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Abstract This work is a study of 5-amino-3-nitro-1,2,4-tri-
azole (ANTA), 3-nitro-1,2,4-triazol-5-one (NTO), and
nitrated derivatives of ANTA and NTO. RDX and TNT were
studied for comparison. ANTA and NTO are low-sensitive
high explosives with detonation properties comparable to
2.4,6-trinitrotoluene (TNT) and 1,3,5-trinitroperhydro-1,3,5-
triazine (RDX). We showed previously that nitrated NTO
and ANTA compounds, when used in a glycidyl azide poly-
mer (GAP) matrix in rocket propellants, could give impulses
above 2600 m/s and that the oxygen balance is positive. If
used in aluminized explosives, the heat of detonation may
be increased to a practical level significantly above RDX/
aluminum compositions. Here, we use two different methods
for sensitivity and two density functional theory functionals,
B3LYP and M06-2X with the 6-31G(d) basis set, together
with the complete basis set method CBS-4M. Calculations
indicate that most of the nitrated derivatives have nearly equal
sensitivity to RDX. Significantly different bond dissociation
energies in the nitrimino functional group are predicted, al-
though most models give much the same result.

Keywords NTO - ANTA - Detonation properties - Impact
sensitivity
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ANTA  5-amino-3-nitro-1,2,4-triazole
AP Ammonium perchlorate
B3LYP Hybrid DFT functional
CBS- Complete basis set method
4M

D Detonation velocity

DFT Density functional theory
E, Activation energy

E, Bond dissociation energy
ESP Electrostatic potential
Etotal Total energy

GAP Glycidyl azide polymer
Is Impact sensitivity

m Mass of drop weight
MO06- Hybrid DFT functional
2X

NTO 3-nitro-1,2,4-triazol-5-one

P Detonation pressure
Q Heat of detonation
R The gas constant, 8.314 J/(mol K)

RDX 1,3,5-trinitroperhydro-1,3,5-triazine

T Temperature

Tex Temperature of detonation

TNT 2.4,6-trinitrotoluene

v Volume of detonation products

v Degree of balance between the positive and the
negative electrostatic potentials on the isosurface.

Introduction

The high energetic triazoles 5-amino-3-nitro-1,2,4-triazole
(ANTA) and 3-nitro-1,2,4-triazol-5-one (NTO) have high
densities, and their detonation pressure and velocity are
comparable to those of 1,3,5-trinitroperhydro-1,3,5-
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triazine (RDX). Nevertheless, ANTA and NTO have low
sensitivity and might therefore be attractive materials in
compositions where this property is important. Nitrated
ANTA and NTO compounds might be even more in-
teresting in this respect, due to the improved oxygen
balance and enthalpy of formation of such derivatives.
As long as the sensitivity and the thermal stability are
tolerable, they may be suitable as fillers/oxidizers in
minimum-smoke rocket propellant and in aluminized
explosive compositions.

One of the most frequently used sensitivity measures is
that of impact sensitivity. The test is performed by dropping a
mass, most frequently 2.5 kg, on a sample, and determining the
height from which 50% of the drops lead to reaction. The sen-
sitivity is reported either as the drop height in centimeters or as
the corresponding impact energy in Joules. Some parameters
assumed to have an effect on the sensitivity have indeed been
calculated, e.g., Mulliken charges, electrostatic potentials, and
bond dissociation energies [1-7], but a general theory for
impact sensitivity has not yet been introduced. Therefore,
it is not possible to calculate this parameter precisely for
most energetic molecules [8—10].

Owens carried out molecular orbital calculations to de-
termine the energy barriers for bond rupture in some ener-
getic molecules [11]. He found that the energy required to
break the weakest bond in the molecule correlated well
with the impact sensitivity. It has been suggested that the
ring-NO, rupture might be the rate determining step in the
initiation of decomposition of many energetic materials
[3]. Kuklja [12—14] showed by quantum mechanics that
cleavage of the N-NO, bond in RDX requires less energy
in an isolated molecule than for a molecule in the bulk of
the solid. Interestingly, if the molecule is located near a
free surface of the crystal, less energy is required to break
the N-NO, bond than for both the bulk crystal molecule
and the isolated molecule. See also references [15-20] for
other models of sensitivity. Currently it seems that sensi-
tivities are only estimated in terms of general trends,
whereas, for instance, relationships to heats of detonation
and free space in lattice are also important.

There have been several theoretical characterization studies
of 1,2,4-triazoles [21-24]. Ravi and coworkers [25] have
calculated the explosive performance, band gaps, and
Mulliken charges of 70 NTO derivatives. The substituted

Fig. 1 Molecular structures of NO,
1,3,5-trinitroperhydro-1,3,5- I
triazine (RDX), 2,4,6- N
trinitrotoluene (TNT), 5-amino-3- r ﬁ
nitro-1,2,4-triazole (ANTA), and

N _N - /
3-nitro-1,2.4-triazol-5-one (NTO) oN~ > wo, N

RDX
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groups were CHs, NO, NO,, and NH,. For NTO deriva-
tives, Turker and Atalar [26] showed that the bond disso-
ciation energy was dependent on the substitution position
of the nitro group. When Zbarsky and Yudin [27] nitrated
NTO, they found that products with the nitro group at-
tached to nitrogen in the heterocycle were very sensitive.
They reported the burn rate of nitro-1,2,4-triazol-5-one with
unknown numbers of substituted nitro groups to be 100 mm/s
at 10 MPa [27].

Jadhav et al. [28] nitrated both amine nitrogen atoms of
NTO and obtained a product (1,3,4-trinitro-1,2,4-triazol-5-
one) with an oxygen balance of +21%. They reported an
impact sensitivity of 24 J for this compound, indicating
that it is less sensitive than RDX, which has a correspond-
ing value of 7.5 J [28]. On the other hand, Dippold et al.
[29] found that the nitrated ANTA product 5-nitramino-3-
nitro-1,2,4-triazole was more friction- and impact-sensitive
than RDX.

In this work, we compute the N-NO, and C-NO, bond
dissociation energies by using two DFT functionals, B3LYP
and M06-2X, and the complete basis set method CBS-4M. We
estimate the impact sensitivities of RDX, 2,4,6-trinitrotoluene
(TNT), NTO, ANTA, and the nitrated 3-nitro-1,2,4-triazole
derivatives. For reference, the Appendix shows the detonation
properties and oxygen balance of the molecules. These values
are mostly given in reference [30].

Theory and methods
Molecules

Figure 1 shows the molecular structures of RDX, TNT, ANTA
and NTO. RDX and TNT are used as reference compounds.
The molecular structures of the nitrated NTO and ANTA de-
rivatives are shown in Figs. 2 and 3, respectively. Detonation
properties and oxygen balance of the molecules can be found
in Table 4 in the Appendix.

Models for impact sensitivity
If the heat of detonation, Q, represents the decomposition

energy, the impact sensitivity, I5o, can be expressed by Eq. 2.1:

CH, NH, 0
ON NO, )\ /lk
N7 NH O HN NH
-
NO, o,N o,N
NT ANTA NTO
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Fig. 2 Molecular structures of nitro-substituted NTO compounds. From /ef to right: 1,3-dinitro-1,2,4-triazol-5-one (1), 2,3-dinitro-1,2,4-triazol-5-one
(2), 3.,4-dinitro-1,2,4-triazol-5-one (3), and 1,3,4-trinitro-1,2,4-triazol-5-one (4)

Iso = mg(a) + azexp[—a;(0—a4))) (2.1)
where m is the mass of the drop weight (2.5 kg), g is the
gravity constant, a; = 0.278331 m, a, = 1.1135 x 10> m, a-
5 =11.0793 g keal ', and a4 = 1.6606 kcal g ' [3]. A hybrid
model (Eq. 2.2) was also applied, combining the ESP balance
parameter and the heat of detonation:

Iso = mg(aiexplayv—az(Q—as)]) (2.2)

where a; = 1.341 x 102 m, a, = 8.1389, a3 = 6.7922 g kcal !
and a, = 1.4737 keal g ' [3].

Some models are based on the assumption that the two
primary factors determining the impact sensitivity are the
bond dissociation energy of the weakest C-NO, or the N—
NO, bond and the energy content of the molecule [19, 31,
42, 43]. The energy content in the models is expressed as
the detonation temperature, the total energy of the molecule,
and the heat of detonation of the molecule. The models are
derived by first assuming that the rate determining step is the
elementary unimolecular decomposition.

Computational details

The detonation heat (Q) and temperature (7) for the materials
were computed in EXPLOS5 [43]. For the quantum chemical
calculations, we used the DFT or the complete basis set method

Fig. 3 Molecular structures of NH,
nitro-substituted ANTA
compounds. Upper row, from left
to right: 5-amino-1,3-dinitro- N N
1,2,4-triazole (5), 5-amino-3,4- /
dinitro-1,2,4-triazole (6), 5-
nitramino-3-nitro-1,2,4-triazole
(7). Bottom row, from left to right: 5
5-nitrimino-3-nitro-1,2 4-triazole
(8), 5-nitrimino-1,3-dinitro-1,2,4-
triazole (9), 5-nitrimino-3,4- [l
dinitro-1,2,4-triazole (10), 5-

nitrimino-1,3,4-trinitro-1,2,4- HN NH
triazole (11)

)\ /NOZ

as implemented in the GAUSSIANO09 software [32]. The bond
dissociation energy Ey, at 7 = 0 of the bond A-NO, is

Ey = A(A") + E(NO,-)~E(A-NO;) (2.3)

where A(A-), E(NO,:) and E(A —NO,) denote the ground
state electronic energy (open shell model) of the compounds
A:, NO,-, and E(A —NO,), respectively.

Without including the zero point energy, the total energy
(ETota1) Was determined with the hybrid DFT functional
B3LYP with the 6-31G(d) basis set. B3LYP has become pop-
ular for computation of optimized structures and thermochem-
ical properties for energetic materials. However, all our mole-
cules contain nitro groups, and, according to Brinck and
Rahm, neither geometries nor energies have been successfully
calculated by B3LYP for such compounds [33]. Yan and co-
workers found that this functional gave dissociation energies
that were too low for C—N bonds. On average, their calculated
values were more than 20 kJ mol ' lower than the experimen-
tal results [34]. For that reason, we included the M06-2X
functional in our study. We were inspired by Zhao et al.
[35], who reported that this hybrid DFT functional gives better
results than B3LYP. In addition to the basis set 6-31G(d), we
carried out M06-2X calculations with the larger basis set 6-
311+G(2d, p). Our motivation for doing so was that the bond
dissociation energies may be dependent on the size of the
basis set.

NH,

O,N
M Ny

O,N O,N
6 7

||\1No2 ||\1No2 ||\|No2
/k NO, O,N O,N /K NO
HN NS 2N NH 2 N N2
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Table 1 N-NO, bond

dissociation energies (in Compound Bond B3LYP + MO6- MO06-2X + CBS-
kJ mol ") calculated by the 6-31G(d) 2X + 6- aM
B3LYP/6-31G(d), M06-2X/6- 6-31G(d) 311+G(2d,p)
31G(d), M06-2X/6-311+G(2d.p),
and the CBS-4M method. RDX RDX NI-NO, 154 204 196 -
1,3,5-Trinitroperhydro-1,3,5- RDX N3-NO, 151 200 189 187
triazine RDX N5-NO, 151 200 189 187
1 N1-NO, 97 134% 124 115
2 N2-NO, 9 437 41 23
3 N4-NO, 49 86" 77 67
4 NI1-NO, 97 139 128 124
4 N4-NO, 54 947 84 86
5 NI1-NO, 98 135% 126 145
6 N4-NO, 34 70% 63 83
7 N6-NO, 116 1617 153 125
8 N6-NO, 199% 305% 296 273
9 N1-NO, 70 110 100 81
9 N6-NO, 165 300 292 272
10 N4-NO, 24 64 56 38
10 N6-NO, 167 292 284 263
11 N1-NO, 42 95 85 65
11 N4-NO, 14 60 56 34
11 N6-NO, 118 158 155 253
“Ref. [30]
The B3LYP and M06-2X functionals contain a number of  Results

constants that were fitted to experimental data. The calculated
geometries and energies therefore depend, to some extent, on
the parameterization set. Therefore, we also applied a non-
DFT method to calculate the bond dissociation energy. This
method, CBS-4M, is based on the Hartree-Fock theory and the
Maoller-Plesset perturbation theory.

The molecular structures were at first geometry optimized
with the B3LYP/6-31G (d,p) functional. The optimized struc-
tures showed that the NTO and ANTA derivatives had a plane
conformation if there were no nitro groups at the neighboring
position in the molecule. If a nitro group was at a neighboring

Table 2 C-NO, bond

dissociation energies (in Compound Bond B3LYP + MO6- MO06-2X + CBS-

kI mol ") calculated with the 6-31G(d) 2X + 6- 4aM

B3LYP/6-31G(d), M06-2X/6- 6-31G(d) 311+G(2d,p)

31G(d), M06-2X/6-311+G(2d,p),

and the CBS-4M method. TNT TNT C4-NO, 273 305 297 -

2.4,6-Trinitrotoluene, NTO 3- TNT C6-NO, 246 283 277 -

nitro-1,2.4-triazol-5-one, ANTA5- N7 C5-NO, 270 303 295 289

amino-3-nitro-1,2,4-triazole
2 C3-NO, 214 249 242 231
1 C3-NO, 259 289 283 280
3 C3-NO, 235 270 263 268
4 C3-NO, 227 260 254 262
ANTA C3-NO, 281 308 301 292
5 C3-NO, 266 293 287 280
6 C3-NO, 246 279 271 269
7 C3-NO, 274 302 295 287
8 C3-NO, 272 299 292 289
9 C3-NO, 260 287 280 280
10 C3-NO, 239 268 262 270
11 C3-NO, 229 260 255 262

@ Springer
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Fig. 4 Bond dissociation = 300
energies calculated by B3LYP/6- G}
31G(d) plotted against bond g, 250
dissociation energies calculated ;
by the CBS-4M method = 200
£
g g 150
g s
c 2
S 100
&
(%]
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2 50
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position, the nitro groups were twisted out of the plane. None of
the optimized geometries had any imaginary frequencies, indi-
cating that these geometries were at least local minima. It can be
seen that the isosurface method, as well as the ESP-corrected
method, give reasonably good approximations, but both
methods underestimate the density of NTO and 4 significantly.

A parameter that may give an indication of the impact sen-
sitivity is the bond dissociation energy. For nitramines, dissoci-
ation of the N-NO, bond is assumed to be the key step in the
initiation process [36]. In our bond dissociation energies calcu-
lations, the zero point energies were included in order to com-
pare the two DFT functionals with the CBS-4M method.
Table 1 shows the N-NO, bond dissociation energy calculated
by the B3LYP/6-31G(d), M06-2X/6-31G(d), M06-2X/6-311+
G(2d,p) functionals and the CBS-4M method. Data from
Jensen et al. [30] are included in the table. The bond dissocia-
tion energies depend on the position of the nitro group in NTO.
The N-NO, bonds of 4 are weak even though the impact sen-
sitivity is measured to be 24 J, and the thermal decomposition,
measured by thermogravimetric analysis, started at 194 °C [28].

Weak N-NO, bonds are also seen in the ANTA derivatives,
where the lowest bond dissociation energy was calculated to
be64kImol ', In general, the N-NO, bonds in the derivatives
were weaker than the N-NO, bonds in RDX, except for the
N-NO, bond in the nitrimino group. This bond dissociation
energy was calculated by M06-2X/6-31G(d) to be around

Fig. 5 Bond dissociation = 350
energies calculated by M06-2X/6- [}
31G(d) plotted against bond w300
dissociation energies calculated - 250
by the CBS-4M method @
o
= _ 200
¥
2 150
v
o
:g 100
(%]
2
% 50 PS
©
c
g 9%

4
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*
*
*
e
*
* *
*e o
*
*
¢ *
50 100 150 200 250 300 350

Bond dissociation energy CBS-4M (kJ/mol)

300 kJ mol ' which is considerably higher than the N-NO,
bond dissociation energy in RDX.

Some results are not included in Tables 1 and 2 because
imaginary frequencies were calculated for the optimized geom-
etries. The bond dissociation energies of C-NO, were signifi-
cantly higher than for N-NO, (Table 2). The C-NO, bond in
the NTO derivatives was weakened when at least one nitro
group was substituted to a nitrogen in the 1,2,4-triazole. The
same effect was experienced for the ANTA derivatives, but,
when a nitro group was substituted to the ANTA NH, group,
the C—NO, bond dissociation energy was slightly less changed.

If we examine the relationship between the two different
DFT functionals and the CBS-4M method, some deviations in
the calculated bond dissociation energies are seen. Tables 1
and 2 show that the B3LYP/6-31G(d) method gives a bonding
energy that is on average 34 kJ mol ' lower than calculated by
the CBS-4M method. However, the bond dissociation ener-
gies for 8, 9, 10 and 11 strongly deviate, as seen in Fig. 4. The
bond dissociation energies not correlating are the N-NO,
bonds in the nitrimino functional group.

The way the CBS-4M method and M06-2X/6-31G(d) corre-
lates is displayed in Fig. 5. However, the N-NO, bond dissoci-
ation energy in the nitrimino group in 11 deviates from the trend.
By using the larger basis set 6-311+G(2d,p), the bond dissoci-
ation energies decreased by 8 kJ mol ' on average compared to
the values obtained by the 6-31G(d) basis set with the M06-2X

*
o““
. °*
*
* *
*® o

*
4 ¢
*

50 100 150 200 250 300 350

Bond dissociation energy CBS-4M (kJ/mol)
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Fig. 6 Calculated E,/T,, ratios 100
for RDX, TNT, NTO, ANTA, and

their derivatives 1-11 9%

Ey/T., (kI/kmol)/K)
&

functional [30]. The B3LYP functional seems to calculate the
N-NO, bond dissociation energy in the nitrimino functional
group significantly lower than the M06-2X functional and the
CBS-4M method. Since the deviations are relatively large, there
is probably an error with the bond dissociation energy computed
with the B3LYP functional for the N-NO, bond in the nitrimino
group. Several starting geometries were tested, but all calcula-
tions ended up with the same optimized geometries and mini-
mum energies.

Calculated detonation temperature T, values are given in
Table 4 (Appendix) and the £y/T, ratios are shown graphically
in Fig. 6. This figure may thus also give an indication of the
impact sensitivities. ANTA and NTO are low-sensitive explo-
sives and exhibit a high E/T,, ratio compared to those of the
considerably more sensitive compounds RDX and 7. Apart from
8, all the NTO and ANTA derivatives have lower E,/T,, ratios
than RDX, indicating that they may be more sensitive than RDX.

The impact sensitivities were calculated by the different
models and the results are displayed in Table 3. Values of
the heat of detonation (Q) are listed in Table 4 (Appendix).
Equation 2.1, which is based on the correlation between the
impact sensitivity and Q, predicted the low sensitivity of
ANTA and NTO fairly well, but there is still a significant
disagreement between calculated and measured values.
However, this method indicated that 4 might have a sensitivity
close to that of TNT, consistent with experimental findings.
Equation 2.1 predicted the sensitivity of the derivatives to be
at the same level as RDX. Equation 2.2, which is a combina-
tion of heat of detonation and the ESP balance parameter,
predicted the sensitivity of ANTA and NTO to be higher than
the measurement sensitivities. In addition, the impact sensitiv-
ity of RDX was by Eq. 2.2 calculated to be 1.2 J, whereas the
experimental value is 7.5 J [37].

However, all models indicate that the sensitivities of the
ANTA and NTO derivatives are about the same level as that
of RDX. The fact that 8 also has a higher E/T,, ratio than
RDX may indicate that the impact sensitivity of this

@ Springer
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compound is acceptable. Its detonation properties and impulse
were also similar to that of RDX. For RDX the Dalton pro-
gram shows the bond energy of 182 kJ/mol, while the pro-
gram Psi4 shows 175 kJ/mol when using DFT functional
B3LYP and basis sets 6-31G (Dalton) and 6-31G(d) (Psi4).
Calculations showed that the impulse of a mixture of 4 and
GAP exceeds 2600 m s~' [37]. In that respect, 4 is a very
interesting compound as a main ingredient in high-energetic
compositions. Equations 2.1 and 2.2 show a lower sensitivity
than RDX. The measured impact sensitivity is 24 J, indicating
that 4 can be handled safely. From this we infer that 4 does not

3

4 ANTA 5 6

Table3  Impact sensitivity (in J) for RDX, TNT, NTO, ANTA, and the
derivatives calculated in accordance with the different models.
Experimental values are included

Compound/equation 2.1 22 Exp.
RDX 7.1 12 7.5°
TNT 10.6 11.0 15°
NTO 53.8 35.7 71°

1 9.1 3.8

2 7.6 19

3 8.3 25

4 324 12.9 24¢
ANTA 47.7 36.2 100°

5 75 32

6 72 2.0

7 7.8 3.7 1.0¢
8 7.6 32

9 8.0 33

10 7.7 3.0

1 145 7.0

*[37]

°[38]

“[28]

129]
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go through the same initial decomposition steps as NTO. It
has been proposed that the thermal decomposition of NTO
starts with a hydrogen transfer to the nitro group at around
230-260 °C. The next step is either a cleavage of the HONO
group or a reorganization of the double bond in NTO, follow-
ed by N, release from the heterocycle [39, 40]. Unlike NTO, 4
does not contain hydrogen atoms, making initiation reactions
by hydrogen transfer impossible. This fact may explain the
relatively low sensitivity of 4.

Conclusions

Bond dissociation energies were calculated with the DFT func-
tionals B3LYP/6-31G(d) and M06-2X with the 6-31G (d) and
6-3114+G(2d,p) basis set, and the non-DFT method CBS-4M
was used. These calculations showed that the N-NO, bonds are

Appendix

weak, and range from 43 kJ mol™! to 139 kJ mol™" when cal-
culated at the M06-2X/6-31G(d) level including the zero point
energy. One exception is the N-NO, bond in the nitrimino
group, which has a bond dissociation energy as high as
305 kJ mol'. The N-NO, nitrimino group bond dissociation
energy calculated with the B3LYP functional was between
40 kI mol ™" and 135 kJ mol ™" lower than the bond dissociation
energy calculated by the M06-2X functional or the CBS-4M
method. In general, the calculations indicated that most of the
derivatives have nearly equal or lower sensitivities than RDX.
Previously reported measurements, supported by two of the
calculation models indicated that the impact sensitivity of 4 is
comparable to, or lower than, that of RDX.

Acknowledgment We thank Tor Erik Kristensen at the Norwegian
Defense Research Establishment for interesting discussions during the
preparation of the manuscript.

Table 4 Calculated heat of

detonation, detonation pressure Compound  Q(kJkg)  P(kbar) D (@m/s) Te(K)  V(Ikgexpl)  Ox.bal (%)  Ref
(P), detonation velocity (D),
temperature of detonation (Toy), RDX 6141 345 8735 4224 740 216 30]
volume of the gaseous detonation ~ TNT 5097 218 7265 3592 574 ~74.0 30]
products (V), and oxygen balance ~ NTO 4141 267 7883 3387 685 246 [30]
(Ox. bal) (EXPLOS) 1 5280 350 8641 4386 671 4.6 [30]
2 5703 366 8792 4675 671 4.6 [30]
3 5445 354 8680 4491 671 4.6 [30]
4 4371 330 8389 4023 662 21.8 [30]
ANTA 4194 276 8181 3227 736 —-43.4 [30]
5 5742 366 8839 4452 701 -9.2 [30]
6 5944 379 8987 4549 699 -9.2 [30]
7 5605 367 8878 4360 700 -9.2 [30]
8 5704 373 8927 4409 700 -9.2 [30]
9 5524 386 8996 4600 690 11.0 This work
10 5627 392 9045 4658 690 11.0 This work
11 4823 369 8781 4311 679 242 This work
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