [32]
A-OCH; —0.139 34.6 —0.166 32.6 —0.121 423
A-NH, —0.147 64.4 -0.172 53.0 —0.125 71.0
A-OH —0.145 53.0 —0.163 27.0 —0.115 26.7
A-NO, —0.076 74 -0.101 6.3 —0.056 5.6
A-ONO, —0.058 6.1 —0.083 5.1 —0.040 4.6

plateaus. This behavior reveals that transition states (TSs) do not
occur during the dissociation processes for these bonds, and the
products are two radicals. Therefore, the required energies for
these processes are the differences between the total energies of
the radical products and the reactant (i.e., the BDEs). Different
methods (M06-2X/6-311++G**, B3LYP/6-31G*, and
B3PWO91/6-31G**) were employed to evaluate the BDE, and
the results obtained are listed in Table 1. The three levels of
theory applied provided the same results: the weakest C—-NO,
bonds of the trinitromethyl group were found to have significant-
ly smaller BDEs than the C(R)-NO, and C—-C(NO,); bonds did,
so breaking the former bonds should be much easier than break-
ing the C(R}-NO, and C—-C(NO,); bonds. The BDE of the N—
NO, bond is larger than that of the weakest C-NO, bond of the
trinitromethyl group in A-NO,, so the former is stronger than the
latter. For A-ONO,, the BDE of the O-NO, bond is significantly
smaller than that of the weakest C-NO, of the trinitromethyl
group, i.e., scission of the O-NO, bond should be the initial step
in the decomposition of A-ONO,. In conclusion, the weakest C—
NO, bond of the trinitromethyl group is the weakest bond, so it
breaks first in all of the molecules aside from A—ONO,.

As shown in Fig. 3, the BDE of the weakest C-NO, bond
of'the trinitromethly group decreases in the order A>A—-CH;>
A—-OCH;>A-NO,>A-OH>A-NH,. It is noteworthy that the
maximum differences in BDE (ABDE=BDE(A) — BDE(A—
NH,)) in Fig. 3 are 4.3, 5.0, and 5.2 kJ/mol™ when calculated
at the M06-2X/6-311++G**, B3LYP/6-31G*, and B3PWO91/
6-31G** levels of theory, respectively. This indicates that the
weakest C—NO, bond of A is slightly weakened by the intro-
duction of substituents. This conclusion further implies that
the other derivatives in which the weakest bond is the weakest
C—-NO; bond in the trinitromethyl group may also have BDEs
of the weakest C-NO, of the trinitromethyl group that are
similar to that of A.

The BDE of the weakest C-NO, bond of the trinitromethyl
group was 159.7-164.0, 105.1-110.1, and 110.3-115.5 kJ/mol ™!
when calculated at the M06-2X/6-311++G**, B3LYP/6-31G*,
and B3PW91/6-31G** levels of theory, so the B3LYP/6-31G*
level yields the smallest values. BDEs obtained at the M06-2X/
6-311++G** level are considerably larger than those obtained at

the other levels of theory. To identify the most reliable re-
sults, the BDEs of the C—NO, bonds of nitrobenzene, 4-
aminonitrobenzene, and 1,3-ditrinitrobenzene (all of which
have experimentally available BDE values) were calculated
at the three levels of theory. The results are listed in
Table S1 of the “Electronic supplementary material”
(ESM). The BDEs obtained at the B3LYP/6-31G* and
B3PW91/6-311G** levels were smaller than the correspond-
ing experimental BDEs, while those obtained at the MO06-
2X/6-311++G** level were bigger. The average deviation of
the computed BDE from the experimental one was smallest
for the results obtained at the B3LYP/6-31G* level (—6.8 kJ/
mol™), rather than the M06-2X/6-311++G** (14.9 kJ/mol™)
and B3PW91/6-31G** (—13.3 kJ/mol™) levels. Therefore,
the results computed at the B3LYP/6-31G* level of theory
should be the most reliable.

Impact sensitivity

A continuing major concern in the area of energetic materials is
their tendency to explode due to external stimuli. Impact sensi-
tivity is the degree of vulnerability of an energetic material to an
external impact. It is widely used to reflect the stability of explo-
sives, and is commonly measured via the parameter /sy. The

80
—u—M06-2X
704 A o—MP2
4 B3PWI1
60
50 4
T 40
e
_t?, 30
RDX (26cm)
20 N\
10 \
B———p
04

T T T T T T T
A A-CH; A-OCH; A-NH, A-OH A-NO, A-ONO,
Compounds

Fig. 4 hso values of A and its derivatives, obtained at three levels of
theory
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Table 3 Predicted 02, 02, v,

and V max values of the three Compound o? (kJ/mol)® o2 (kJ/mol)* v Veman(1) Vema(2) Vemax(3)

C-NO, bonds in the (k/mol) (k/mol) (ki/mol)

trinitromethyl group
A 5089.1 264.3 0.047 118.0 120.5 97.5
A—CHj; 2506.9 362.4 0.110 106.3 112.1 81.6
A-OCHj3; 2146.3 316.9 0.112 114.2 118.0 87.0
A-NH, 4593.7 329.1 0.062 108.8 120.1 84.1
A-OH 5071.6 367.6 0.063 125.1 145.6 87.9
A-NO, 25244 157.6 0.055 138.5 141.8 124.7
A-ONO, 1787.4 213.6 0.095 128.9 131.8 108.4

smaller the value of /5, the higher the impact sensitivity. In order
to assess the impact sensitivities of A and its derivatives, the nitro
group charge method (NGCM) [19}—which makes use of the
roughly linear relation between the reciprocal of impact sensitiv-

ity (h%)) and Oy, and has been used in some investigations

[32, 49]—was applied to predict the /s, values of the title mol-
ecules. Thus, Oy, Values were calculated (Table 2) at the MO06-
2X/6-311++G**, MP2/6-311++G**, and B3PW91/6-31G**
levels of theory. Since the structures of the title molecules are
similar, a strong linear relationship between their h—lo values and
their Oy Values was expected. The experimental /s, values of
A and A—CHj are available [32]. Three linear equations linking
the Oy Values obtained at the three levels of theory with the ﬁ
values of A and A—CHj; were fitted to allow the /5 values of the
other molecules to be predicted:

1 _
MO6-2X : o = 026189 + 1.67601 Oy
50
1 _
B3PWOL: - = 0.31217 + 2394270y,
50
1 _
MP2: = 05801 + 1.971770xie,
50

The predicted /sy values are listed in Table 2 and
depicted graphically in Fig. 4. Although the calculated
Onivo Values vary depending on the level of theory applied,

the predicted 45y values show similar variations among
the derivatives of A whatever the level of theory used;
the deviations between the values obtained at the three
levels are not significant. A—-NH, possesses the lowest
impact sensitivity (53.0-71.0 cm). A-NO, and A—ONO,
are the most sensitive of the derivatives: their s, values
are about 4.6-7.4 cm. The &5y value of A-OCHj3 (32.6—
42.3) is comparable to that of A (36.7 cm). Generally
speaking, the impact sensitivities of all the molecules
aside from A-NO, and A—-ONO, were found to be low-
er than that of RDX (26 cm) [30], a widely used ex-
plosive, meaning that their impact sensitivities are ac-
ceptable. The very positive Oniwo values of the extra —
NO, groups in A-NO, and A—ONO, result in less neg-
ative Oniyo  values, which evidently make A-NO, and
A-ONO, more attractive to electrons and further in-
crease their impact sensitivities.

Surface electrostatic potentials

Murray [50] and Politzer et al [51] pointed out that, for the C—
NO; bond, a more positive Vs max (the positive extreme of the
surface electrostatic potential) value usually corresponds to a
smaller bond dissociation energy, and the most sensitive mol-
ecules generally have higher anomalous charge imbalances.
To assess the relative sensitivities of the title molecules, the
positive and negative variances (o7 and ¢2) and the v and ¥,
max values of the three C—-NO, bonds of the trinitromethyl

Table 4 Predicted EHOMO;

Eumo» and E, values (all in eV) Compound Enomo Erumo E, E, Eq Promo Promo

of A and its derivatives, and MO06-2X  M06-2X  MO06-2X  MP2 B3PWI1

contributions of the substituents

in these molecules to their frontier A —-11.25 -3.00 8.25 12.44 5.50

orbitals (in %)* A—CHj; —10.86 =2.75 8.11 12.27 5.46 3.5 0.7
A-OCHj3; -10.93 —2.74 8.19 12.48 542 6.2 0.9
A-NH, -10.21 —2.80 741 11.71 4.79 41.9 2.2

% Prowo and P are the A-OH ~10.89 -2.76 8.13 1243 538 18.8 12

contributions of the substituents A-NO, -11.57 —3.42 8.15 12.71 5.19 2.6 494

to the HOMO and LUMO, A-ONO, -11.30 -3.25 8.05 12.37 5.30 9.8 82

respectively
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Fig. 5 Trends in Eyomo, ELumos and £, among the title compounds, as
calculated at the M06-2X/6-311++G** level

group were evaluated at the B3PW91/6-31G(d,p)//B3PW91/
6-31++G(3d,2p) level used in the literature [51], and the re-
sults are listed in Table 3. As is evident from this table, o~ is
far larger than o, which shows that the strength and variabil-
ity of the positive surface potential are stronger and larger than
those of the negative surface potentials, which agrees well
with the characteristics of energetic compounds. The v values
of the derivatives are closer to 0.25 than they are to A,
reflecting the idea that the introduction of functional groups
onto A helps to improve the balance between the positive and
negative surface potentials. The maximum Vj ,,x value
among the three C-NO, bonds in each title molecule de-
creases in the order A-OH>A-NO,>A-ONO,>A>A—
NH,>A-OCH;>A—-CH;. Although this order is not exactly
the same as the order of C-NO, bond BDEs among these
molecules, or the order of predicted /5, values among them,
the order of molecules is very similar for all three parameters,

A-CH;

Fig. 6 HOMOs (top) and LUMOs (bottom) of A, A-CH;, A-NH,, and A-NO,

meaning that Vm.x is a good indicator of the relative
sensitivities of the title molecules. In addition, the V; max
values of A—NO, are larger than those of A, i.c., the
introduction of the extra —NO, group weakens the orig-
inal C-NO, bonds and lowers their BDEs, which is
reflected in the smaller BDE of the C-NO, bond of
A-NO, in comparison with that of A.

Chemical stability

The energy gap (E,) between the frontier orbitals is a
widely used parameter that reflects the stability of a
molecule to chemical or photochemical processes in-
volving electron transitions or jumps [52, 53]. The E,
values of A and its derivatives were calculated at the
three levels of theory and the results are tabulated in
Table 4. The E, values of all of the molecules except
for A-NH, were similar whichever level of theory was
used, which means that the chemical stabilities of the
derivatives are comparable to that of A. In other words,
introducing a functional group (aside from an —NH,
group) onto A barely affects its chemical stability.

It is clear that A-NH, presents far smaller £, values than
the other compounds. Why is this? Figure 5 shows that the
Enomo values and Epynvo values of A-OH, A—-CH;, A—
OCHj;, and A—ONO, are very similar to those of A, which
leads to similar £, values too. The Exomo and Epymo values
of A-NO, are lower than those of A, and the drop in £} ypo is
slightly larger than the drop in Eyonmo with respect to A. For
A-NH,, Ey ymo 18 comparable to that of A, but its Eyomo 1S
much higher than that of A, which leads to its smaller £,.

The frontier orbital distributions were computed to deter-
mine their effects on Eyomo and Ey ymo. Since A, A—CH3, A—

A-NO,
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OCH;, A-OH, and A—ONO, show similar HOMO and
LUMO distributions, only those of A and A—CHj; are shown
in Fig. 6, along with the HOMOs and LUMOs of A-NH, and
A-NO,. The percentage contributions of the substituents to
the HOMO and LUMO were evaluated using the Multiwfn
program [54], and the results are listed in Table 4. The
HOMOs of A and A—CHj; are mainly located at the C—N
bonds in the triazole ring and the O atoms in the trinitromethyl
group, while the LUMOs are mainly associated with the three
N atoms in the ring and the C(R)-NO, group. The —CHj;
group makes minor contributions to the HOMO and LUMO
(3.5 % and 0.7 %). The similar HOMO and LUMO distribu-
tions for A and A—CHj result in similar Eyono Values, Ey yvo
values, and E, values for these molecules, and the same is true
of A-OCHj3, A-OH, and A-ONO,. For A-NH,, the —-NH,
group makes a considerable contribution (41.9 %) to the HO-
MO, causing a significant increase in Eyono. The LUMO is
barely affected by the introduction of the -NH, group, so the
Er umo of A—NHs is close to that of A. The LUMO distribu-
tion of A—-NO, and the contribution of the —-NO, group
(49.4 %) to it both show that the -NO, group considerably
affects the LUMO distribution, which may be responsible for
the smaller £y ypio of A-NO, than A.

Detonation properties

The energy content of an energetic molecule can be gauged
from its heat of formation, which is an important parameter of
energetic materials. In this paper, the gas-phase HOFs (AH(g)
values) of A and its derivatives were predicted by the
isodesmic reaction method. The results listed in Table 5 show
that the AH(g) values are 114.7-298.2 kJ/mol™". The fact that
the AgH(g) values are highly positive reveals that these mole-
cules store a large amount of heat, which improves their det-
onation properties. As a matter of fact, most explosives exist
in the solid state under normal conditions, so solid HOFs
(A¢H(s) values) are required to be able to evaluate the detona-
tion performance of solid molecules. In order to obtain AgH(s)
values, we determined the AHy,, values of the title molecules
(cf. Table 6). The data in Table 6 show that all of the molecules
except for A—CHj have positive AgH(s) values, which aid
detonation performance.

Detonation velocity, detonation pressure, and specific im-
pulse are the most important detonation characteristics of en-
ergetic materials, and Q and p are the most influential factors
in these detonation characteristics. The predicted O, p, D, P,
and / values are shown in Table 7. We see that introducing a —
CH;, —OCHs;, or —-NH, group decreases the density of A,
while introducing a —OH, -NO,, or -ONO, group increases
it. Only the addition of -OCH3 or —-NH, helps to improve Q
and ;. The solid detonation properties of A—OCH3;, A—NH,,
and A—OH are better than those of A, due to their larger O and
p values. The D values (8.59-8.82 km/s) and P values (33.72—

@ Springer

Table 5 The total energy (Ej), zero-point energy (Ezpy), thermal
correction (Hr), and heat of formation in the gas phase (AgH(g)) for
various compounds®

Compound  E (au) Ezpy (kJ/mol)  Hr (kJ/mol)  AgH(g)
(kJ/mol)

NH; -56.21367  90.7 10.0 —46.1 [58]
NH,CH; —95.24502 169.2 11.5 —23.5[39]
NH,OCH;  —170.06232 180.1 14.3 -23.6
NH,NH, —111.20838 139.7 119 93.4 [39]
NH,OH —131.03021 105.8 11.0 -39.1
NH,NO, —259.69604 101.1 11.5 9.1
NH,ONO, —334.49760 111.8 16.0 44.0

A —1093.89241 252.6 434 123.2 [32]
A—CHj; —1132.93492 326.3 47.8 114.7
A-OCH;  —1207.73532 3353 50.8 157.3
A-NH, —1148.89529 2959 471 237.5
A-OH —1168.69335 259.7 474 166.2
A-NO, —1297.33212 253.6 51.3 287.3
A-ONO,  —1372.14217 2643 53.8 298.2

* AfH(g) values of NH; derivatives (except for those indicated) were
calculated using the atomization method

35.54 GPa) of A, A-OCH3;, A-NH,, and A—OH are compa-
rable to or larger than those of RDX (D=8.75 km/s and P=
34.00 GPa), so these molecules can be used as single com-
pound explosives.

A plot of QO versus oxygen balance (OB) (see Fig. 7) shows
that Q initially increases but then decreases with increasing
OB, and it achieves its maximum value when OB equals
—2.72, which the closest plotted OB value to zero. As the
absolute value of OB shifts further away from zero, O gets
smaller and smaller. The excess O atoms in molecules (i.e.,
explosives) with positive OB values are converted into O,
molecules during explosions, and these O, molecules extract
some of the heat from the explosion, which results in smaller
O values for the explosives. When the OB of the explosive is
negative, some of the C and H atoms are not oxidized during

Table 6 Calculated enthalpy of sublimation (Ag,,/H) and heat of
formation in the solid (A¢H(s)) for each of the title compounds

Compound A4 (A% o’ v AgnH ArH(S)
(kJ/mol)? (kJ/mol)  (kJ/mol)
A 222.08773  5253.7 0.04791 239 23.1
A—-CH; 240.78091  2848.6 0.11072  28.8 —5.6
A-OCH; 252.85216 24854 0.11363  30.7 28.9
A-NH, 234.95037 4855.6 0.06339 27.5 122.6
A-OH 231.58095 5356.3 0.06365 274 51.8
A-NO, 250.40602  2834.1 0.05800 27.7 1713
A-ONO,  261.72042 2053.3 0.09363  30.8 169.2
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Table 7 Detonation properties of the title molecules

Compound  p(g/em®)  Q(callg) D (km/s) P (GPa) I (s)
A 1.91 1203.7 8.59 33.85 246.1
A-CHj; 1.84 1156.9 8.22 30.34 237.2
A—OCH; 1.83 1398.6 8.67 33.72 260.5
A-NH, 1.89 1328.2 8.82 35.54 2584
A-OH 1.94 1159.3 8.62 3443 2425
A-NO, 1.93 1047.5 8.35 3223 232.8
A-ONO, 1.95 870.9 8.02 29.92 214.0

the explosion, so maximum heat release is impossible, leading
to a smaller Q value. On the whole, the smaller the absolute
value of OB, the higher the Q value.

The presence of excess oxygen atoms lowers the det-
onation performance of A, A—OH, A-NH,, A-NO,, and
A—ONO, when they are used as single compound ex-
plosives, but they can be fully utilized in composite
explosives as oxidizers. Our previous studies [55, 56]

Table 8 Detonation properties of composite explosives that include A
or derivatives of it

Composite w/w p (0] D P 15 (s)
(g/em®) (callg) (km/s) (GPa)
RDX/A 0.70/0.30 1.88 14807 9.04 3725 2700
RDX/A-OH  0.60/0.40 1.89 15746 925  39.04 280.1
RDX/A-NH,  0.79/0.21 1.88 14982 9.0 37.68 2724
RDX/A-NO,  051/0.49 1.88 15514 919 3847 2779
RDX/A-ONO, 0.47/0.53 1.88 1604.1 929 3926 280.7

showed that composite explosives containing both
oxygen-rich explosives and oxygen-poor explosives
present enhanced detonation performance. Thus, com-
posite explosives of RDX using A, A-OH, A-NH,,
A-NO,, and A—ONO, as oxidizers were studied. The
weight ratios of these composite explosives were adjust-
ed to make the OBs of the mixtures zero. The explosive
reactions of these composite explosives are as follows:

A /RDX  2C3HOSNT (s) + C3H6N60G (s) = 9CO2 (g) + 4H20 (g) + 10N2 (g)
A-OH/RDX G6C3HOINT (s) + SC3H6N606 (s) = 33CO2 (g) + 18H20 (g) + 36N2 (g)
A-NH2/RDX 3C3H208NS(s) + C3H6N606 (s) = 12C02 (g) + 6H20 (g) + 15N2 (g)
A-NO2/RDX 3C3010N8 (s) + 4C3H6N606 (s) = 21CO2 (g) + 12H20 (g) + 24N2 (g)
A-ONO2/RDX 3C3HOSN7 (s) + SC3H6N606 (s) = 24CO2 (g) + 15H20 (g) + 27N2 (g)

The calculated detonation properties of these mixtures are
tabulated in Table 8. The densities of these mixtures are
1.88-1.89 g/cm , which are between those of the correspond-
ing oxidizer and RDX. The O values of these composite ex-
plosives are far larger than those of their components when
they are used as single compound explosives. These
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Fig. 7 Plot of Q versus oxygen balance (OB)

considerable improvements in Q can be attributed to the full
utilization of the excess oxygen present in the oxidizers, which
means that no heat is lost to the excess oxygen of the oxidizers
and full oxidization of the carbon and hydrogen atoms in RDX
occurs, releasing more heat. The D values and P values of
these mixtures are 9.04-9.29 km/s and 37.25-39.26 GPa, re-
spectively. The detonation performance of each composite
explosive is obviously better than those of its components,
and is comparable to that of HMX. The / values of these
mixtures are close to or even better thap that of CL-20
(278.8 s) [57].

Conclusions

The C—NO, bond of the trinitromethyl group is the weakest
bond in A, A-CH;, A-OCH3, A-NH,, A-OH, and A-NO,,
and no TS occurs during the decomposition of this bond. The
BDEs of the weakest C-NO, bonds of the trinitromethyl
group in these molecules are very similar, whatever the level
of theory used to calculate them. The contributions of -CH3, —
OCHj;, —OH, and —ONO, to the HOMO and LUMO distribu-
tions are small, meaning that their £, values are comparable to
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that of A. The impact sensitivities of A, A—-CHs, A—-OCHj;, A—
NH,, and A—OH are acceptable (26.7-71 cm), while those of
A-NO, and A-ONO, are quite high (4.6-7.4 cm).

The D, P, and I values of A and its derivatives are 8.02—
8.82 km/s, 29.92-35.54 GPa, and 214-260 s, respectively. A,
A-OCHj3;, A-NH,, and A—OH show moderately good deto-
nation performance when used as single compound explo-
sives. Composite explosives containing RDX and A, A—OH,
A-NH,, A-NO,, or A-ONO, as an oxidizer have much better
detonation properties (D=9.04-9.29 km/s, P=37.25—
39.26 GPa, and /;=270-281 s) than those of A or its
derivatives.
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