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Abstract. Density functional theory calculations at B3LYP/6-31G** and B3P86/6-31G** levels were per-
formed to predict the densities (p), detonation velocities (D), pressures (P) and the thermal stabilities for a
series of 1,2,4-triazole derivatives for looking high energy density compounds (HEDCs). The heats of forma-
tion (HOFs) are also calculated via designed isodesmic reactions. The calculations on the bond dissociation
energies (BDEs) indicate that the position of the subsitutent group has great effect on the BDE and the BDEs
of the initial scission step are between 31 and 65 kcal/mol. In addition, the condensed phase heats of formation
are also calculated for the title compounds. These results would provide basic information for further studies

of HEDCs.
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1. Introduction

Energetic materials (explosives, propellants and
pyrotechnics) are used extensively both for civil and
military applications. Continuous strong efforts have
been made to develop new materials having good
thermal stability, impact and shock insensitivity, better
performance, economic and environmentally friendly
syntheses in order to meet the requirements of future
military and space applications.'> Explosives con-
taining triazole rings have the advantages of less
molecular weight, high nitrogen content and density,
good thermal stability, low impact sensitivity and large
explosive volume, so that they can be used as outstand-
ing explosives. Triazoles and their derivatives have also
been widely used in the field of agriculture, biology,
medicine and photoelectricity duplication.™

The nitro group is an important group for ener-
getic materials.® Through increasing numbers of the
nitro group, the compounds’ density and the number
of mole gaseous combustion products formed by per
gram of material can be increased, thereby enhancing

*For correspondence

Density functional theory; heat of formation; bond dissociation energy; isodesmic reactions;

propellant performance. The nitrotriazole derivatives
are interesting energetic compounds.’ The syntheses of
nitrotriazole derivatives as energetic materials and as
intermediates to energetic materials have received a
great deal of attention in the past 10 years.® Krishna
Kumar et al.’ have investigated the hydrogen bond-
ing and molecular vibration of 3,5-diamino-1,2,4-
triazole. Karayel et al.'® reported the synthesis of
4-(2-phenylethyl)-5-(2-furyl)-2, 4-dihydro-3H- 1,2,4-
triazole-3-thione by X-ray diffraction and molecu-
lar modelling techniques. Krishnakumar et al.'! also
reported the synthesis of 3-mercapto-1,2,4-triazole by
using polyethylene pellet technique.

Typical triazoles, such as 3-nitro-1,2,4-riazol-5-
one (NTO) and 5-amino-3-nitro-1,2,4-triazole (ANTA),
have also been investigated experimentally and theo-
retically.'>"'* Prabhakaran et al.'’ have evaluated the
kinetic parameters of NTO using various kinetic mod-
els. Nitrotriazole derivatives represent a new genera-
tion of energetic materials, which are of interest due
to their potential high density, energy and properties
as solid propellant oxidizers.'® Exploring microscopic
pyrolysis mechanism, which addresses the question of
how an important impulse can initiate rapid exothermic
reactions leading to the detonation of explosive solids,
is always the research target of both theoretical and
experimental chemists.
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In general, the initiation of detonation involves
a complex interplay of molecular, crystalline and
physical factor.!”" Kamlet and Adolph thought that
correlations with a single factor can indeed exist if oth-
ers are kept as uniform as possible. "' However, Brill
and James' pointed out that a correlation does not
necessarily imply a causal relationship; it may simply
be symptomatic.

It is well-known that the dissociation of the weak-
est bond of an explosive molecule has been expected
to play an important role in the initiation of detonation.
Researches showed that R-NO, (R—C, N or O) bond is
the weakest bond in energetic ring molecules and the
rupture of this bond is the first step in decomposition
process.?*2? For a compound containing several nitro
groups, it is necessary to determine which bond is the
weakest bond.

Heat of formation (HOF) is one of the most cru-
cial thermodynamic quantities. It is required to estimate
the amount of energy released or absorbed in a chemi-
cal reaction, to calculate other thermodynamic func-
tions and, what is more important, to assess the stability
of a molecule.”?” However, to the best of our knowl-
edge, less experimental BDE values are available, and
the weakest bond has not been identified and studied for
thel,2,4-triazole derivatives. For HOFs, the values for
the title compounds are at present uncertain. Further,
because less than 0.02% of known organic species have
had their HOFs measured,?® the application of quantum
methods is both inevitable and desirable, provided that
reasonable accuracy can be obtained.

In this paper, the HOFs have been calculated for
several 1,2,4-triazole derivatives using density func-
tional theory B3LYP and B3P86 methods with 6-31G**
basis set via designed isodesmic reactions. Thermal sta-
bility was evaluated via BDE. Results from different
methods were compared. The condensed phase HOFs
and detonation performance data were also calculated
for the studied compounds. These results provide use-
ful information for the molecular design of novel
HEDMs.

2. Theory and computational details

The density functional theory (DFT)*** has been used
to evaluate BDEs and HOFs of interested molecules.
Geometry optimizations, energy and frequency calcu-
lations were carried out with the Gaussian03 pack-
age?! for nitrotriazole derivatives. All calculations of
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molecular geometry and energy were performed using
DFT method, Becke 3 parameters exchange and Lee,
Yang and Parr correlation functionals*?* and Perdew’s
86(P86),** with the default Gaussian convergence crite-
ria. 6-31G** basis set is used.

The studied nitroiazole derivatives are 5,5'-Dinitro-
3,3'-bi-1,24-triazole (C4H,NgO,), 3-Nitro-1-picryl-1,
2,4-triazole(CgH3;N;Og), 3-amino-5-picrylamino-1,2,4
-triazole(CgHgNgOg), ammonium-3,5 -dinitro-1,2,4-
triazolate(C,H4N¢O,), 4-Methyl-3,5-dinitro-1,2,4-tria-

zole(C;H3N50,), 4-(2-nitroethyl)-3,5-dinitro-1,2,4
-triazole(C4H4NgOp), 4-picrylamino-1,2,4-triazole
(CgHsN;O¢), 4-(2,4-dinitrobenzyl)-3,5-dinitro-1,2,4-

triazole (CyHsN;Og). Here, we assume a homolytic
cleavage of C-NO, bond while calculating BDEs,
the fragments are radical species. The calculations
of geometry and energy for all fragments were per-
formed using the spin-unrestricted method with the
same basis set 6-31G**. Vibrational analysis has also
been performed for each stationary point to verify a
minimum energy structure and to provide zero-point
energies (ZPEs) and thermal correction. The < S? >
values are all very close to 0.75, which shows negli-
gible spin contamination of pure doublets states for
fragment open-shell systems. For every molecule, we
optimized several possible stereoisomers, and selected
the structure with the lowest energy as the most stable
structure. Figure 1 shows the molecular frameworks of
the studied title compounds.

The R-NO, bond strength is obtained by calculat-
ing the BDE, defined here as the difference between
the total energy of the parent molecule and the ener-
gies of the products of the unimolecular dissocia-
tion.¥ For example, for 4—Picrylamino-1,2,4-triazole
(C8H5N706), the BDE is

BDE == E (C3H5N604) + E (NOz) - E (C3H5N7 06) .
)

The bond dissociation energy with ZPE correction
BDE,py = BDE + AZPE, )

where AZPE is the difference between the zero-point
energies (ZPE) of the products and the reactants.

The predictions of HOFs adopt the hybrid DFT
B3LYP and B3P86 methods with 6-31G** basis set
via designed isodesmic reactions.*® The method of
isodesmic reactions has been employed very success-
fully to calculate HOFs.*"? The HOFs for the title
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Figure 1. Molecular frameworks and chemical names.
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compounds were derived from the following isodesmic
reactions.
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For the isodesmic reaction (3)-(10), heat of reaction
A Hjog at 298 K can be calculated from the following
equation

AHps =Y AHpp— Y AHge, (11

where AH; p and AHjy are the HOFs of products and
reactants at 298 K, respectively. The HOFs of the title
compounds can be figured out when the heat of reaction
is known. The HOFs at 298.15 K can be calculated from
the following equation

AHyg sk = AEygisk +A(PV)
= AEy+ AZPE + AH;y + AnRT

= > AH{- )  AH) (12)

product reactant

where AE, and AZPE are the total energy difference
and the zero-point energy difference between products
and reactants at 0 K, respectively; A Hr is the changes
in thermal correction to enthalpies between products
and reactants; Y AH) and ) AH] are sums of

product reactant

the heats of formation for products and reactants in
gas at 298.15 K, respectively. A(PV) equals AnRT for
reaction in gas phase.

3. Results and discussions

3.1 The bond dissociation energies of several
1,2,4-triazole derivatives

The thermal stability of title compounds should be
emphasized because of high energetic insensitive explo-

sive. Natural bond orbital analysis can be used to investi-
gate the relative stability of molecules,*® while the stabi-
lity of a molecule is usually evaluated by its bond
dissociation energy, especially for energetic materials.
So, in this paper, we calculated the dissociation ener-
gies for the possible initial steps in the pyrolysis route.
It should be pointed out that we select the C-NO,, N—
NH,, N-CH; and C-NH, bonds as the possible break-
ing bond at the B3LYP/6-31G** and B3P86/6-31G**
levels. The values of BDEs are listed in table 1. As has
been suggested by Chung et al.,*' a molecule should
have more than 20 kcal/mol barrier to dissociate in
order to be considered as a viable candidate for new
HEDMSs. From table 1, we can conclude that all the
molecules investigated are all viable candidates for new
HEDMs. From table 1, it is also noted that the BDE
calculated by B3P86 functional is about 4.2 kcal/mol
higher than the result calculated by B3LYP functional,
which is consistent with the result calculated before.*

For compound (1), the BDEs of the C;-N; and
C,>—N,> bonds are equivalent and the BDE of the C,—
N, bond is 60.1 kcal/mol. For compound (2), the BDEs
of the C,—N, and C¢—Ng4 bonds are equivalent, so there
are three possible breaking bonds, the C;—N;, C,—Nj,
and C4—N, bonds. From table 1, we can see that the C,—
N, BDE is the smallest and is equal to 44.9 kcal/mol for
B3LYP/6-31G** method. This means that the C,—N,
bond may be the initial scission step.

The BDEs of the C,—N, and Cs—N¢ bonds are equiva-
lent for compound (3); the C,—N, BDE is 54.5 kcal/mol
for B3LYP method, which is smaller than the C,—N,
and C-NH, BDEs. This means that the C,—N, bond
is the possible initial scission step. For compound (4),
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Bond dissociation energies (BDE, kcal/mol) for several title compounds at B3LYP/6-31G** and B3P86/6-31G** levels.

Table 1.
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Hsg
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Cr—N,

Compound C;-N;

153
68

64.2 (C;-N,»)

49.5

49.5

64.2
58.7

60.1 (C;-N,»)

56.8 44.9

44.9

60.1
55.5

@
(2)
3
@
(%)
(6)

230

1153

58.7

58.7

110.2

54.5

67.3

54.5

110
155

55.8 (Np-N3)

353

69.4

50.4 (Np-N3)

31.9

64.5

35
314

65.2
65.5

92.1
553

65.2
65.5

60.9
61.3

87.4
51.3

60.9
61.3

96

574
63.1

70.0
70.1

57.4
65.9

63.1

53.4
58.8

66.0
64.8

534
60.2

58.8

)
)

Numbers in bold mean that the corresponding bond is most reactive in the studied compounds
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the BDE of the N,-N; bond is 50.4 kcal/mol, which is
larger than that of the Cs—Nsbond and smaller than that
of the C;—N, bond.

For compound (5), the BDEs of the C;—N, and Cs—Nj
bonds are equivalent and are all equal to 60.9 kcal/mol,
while the BDE of the C,—N, bond is 87.4 kcal/mol. The
BDEs of the C;-N; and Cs—Ns bonds are also equiva-
lent for compound (6) and is equal to 61.3 kcal/mol,
which is larger than that of the C;—N; bond. For com-
pound (8), the BDEs of the C;—N; and Cs—Njs bonds
are equivalent and are all equal to 58.8 kcal/mol, which
are smaller than the BDEs of C,—N, and C,—~N, bonds.
When compared the structures of compounds (5), (6)
and (8), it is noted that the substituted group has great
effect on the BDE of the weakest bond. The methyl
group at 4-position on the 1,2,4-triazole ring is substi-
tuted by 2-nitroethyl group, the BDE of the weakest
bond decreases from 60.9 kcal/mol to 51.3 kcal/mol.
When the 2-nitroethyl group at 4-position on the 1,2,4-
triazole ring is substituted by 2,4-dinitrobenzy group,
the BDE of the weakest bond increases from 51.3
kcal/mol to 58.8 kcal/mol. In addition, it is also noted
that the BDE of the weakest bond is 51.3 kcal/mol
when the substituted group is the 2-nitroethyl group at
4-position on the 1,2,4-triazole ring, while the BDE of
the weakest bond drastically decreases to 31.9 kcal/mol
when the substituted group is the ammonium group at
1-position on the 1,2,4-triazole ring.

For compound (7), the BDEs of the C,—N, and C4—
N bonds are equivalent and are equal to 53.4 kcal/mol,
which is smaller than that of the C,—N, bond and may
be the initial scission step.

For the title compounds, the BDE values of the ini-
tial scission step are between 31 and 65 kcal/mol,
which are higher than those of piperidine and diazocine
compounds* and polynitro benzoate molecules. *

From the above analysis, it is noted that compound
(4) is the most reactive compound, while compound
(5) is the least reactive compound for the 1,2,4-triazole
derivatives studied in our paper.

In addition, the position of the substitutent group has
great effect on the BDE. The eight nitrotriazole com-
pounds have many isomeric compounds. Here, we calcu-
lated some isomeric structures of the compound (5) with
B3LYP/6-31G** method and obtained the dissociation
energies for the possible initial steps in the pyrolysis
route. The results are listed in table 2. The molecular
structures of six compounds are listed in figure 2.

From table 2, it is noted that the position of nitro
group has an important effect on the BDE for the
molecules with all nitro group attached to C atoms. For
example, the BDE of C-NO, on C; site is 1.9 kcal/mol
lower than the BDE of C—NO, on Cs site for 2-methyl-
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Table 2. Bond dissociation energies (BDE, kcal/mol) of some isomeric structures of the compound 5

at B3LYP/6-31G** level.

Compound C 1 —N1 C2—N2 C5 —N5 N2 —N3 C5 —C4
4-Methyl-3,5-dinitro-1,2,4-triazole 60.9 87.4 60.9
2-Methyl-3,5-dinitro-1,2,4-triazole 62.5 102.2 64.4
1-Methyl-3,5-dinitro-1,2,4-triazole 63.6 101.4 61.7
5-Methyl-3,4-dinitro-1,2,4-triazole 56.5 20.9 110.9
3-Methyl-2,5-dinitro-1,2,4-triazole 63.8 34.5 111.2
5-Methyl-2,3-dinitro-1,2,4-triazole 56.4 27.3 160.6

The bold-faced number means that the corresponding bond is most reactive in the studied compound

N
\ /\N
N ¢’
\ G o
) N N A

0
Omzeee
G
.\
/ Z\N
H Cy Cs
\\/01 o
H N \N/
il
o]

3-Methyl-2,5-dinitro-1,2,4-triazole

0 N
N 2
\\ \
\ N
\\
/) N 1
g
/
/
Y
o)

H

\
/Cz/
H

/0

5

\N/CS\N

Ozzzmeeen

2-Methyl-3,5-dinitro-1,2,4-triazole

0
[o R
\Ni
N
\ / S~
/\N1_C1 9y
Y/ \\ Cs
7 / \

5-Methyl-2,3-dinitro-1,2,4-triazole

Figure 2. Molecular frameworks and chemical names of some isomeric structure of
compound (5) (4-Methyl-3,5-dinitro-1,2,4-triazole).
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Table 3. Calculated total energy (Ey), zero-point energy (ZPE) and heats of formation (HOF) of
the reference compounds at the B3LYP/6-31G** level.
Compound Ey ZPE HOF (kcal/mol) Ref.
CH,4 —40.473159 28.38 —17.8 42
C,Hg —79.755178 47.21 —20.05 42
CH;NO, —244.959157 31.49 —19.3 42
CeHg —232.147908 63.22 16.2 41
CH;NH, —95.788776 40.43 —-54 41
1,2,4-Triazole —242.189296 37.64 46.1 43
Ey is in a.u., ZPE and HOF are in kcal/mol

3,5-dinitro-1,2,4-triazole and the BDE of the weakest 3.2 Heats of formation

bond is 62.5 kcal/mol. For 1-methyl-3,5-dinitro-1,2,4-
triazole, the BDE of C-NO, on C; site is 1.9 kcal/mol
larger than the BDE of C-NO, on C;s site and the BDE
of the weakest bond is 61.7 kcal/mol. The BDEs of
C,-N; and Cs—Ns bonds are the same and equal to
60.9 kcal/mol for compound (5), which are the weakest
bonds. A possible explanation for the above behaviour
is that the presence of the weak interaction between O
atom of nitro group and adjacent hydrogen atom, weak-
ens the C-NO, bond length. In addition, this indicates
that the compound is more reactive when the methyl
group is attached to the nitrogen atom on 1-position of
1,2,4-triazole.

From table 2, it is also noted that N-NO, bond
strength is between 20 and 35 kcal/mol for the
molecules with nitro group attached N atom. And N-
NO, bond is the weakest bond for the molecules con-
taining N-NO, linkage (such as 5-methyl-3,4-dinitro-
1,2,4-triazole, 3-methyl-2,5-dinitro-1,2,4-triazole, 5-
methyl-2,3- dinitro-1,2,4-triazole). This indicates that
the rupture of N-NO, bond is the initial site in the
decomposition process.

Table 4.

Table 3 lists the total energies and zero-point energies at
the B3LYP/6-31G** method for several reference com-
pounds involved in the isodesmic reactions (3)—(10).
Thermodynamic information was obtained from scaled
vibrational frequencies with scaling factors taken from
Scott and Radom.® The experimental HOFs of refe-
rence compounds CH,, C;Hg, CH;NO,, CH3NH,, C¢Hg
are taken from refs.*®*’, Table 4 shows the total ener-
gies, zero-point energies, the values of the thermal cor-
rections for title compounds, and the values of HOFs
obtained via Eq. (12). Previous studies showed that
theoretically predicted values of HOFs were in good
agreement with experiments by choosing appropriate
reference compounds in the isodesmic reactions. >

It is noted from table 4 that the HOFs calculated
by B3LYP/6-31G** and B3P86/6-31G** methods are
similar and the HOFs calculated by B3P86/6-31G**
method are slightly smaller than those by B3LYP/6-
31G** method. From the calculated results, we can
see that substituent groups greatly affect the HOFs of
the title compounds. The gas phase HOF of 1,2,4-

Calculated total energy (Ej), zero-point energy (ZPE) and heats of formation (HOF,

kcal/mol) of the title compounds at the B3LYP/6-31G** and B3P86/6-31G** levels.

B3LYP/6-31G**

B3P86/6-31G**

Compound Ey ZPE HOF Ey ZPE HOF
1) —892.164964 65.65 95.75 —894.201185 66.60 95.37
(2) —1291.095157 93.64 70.84 —1293.008034 94.70 70.39
(®)) —1197.318157 114.18 50.48 —1200.127128 115.28 47.48
“4) —707.631966 65.18 55.54 —709.242447 65.93 51.62
Q) —690.425391 57.79 46.99 —691.995186 58.41 46.39
(6) —934.200279 77.92 37.61 —936.305502 78.69 37.20
@) —1141.914982 102.68 81.37 —1144.594512 103.66 80.09
3 —1330.373742 112.15 60.23 —1333.442696 113.23 59.61
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Table 5. The predicted condensed phase
heats of formation of the 1,2,4-triazole
derivatives (kcal/mol).

Compound AH) (condensed)
) 204.13
2) 105.40
3) 159.55
@) 105.69
5) 85.92
6) 77.39
R 132,67
8) 97.26

triazole is 46.1 kcal/mol,** while the HOF of com-
pound (1) is 95.75 kcal/mol at B3LYP/6-31G** level.
This shows that the HOF of the compound drastically
increases when a H group at 5-position is substituted
by nitro group and a H group at 3-position is sub-
stituted by 5-nitro-1,2,4-triazole for 1,2,4-triazole. The
HOFs of compounds (5), (6) and (8) are 46.99, 37.61
and 60.23 kcal/mol, respectively. This shows that the
HOF increases when a 2-nitroethyl group at 4-position
on 1,2.4-triazole ring is substituted by a methyl group,
while the HOF decreases when the 2,4-Dinitrobenzyl
group at 4-position on 1,2,4-triazole ring is substi-
tuted by a methyl group. The HOF of compound (7)
is 81.37 kcal/mol. When the H atom at 3-position of
compound (7) is substituted by an amino group and
the picrylamino group at compound (7) moves from
4-position to 5-position, the HOF of the compound
obtained decreases drastically and is equal to 50.48
kcal/mol.

In view of these theoretical results, compound (2)
has smaller initial scission bond and bigger HOFs, so
it is advisable for us to select compound (2) in order to
obtain the desirable energetic materials possessing high
explosive performance.

From table 4, it can be seen that the calculated
HOFs for our investigated molecules are all endother-
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mic, which is desirable for HEDMs. Since no experi-
mental values are available, we have also calculated the
HOFs at B3P86/6-31G** level. Comparing the calcu-
lated HOFs by the two different levels, one can obtain
that the discrepancy of the two levels is very small,
with deviations ranging from 0 to 4.0 kcal/mol and
with an average value of 1.3 kcal/mol. It is noted that
the discrepancy of the two levels for compound (4) is
about 3.9 kcal/mol. The linear relationship between the
HOF:s obtained by B3LYP/6-31G** level and B3P86/6-
31G** level is very good:

AH] (B3P86) = —2.3472+1.0163 x AH} (B3LYP),

13)
with R? = 0.998. The coherency obtained from the two
levels demonstrates precision and suggests reasonable
accuracy.

The condensed phase AH_?. is the potential perfor-
mance of the energetic material of interest. In order
to accommodate this need, we compute the condensed
phase AH/? of all mentioned energetic compounds
through the same method of Byrd and Rice. According
to Hess’s law, the condensed phase heat of formation

(AHY,,) can be obtained by
0 0
AI-If(t') = AI-If(g) - AH\'ub’ (14)

where AH?(g) is the predicted gas phase heat of for-
mation, A H,,, is the heat of sublimation. The heat of
sublimation can be represented as

AHy, =a(SA)” + by/ (o) +c, (15)
where the constants a, b, and ¢ are determined through
a least-squares fit of Eq. (15). SA is the surface area
of the 0.001 electron/bohr® isosurface of the electron
density of the molecule, o2, is a measure of the vari-
ability of electronic potential on the surface, and v is
the degree of balance between the positive and nega-
tive charges on the isosurface. The latter two quantities
have been shown by Politzer et al. to be important in

Table 6. Method for calculating the N, M, and Q parameters of the C,H, O Ny explosives.

Stoichiometric ratio

Parameters c>2a+0.5b 2a +0.5b > ¢ > 0.5b 0.5b > ¢
b+2 2d b+2 2d b+d
N (mol/g) bt2c+2d btic+2d +
4Mr AMr 2Mr
_ 4Mr 56d + 88¢ — 8b 2d + 28d + 32¢
M (g/mol) [ — e rees <0 1 206 1 JaC
b+2c+2d b+2c+2d b+d
120.9b + 196.8a + AH}’ 120.9b + 196.8 (¢ — 0.5b) + AH; 241.8¢ + AH}‘Z
0x1073 (J/g) _
Mr Mr Mr
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Table 7. The predicted densities and detonation properties of the title compounds.
Compounds 0 (Kl/g) V (cm?/mol) o (g/lem?) D (km/s) P (GPa)
1) 5.453 122.2 1.85 9.72 48.2
2) 5.963 179.4 1.81 9.17 42.0
(€) 4.925 158.0 1.96 8.16 31.3
(€)) 6.303 105.9 1.66 8.40 29.8
5) 6.076 105.8 1.63 7.87 25.9
(6) 6.155 153.3 1.51 7.53 22.5
7 5.537 154.1 1.91 7.95 29.1
8 5.719 179.6 1.89 9.43 45.8
RDX*? - - 1.81 8.75 34.7
HMX? - - 1.90 9.10 39.0

4Data for RDX and HMX are from Ref. 51

treating macroscopic properties that are dependent on
non-covalent electrostatic interactions. *4->

The B3LYP hybrid generalized-gradient approxima-
tion (GGA) density functional theory was used with
6-3114+4G(2df,2p) basis set to optimize geometries
and determine the densities for generating the electro-
static potentials (ESPs) and the atom and group equiva-
lents. The optimized structure is assumed to correspond
to a local potential energy minimum. The computed
condensed phase heats of formation are listed in table 5.

3.3 Detonation performance data

Detonation velocity (D) and pressure (P) are the most
important characteristics of energetic materials. For a
series of the explosives with CHNO elements, detona-
tion velocities and pressures can be calculated by using
the Kamlet—Jacobs equation’!-2:

D = 0.7062 x ®°° (1.0 + 1.3p) (16)
® = NM Q"
P = 7.617 x 103dp?, (17)

where each term in Eqgs. 16 and 17 is defined as follows:
P, detonation pressure (GPa); D, the detonation velocity
(km/s); p, the packed density (g/cm?); ®, the charac-
teristics value of explosives; N, the moles of gas pro-
duced by per gram of explosives; M, an average molar
weight of detonation products; and Q, the estimated
heat of detonation (KJ/g). Here, the parameters N, M,
and Q were calculated according to the chemical com-
position of each explosive®> as listed in table 6. The
HOFs calculated by B3LYP/6-31G** level are used.
The density of each compound was predicted according
to the reference, in which the electrostatic potential is
considered.

Table 7 collects the predicted V, p, Q, D and P
of the title compounds. The experimental data>* of

hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and 1,3,
5,7-tetranitro-1,3,5,7- tetraazacyclooctane (HMX) are
also listed in table 7. It is noted that the values of
0, D, P for compound (1) are 1.85 g/cm?, 9.72 km/s
and 48.2GPa, respectively, which are bigger than those
for RDX. For compound (2), the calculated detonation
velocity is 9.17 km/s, which is larger than those of
RDX and HMX, and the calculated detonation pressure
is 42.0 Gpa, which is greater than to that of RDX and
HMX. The detonation velocity and detonation pressure
for compound (8) are 9.43 km/s and 45.8 GPa, respec-
tively, which are also higher than those for RDX and
HMX. Therefore, we think that the three compounds
satisfy the quantitative standard of high energetic den-
sity compound (HEDC) (p ~ 1.9 g/cm?, D ~ 9.0 km/s,
P = 40 GPa).”

The detonation properties of compounds (6), (5) and
(3) are not as large as those of HMX and RDX, 7.53
km/s and 22.5 Gpa for compound (6), 7.87 km/s and
25.9 Gpa for compound (5), 8.16 km/s and 31.3 Gpa
for compound (3). The small HOF value brings the low
detonation velocity and pressure.

4. Conclusions

Using density functional theory, we have calculated the
thermochemistry properties such as BDEs, HOFs for
the 1,2,4-triazoles derivatives. We have obtained the ini-
tial scission bond for the title compounds through cal-
culating the possible initial steps in the pyrolysis route.
The results show that compound (4) is the most reac-
tive compound, while compound (5) is the least reac-
tive compound for the 1,2,4-triazole derivatives studied
in this work. HOFs at 298 K in gas are calculated via
isodesmic reactions at two different calculation levels
B3LYP/6-31G** and B3P86/6-31G**. The coherency
of the HOFs obtained from the two levels demon-
strated our calculational accuracy. The condensed phase
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heats of formation and detonation performance data of
the title compounds are also calculated according to
the HOFs calculated by B3LYP/6-31G** level. Com-
pounds (1), (2) and (8) can be considered for HEDC
because of the excellent detonation properties.
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