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Abstract We report herein the structure and explosive
properties of the possible isomers of 3-amino-1-nitroso-4-
nitrotriazol-5-one-2-oxide computed from the B3LYP/aug-
cc-pVDZ level. The optimized structures, vibrational fre-
quencies and thermodynamic values for triazol-5-one-N-
oxides were obtained in the ground state. Several designed
compounds have densities varying from 2.103 to
2.177 g/em®. The detonation properties were evaluated by
the Kamlet-Jacob equations based on the predicted density
and the calculated heat of explosion. The detonation prop-
erties of triazol-5-one-N-oxides (D 9.87 to 10.11 km s~ and
P 48.95 to 50.61 GPa) appear to be promising compared
with those of 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane (D 9.20 km s ', P 42.0 Gpa) and
octanitrocubane (D 9.90 km s, P 48.45 GPa). The substi-
tution of secondary amino hydrogen of the triazole ring by
amino group shows better impact sensitivity/or stability
however the model compounds seem to be highly sensitive.

Keywords Density - Detonation pressure - Detonation
velocity - Heat of explosion - Triazol-5-one-N-oxides

Introduction

Triazol-3(5)-one based explosives have attracted renewed
attention by explosives chemists due to their high perfor-
mance, high thermal stability and remarkably low detona-
tion sensitivity to impact, friction and spark [1]. 3-Nitro-
1,2,4-triazol-5-one (NTO) is an insensitive thermally stable
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explosive [2]. The unique insensitivity of NTO is due to the
high degree of hydrogen bonding carbonyl (-C=0) and nitro
(-NO,) groups along with the molecular symmetry which
allows the molecule to form the layered crystal structure.
Researchers have been evaluating NTO based formulations
to replace sensitive explosives such as 2,4,6-trinitrotoluene
(TNT), 1,3,5-trinitro-1,3,5-triazine (RDX) and octahydro-
1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX). Several metal
and amine salts of NTO have been synthesized and evalu-
ated for use in gun propellants or as primary explosives [2].
Computational studies on the structure and explosive prop-
erties of NTO isomers have been reported elsewhere [3—8].

Two key measures of explosive performance are the
detonation velocity (D) and the detonation pressure (P).
These refer to the stable velocity of the shock front that
characterizes detonation and the stable pressure that is de-
veloped behind the front [1]. It is desired that the detonation
velocity and pressure be as high as is compatible with
avoiding excessive sensitivity of the compound to
unintended stimuli to impact, shock, friction and so on.
The detonation velocity and pressure can be increased by
increasing the density, oxygen balance and/or heat of for-
mation of the compound. The nitroso (-NO), nitro (-NO,)
and N-oxide (-N — O) groups increases the heat of forma-
tion, density and thus detonation velocity and pressure. On
the other hand, the amino (-NH,) and carbonyl (-C=0)
groups decreases the sensitivity of the product relative to
the unaminated compounds [1]. To our knowledge there
were no such studies on the structure, stability/or sensitivity,
thermodynamic properteis and detonation properties of
triazol-5-one-N-oxides. Herein the density functional theory
calculations at the B3LYP/aug-cc-pVDZ level were
performed to explore such properties of isomers of
3-amino-1-nitroso-4-nitrotriazol-5-one-2-oxide. We have
addressed how the relative positions of -NH,, -NO and -NO,

@ Springer



2540

J Mol Model (2013) 19:2539-2547

groups affect the structure, stability, heat release, density,
detonation velocity and detonation pressure of triazol-5-one-
N-oxides (TONO).

Methods and computational detail

All the calculations were performed using the Gaussian
03 package [9]. The structure optimizations of model
compounds leading to the energy minima were achieved
at the B3LYP/aug-cc-pVDZ level. The basis set and the
method has been known to provide adequate results for
several nitroazoles [10-14]. Vibrational analyses were
carried out using the same basis set employed in the
corresponding structure optimizations. The normal mode
analysis for each structure yielded no imaginary fre-
quencies for the 3N-6 vibrational degrees of freedom,
where N is the number of atoms in the system. All the
bond lengths were thoroughly searched in order to find
out whether any bond cleavage occurred or not during
the geometry optimization process.

The heat of explosion (Q) was calculated from the
difference between sum of the energies for the forma-
tion of explosive components and sum of the energies
for the formation explosive products. The gas phase
heat of formation was calculated by the following
equation:

1
ZC(S) + Hz(g) + 25 O, + 3N, = C,H,;NgOs. (1)

0
cond

The condensed phase heat of formation (A¢HY ;) was

determined from the gas phase heat of formation (Angas)

and the heat of sublimation (A¢HY, ) according to Hess law
[15]:

AsH AfH®  — A¢H? (2)

cond — gas sub*

Politzer et al. [16, 17] related AHg,, to the molecular
electrostatic potential by the following expression:

AHY, = B A2 + B (vo2,)™ + Bs, (3)

where A is the area of the isosurface of 0.01 electrons/bohr’,
v is the degree of balance between positive and negative
potential on the molecular surface; o2, is a measure of
variability of the electrostatic potential and 3, (3, and {33
are the correlation coefficients.

The optimized structures were used to determine the den-
sities of triazol-5-one-N-oxides using Materials Studio 4.1

suite with CVFF force field and Ewald summation method
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[18]. The Poltizer et al. [19] approach also was followed to
estimate the crystal density by the following expression:

M

p=a {W] +B(Vogy) + 7, (4)

where M is the molecular mass (g/molecule) and V(0.001) is the
volume (cm*/molecule) defined as the space inside as contour of
electron density of 0.001 electron/Bohr”. o, 3 and *y are regres-
sion coefficients. v is the degree of balance between the positive

and negative charges on the isosurface. o2

ot
variability of the electrostatic potential on the surface.
Kamlet and Jacob equations [20] were used to estimate

the performance of model compounds:

is a measure of

1/2
D = 1.01 (NMI/ZQW) (1+1.30p) (5)

P = 1.558 NM!/2Q!/2 2, (6)

where D is the detonation velocity in km s ', P is the
detonation pressure in GPa, N is the number moles of
gaseous detonation products per gram of explosive, M is
the average molecular weight of gaseous products, Q is the
energy of explosion in cal g of explosive and p is the
density in g/cm’.

The strength of bonding can be evaluated by the bond
dissociation energy. The energy required for homolytic bond
cleavage at 298.15 K and 1 atm corresponds to the enthalpy
of reaction (A H»og 15K), i.€., the bond dissociation enthalpy
(DHj9g.15K) of the molecule (A-B)

A—B(g) — A(g) +B(g). (7)

It is the reaction enthalpy of the bond homolysis
(AfHs95.15x) and thus depends on the enthalpies formation
of reactants and products.

ArHaog 15k = AgHaog 15k (A7) + ArHaog 15k (B) — ArHaog 15k (A — B)
= DHaog.15x (A — B)

(8)

where AfHsog 15k (A) and AfH,og 151 (B) are the enthalpies
of formation of radicals and AfH»og 15k (A-B) is the enthal-
py of formation of the molecule.

However at 0 K the homolytic bond dissociation energy
can be given as:

BDE(A — B) = E¢(A’) + E¢(B’) — Eo(A — B). 9)

The bond dissociation energy with ZPE correction may
be written as:

BDE(A — B),,; = BDE((A — B) + AZPE, (10)
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where ZPE is the difference between the zero point energy
of the products and reactants.

Furthermore, we also have approximated the stabilities of
triazol-5-one-N-oxides from the frontier molecular orbitals
[21]. The impact sensitivities of model compounds were
predicted by the nitro group charge analysis [22].

Results and discussion
Optimized structures

We have optimized the structures of triazol-5-one-N-oxides
at the DFT-B3LYP/aug-cc-pVDZ level and the molecular
frameworks are presented in Fig. 1. All triazol-5-one-N-
oxides belong to C; point group. The non-planarity or co-
planarity of a molecule is due to the repulsion between the

Fig. 1 Molecular frameworks
with the atomic numbering

of triazol-5-one-N-oxides; with
R-NO, linkages encircled; the
list of values besides each
structure shows the trigger
length (in A), nitro group
charge (in ¢) and midpoint
electrostatic potential
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marized in Table 1. The lowest frequencies varying from 30
to 62 cm ! are for the torsion angles of NO, groups [10—14].
The bond lengths and angles, total energies and frontier
molecular orbital energies vary with the relative positions
and the nature of substituent groups. The selected bond
lengths and angles of the computed structures are shown
in Table 2. Triazol-5-one-N-oxides have N-H...O interac-
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van der Waals radii [23]. The discrepancies in the total and
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Table 1 Lowest frequencies (wy), electronic energies (Eq), zero-point vibrational energies (ZPVE), thermal correction to enthalpy (Ht) and
frontier molecular orbital energies of triazol-5-one-N-oxides computed at the DFT-B3LYP/aug-cc-pVDZ level

HEM o, (em ) Eg(au) ZPVE (k) mol™")  Hy(au) HOMO (au) LUMO (aw) & qumo-tomo) (a.u.)
NANTONO-1 32.8821 —781.849209 50.23836 0.092973 -0.22916 -0.15559 0.07357
NANTONO-2 45.8497 —781.854274 50.50903 0.092216 —0.24232 -0.14261 0.09971
NANTONO-3 61.7342 —781.8358986 50.65008 0.093768 -0.26818 -0.15379 0.11439
NANTONO-4 37.6447 ~781.825952 50.65253 0.093792 -0.26127 -0.16561 0.09566
NANTONO-5 19.8821 ~781.8361454 50.75996 0.092912 -0.28273 -0.14536 0.13737
NANTONO-6 53.7503 ~781.854321 50.77684 0.093350 -0.24623 -0.14175 0.10448
NANTONO-7 54.0317 ~781.8554016 50.294412 0.092912 -0.24036 -0.13674 0.10362
NANTONO-8 55.6424 —781.8149224 51.30227 0.094053 -0.28181 -0.17144 0.11037
NANTONO-9 39.4202 -781.8210174 50.61846 0.093798 -0.25578 -0.16962 0.08916
NANTONO-10 29.9878 —781.8323005 49.64561 0.092394 -0.25657 —0.13436 0.12221
NANTONO-11 24.3177 —781.8282916 49.88104 0.092783 —0.24884 -0.15842 0.09042
NANTONO-12 42.7656 —781.8079001 50.72616 0.093793 -0.28955 -0.17270 0.11685
NANTONO-13 47.9163 —781.810329 50.69365 0.093350 -0.29946 -0.15066 0.14880

molecular orbital energies, trigger (i.e., C-NO,, N-NO, and
N-NO), C-NH,, N-NH,, C=0 and N—O lengths are pre-
sumably due to the relative positions of -NO, -NO, and -
NH, groups in the triazole ring.

Theoretical crystal density

According to Kamlet-Jacob equations (Eqgs. 5 and 6) density is
considered to be one of the top priorities in the development of
new explosives. Several research groups have attempted to
predict the densities of explosive compounds with satisfactory
accuracy [19, 24, 25]. We have taken the optimized structures
computed from the B3LYP/aug-cc-pVDZ level to predict the
crystal density using Materials Studio 4.1 with CVFF force
field and Ewald summation method. The approach is based on
the generation of possible packing arrangements in all reason-
able space groups to search for the low lying minima in the
lattice energy surface. Many organic compounds are known to
pack in C2/c, P2y, P2,/c, P2,2,2,, P_;, Pbca, Pbcn, Pna2;, Cc
and/or C, space groups [26]. The high density polymorph is
sorted out from the large number of potential crystal structures
and the lattice parameters of model compounds are presented
in Table 3. In addition, we carefully compared the densities
predicted from CFFF force field and from the volume inside
an electron density contour of 0.001 e/Bohr’. The densities of
triazol-5-one-N-oxides using Eq. (4) are lower varying from
2.103 to 2.177 g/em’. The calculated values are higher com-
pared with those of 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane (CL-20) (2.040 g/cm’) [27] and
octanitrocubane (ONC) (1.979 g/cm®) [28]. NANTONO-2,
NANTONO-3, NANTONO-4 and NANTONO-9 have higher
p values of 2.175,2.177 and 2.171 g/cm3 respectively. How-
ever, NANTONO-1, NANTONO-10, NANTONO-11,
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NANTONO-12 and NANTONO-13 have lower p values of
2.103, 2.143, 2.144 and 2.142 g/cm’ respectively. Neverthe-
less, the absolute error in the calculated crystal densities
according to ref. [19] are expected to be reliable to estimate
the detonation properties.

Heat of explosion

The determination of the products of explosion is a key issue.
Higher is the value of heat of explosion for an explosive
compound, more is the heat generated when an explosion
occurs. Kim et al. [25] reported that a difference of 10 kcal
mol ™" in the heat of formation had little influence on the
performance. For assessment of the potential performance of
the energetic materials of interest, the condensed phase heat of
formation is the desired quantity. The condensed phase heat of
formation was determined from the gas phase heat of forma-
tion and the heat of sublimation according to Hess’s law. The
calculated heats of explosion and detonation velocity and
pressure of triazol-5-one-N-oxides are summarized in Table 4.
The Q values of NANTONO (1.442 to 1.553 kcal g') are
higher compared with those of CL-20 (1.342 kcal g ') and
ONC (1.337 keal g '). NANTONO-11, NANTONO-12 and
NANTONO-13 have Q values of 1.553, 1.535 and
1.524 kcal g ' respectively. The amino (-NH,) group
increases the heats of explosion markedly compared
with the nitro (-NO;) group however, striking is the
effect of the nitroso (-NO) group in increasing the Q
values. It is to note that the calculated Q values do not
exactly agree with those obtained experimentally be-
cause the conditions of loading density, temperature,
pressure and so on are not taken into consideration
[29]. Also, the total amount of energy liberated depends
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Table 3 Explosive properties, bond dissociation energies, nitro group charges and mid-point electrostatic potentials of triazol-5-one-N-oxides
computed from the B3LYP/aug-cc-pVDZ level

HEM EL (kJ mol ™" Point group Crystal system a, b, c(A) p (g cm ) (g em™)
0, B, v (degree)

NANTONO-1 —327.8224195 P2,2,2, rhombic a=9.530, b=5.441, c=9.422 2.194 2.103
a=y=P=90

NANTONO-2 —478.5605897 P2yc monoclinic a=5.55, b=10.22, c=11.27 2.233 2.175
a=y=90, $=51.96

NANTONO-3 —478.5615997 P2yc monoclinic a=6.31, b=9.42, c=12.68 2.230 2177
a=y=90, p=52.9

NANTONO-4 —495.1998005 P2,2,2, rhombic a=8.84, b=5.72, c=11.17 2.233 2.172
a=y=B=90

NANTONO-5 —494.9929044 Pbca rhombic a=10.62, b=11.10, ¢=9.62 2.231 2.168
a=y=B=90

NANTONO-6 —455.9748262 Pna2, rhombic a=10.22, b=9.24, c=6.06 2.204 2.162
a=y=B=90

NANTONO-7 —404.4732616 Pbca rhombic a=17.08, b=6.57, c=10.23 2.221 2.175
a=y=p=90

NANTONO-8 —503.5340558 P2yc monoclinic a=10.98, b=5.93, ¢=9.76 2.251 2.163
a=y=90, p=127.18

NANTONO-9 —503.544667 P2y,c monoclinic a=10.97, b=9.87, c=13.16 2.252 2.171
a=y=90, f=152.82

NANTONO-10 —425.0858785 P2,2,2, rhombic a=6.30, b=9.77, ¢=9.35 2.198 2.143
a=y=p=90

NANTONO-11 —425.1748764 P2,2,2, rhombic a=6.32, b=9.75, ¢=9.33 2.197 2.144
a=y=B=90

NANTONO-12 —202.1934453 P2y,c monoclinic a=12.32, b=5.42, c=11.32 2.188 2.142
a=y=90, p=131

NANTONO-13 —202.1926325 P2yc monoclinic a=12.13, b=5.54, c=11.27 2.187 2.146

a=y=90, B=130.5

*Values were obtained using Eq. (4)

upon the relative proportions of the reactants to the
products. The Q values are related to the nature of

Table 4 Calculated heats of explosion and detonation velocity and pressure of triazol-5-one-N-oxides

triazol-5-one-N-oxides and the relative positions of sub-
stituent groups and the strength of trigger linkages.

HEM Qkealg’) p(gem®) D(kms') P(GPa) R-NO,(kcal mol™’) N-NO (kcal mol™") -Quoz(e) Vi

NANTONO-1 1.442 2.103 9.87 48.95 6.445 12.053 0.322 1.266
NANTONO-2 1.438 2.175 10.11 50.31 8.751 2231 0.090 0.814
NANTONO-3 1.442 2.177 10.02 50.25 2.933 42.607 0.524 1.988
NANTONO-4 1.446 2.172 10.08 50.00 2.223 36.661 0.535 2.016
NANTONO-5 1.441 2.168 10.10 50.26 34.581 42.386 0.547 1.955
NANTONO-6 1.445 2.162 10.11 50.91 5.134 7.118 0.022 0.476
NANTONO-7 1.443 2.175 10.07 50.61 9.506 6.026 0.136 0.885
NANTONO-8 1.512 2.163 10.06 50.53 5.042 34.371 0.560 2.194
NANTONO-9 1.502 2.171 10.05 50.22 8.708 42.101 0.564 2.115
NANTONO-10 1.551 2.143 10.14 50.05 5.925 0.331 0.025 0.717
NANTONO-11 1.553 2.144 10.13 50.05 9.751 2253 0.322 2.041
NANTONO-12 1.535 2.142 10.02 50.77 0.618 14.971 0.561 1.821
NANTONO-13 1.524 2.146 10.0 50.57 5.328 13.514 0.567 1.850

#Values obtained from Eq. (4) were used for the estimation of performance
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Detonation velocity and detonation pressure

Two key measures of performance are the detonation veloc-
ity and the detonation pressure refers to the stable velocity
of the shock front that characterizes detonation and the
stable pressure that is developed behind the front respective-
ly [1]. Kamlet and Jacob indicated the importance of the
density as a determinant of detonation velocity and detona-
tion pressure. It appears to a higher power in each equation
(Egs. 5 and 6) than do any of the other quantities. However
one or more of the other factors do sometimes override the
effects of the density. Detonation velocity (D) linearly in-
creases with p for most of explosives while detonation
pressure (P) increases with the square of p, when p is greater
than one. The detonation properties of NANTONO (D 9.87
to 10.11 kms ', P 48.95 to 50.91 GPa) are higher compared
with those of CL-20 (D 9.20 km s ', P 42.0 GPa) [27] and
ONC (D 9.90 kms', P 48.45 GPa) [28]. Detonation energy
and detonation velocity and pressure of triazol-5-one-N-
oxides are summarized in Table 4. The higher performance
properties of triazol-5-one-N-oxides are presumably due to
their higher densities. Also, the detonation properties are
related to the number, the relative positions of substituent
groups and the strength of trigger bonds.

Frontier molecular orbital energies

The highest occupied molecular orbitals (HOMO) and the
lowest unoccupied molecular orbitals (LUMO) play a key
role in governing the chemical reactions. The band gap be-
tween the frontier molecular orbital energies is an important
stability index of the molecules [21, 30-33]. A large band gap
implies high stability and small band gap implies low stability
in turn high stability indicates low chemical reactivity and low
stability indicates high reactivity. The molecule with large
band gap that is if egomo-€Lumo >>0, then very little electron
transfer occurs. If the respective orbital energies are quite
similar that is if egomo-€Lumo~0, strong electron transfer
occurs. The electron withdrawing groups lowers the LUMO
and HOMO energy levels while electron donating groups
increases the LUMO and HOMO energy levels. The band
gap of NANTONO-15 is the largest (0.1488 a.u.) and
NANTONO-1 is the smallest (0.07357 a.u.). NANTONO-1,
NANTONO-2, NANTONO-4, NANTONO-9, NANTONO-
11 have lower band gap values 0of 0.07357, 0.09971, 0.09566,
0.08916 and 0.09042 a.u. respectively (i.e., highly unstable
compounds). In general, R-NO, (where R=C or N, x=1 or 2)
bonds are the trigger sites and resonance in the triazol-5-one-
N-oxides moiety strengthens these bonds thereby the mole-
cules become stabilized. The larger the trigger length of the
molecule, the easier the dissociation or breakdown and thus
the molecule become less stable. Furthermore, the band gap is
highly correlative with the Hess-Schaad resonance energy per

m-electron, a measure of thermodynamic stability due to the
cyclic conjugation [30]. This correlation indicates that ther-
modynamically stable compounds are also kinetically stable
and hence for a molecule to be isolated, it must be not only
thermodynamically but also kinetically stable. Nevertheless,
the eomo-ELumo gap to predict the stability of compounds is
very speculative and unreliable.

Bond dissociation energies

Studies of bond dissociation energies (BDE) provide useful
information for understanding the stability of triazolones. The
stability/or sensitivity of compound depends on temperature,
nature of materials and explosophores in the molecular struc-
ture. A systematic study of this quantity should be useful in
understanding initiation events. The initial stages in the de-
compositions of energetic materials can be assumed on the
basis of the BDEs. In general, the larger the BDE value of the
R-NO, (where, R=C, N, or O and x=1 or 2) bond breaking, the
higher the stability will be. Thus, the calculated BDE for
removal of the NO, or NO group can be used to index the
relative strength of the compounds. Conversely this is only
applied to the molecules in which the R—NO, bond is the
weakest. The nitro/or nitroso group often represents the primary
cause of initiation reactivity of nitroarenes. Therefore, we have
computed these R-NO, bonds at the UB3LYP/aug-cc-pVDZ
level. Compared with the BDE values of TNT (60 kcal mol ),
RDX (39.2 kcal mol ') and TATB (73.05 kcal mol ) all of the
designed compounds have lower BDE values (0.688 to
34.581 keal mol ! for C-NO,, 2.933 to 9.751 kcal mol ! for
C-NO, and 0.331 to 42.607 kcal mol ' for N-NO) [34]. The
calculated BDE values reveal that the position of amino, nitro
and nitroso groups in the structure has strong influences on the
BDE value. It is worthy of note that the adjacent groups or
closer the distance between R—NO,. groups, BDE is less for the
pyrolysis (i.e., changing the azole ring has shown significant
variation in the BDEs). The compound could be considered as a
practical energetic material if it has BDEs more than
~20.07 kcal mol ' [1]. However, this is only marginally suffi-
cient to make the compound metastable and it would have
preferable stability if BDE>30.11 kcal mol . Also, it can be
deduced that the designed compounds have no sufficient ener-
gy barrier against the removal of NO, group and thus are not
stable enough for practical use.

Nitro group charge analysis

The impact sensitivity is usually measured by the height
from where a given weight falling upon the explosive gives
50 % probability of initiating detonation. We have predicted
the impact sensitivity of triazol-5-one-N-oxides from the
electronic structures by the Mulliken atomic charge analysis
of nitro group. In explosives, R-NO, bonds (R=C or N) are
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usually weakest and their breaking is often the initial step in
the decomposition or detonation of explosive molecule. The
nitro group charge (-Qnoy) is calculated by the sum of the
net Mulliken atomic charges on the nitrogen and oxygen
atoms and of the nitro group:

— Qno, = Qv + Qo1 + Qo (11)
Q|
Vinid = 55 T 05R” (12)

where R is trigger length, Qc, Qn and Qqy, Qo» and are the
Mulliken charges on carbon, nitrogen and oxygen atoms
respectively.

The molecular structures of triazol-5-one-N-oxides with
the R-NO, bond encircled; the list of the values beside each
structure shows the R-NO, lengths, nitro group charges and
midpoint electrostatic potentials are presented in Fig. 1. The
computed nitro group charge (-Qnoz), midpoint electrostatic
potential (V,q4) along with their explosive properties of
triazol-5-one-N-oxides are presented in Table 4. The higher
-Qno2; the higher the impact insensitivity. The calculated -
Qo2 values of triazol-5-one-N-oxides vary from 0.025 to
0.567 e. As per the predicted by Zhang et al. [22], the
calculated -Qno2 values of several triazol-5-one-N-oxides
are found to be higher with respect to ONC (0.146 e) and
thus appear to be more insensitive. However the calculated -
Qnoz values of NANTONO-2 (0.090 e), NANTONO-6
(0.022 e), NANTONO-7 (0.136 ¢) and NANTONO-10
(0.025 e) are lower compared with those of RDX (0.105 e),
HMX (0.112 e) and TNAZ (0.114 e), ONC (0.146 ¢) and CL-
20 (0.081 e). The -Qnoy values of NANTONO-3 (0.524 e),
NANTONO-4 (0.535 e), NANTONO-5 (0.547 e),
NANTONO-8 (0.560 ¢), NANTONO-9 (0.564 e),
NANTONO-12 (0.561 ¢) and NANTONO-13 (0.567 ¢) are
superior to TNT (0.249 e), TATB (0.416 ¢), FOX-7 (0.365 ¢),
LLM-105 (0.264 ¢) and NTO (0.264 ¢). However,
NANTONO-2 (0.090 e), NANTONO-6 (0.022 e),
NANTONO-7 (0.136 e¢) and NANTONO-10 (0.025 e) are
less insensitive than the other isomers. The similar trend has
also been observed for the midpoint electrostatic potentials
(Viiq) of model molecules. The V ;4 values of NANTONO-3
(1.988), NANTONO-4 (2.016), NANTONO-5 (1.955),
NANTONO-8 (2.194), NANTONO-9 (2.115), NANTONO-
12 (1.821) and NANTONO-13 (1.85) are superior with those
of TNT (0.251), TATB (0.416), FOX-7 (0.365), LLM-105
(0.264) and NTO (0.264). The substitution of secondary ami-
no hydrogen of triazol-5-one-N-oxides by the amino (-NH,)
group shows better impact sensitivity. The impact sensitivity
can also be used to show the stability of model compounds
and here the stability is attributed to the presence of 7-
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excessive aromatic heterocyclic ring, delocalization of 7t-
electrons and presence of intramolecular N-H' O interactions.

Conclusions

The density functional theory calculations at the B3LYP/aug-cc-
pVDZ level have been carried out to explore the structure and
explosive properties of triazol-5-one-N-oxides. Our computa-
tional results indicate that NANTONO corresponds to energy
minima and accordingly should be able to exist. Detonation
properties were evaluated by the Kamlet-Jacob equations based
on the predicted density and the calculated heat of chemical
energy. All model compounds have higher Q values varying
from 1.438 to 1.553 keal g ' and the discrepancy is due to the
relative position of the N-atom in the triazol-5-one-N-oxides ring
and position of the nitro or nitroso group. Several triazol-5-one-
N-oxides have densities varying from 2.134 to 2.252 g/em’
which are higher compared with CL-20 (2.040 g/em’) and
ONC (1.979 g/em’). The detonation properties of NANTONO
(D 9.87 to 10.11 km s ', P 48.95 to 50.61 GPa) are higher
compared with those of CL-20 (D 9.20 km s ', P 42.0 GPa)
and ONC (D 9.90 km s ', P 48.45 GPa). NANTONO-3,
NANTONO-4, NANTONO-5, NANTONO-8, NANTONO-9,
NANTONO-12 and NANTONO-13 are insensitive compared
with those of TNT, TATB, FOX-7, LLM-105 and NTO. The
substitution of secondary amino hydrogen of triazol-5-one-N-
oxides by amino group shows better impact sensitivity. The
HOMO-LUMO gaps and the Mulliken atomic charges to predict
sensitivity are very speculative and unreliable and thus several of
the designed compounds seem to be highly sensitive.

Acknowledgments We greatly appreciate the support provided by
the Defense Research Development Organization, India through
Advanced Centre of Research in High Energy Materials.

References

1. Klapotke TM (2007) High energy density materials. Springer,
Berlin

2. Smith MW, Cliff MD (1999) NTO based explosive formulations: a
technology review (DSTO-TR-0796), MRL Technical Report, AR-
1-873. Material Research Laboratory, Maribyrnong

3. Kohno Y, Takahashi O, Saito K (2001) Theoretical study of initial
decomposition process of NTO dimer. Phys Chem Chem Phys
3:2742-2746

4. Hiyoshi RI, Kohno Y, Nakamura J (2004) Vibrational assign-
ment of energetic material 5-nitro-2,4-dihydro-1,2,4-triazole-3-
one (NTO) with labeled isomers. J Phys Chem A 108:5915—
5920

5. Ma HM, Song JR, Dong W, Hu RZ, Zhai GH, Wen ZY (2004)
Molecular structure, the quantum chemical investigation and the
thermal behavior of the dimethylamine salt of 3-nitro-1,2,4-triazol-
5-one, (CH3),NH,"C,N403H ™. J Mol Struct (THEOCHEM)
678:217-222



J Mol Model (2013) 19:2539-2547

2547

6.

10.

11.

12.

13.

14.

15.

17.

Harris NJ, Lamnestsma K (1996) Tautomerism, ionization and
bond dissociations of 5-nitro-2,4-dihydro-3H-1,2,4-triazolone. J
Am Chem Soc 118:8048-8055

. Turker L, Atalar T (2006) Quantum chemical study on 5-nitro-2,

4-dihydro-3H-1,2,4-triazol-3-one (NTO) and some of its constitu-
tional isomers. J Hazard Mater 137:1333-1344

. Turker L, Bayer C (2012) NTO-Picryl constitutional isomers- A

DEFT study. J Energy Mater 30:72-96

. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,

Cheeseman JR, Montgomery AJ, Vreven T, Kudin KN, Burant JC,
Millam JM, Iyengar SS, Tomasi J, Barone V, Mennucci B, Cossi
M, Scalmani G, Rega N, Petersson GA, Nakatsuji H, Hada M,
Ehara M, Toyota K, Fukuda R, Hasegawa J, Ishida M, Nakajima T,
Honda Y, Kitao O, Nakai H, Klene M, Li X, Knox J, Hratchian HP,
Cross JB, Adamo C, Jaramillo J, Gomperts R, Stratmann RE,
Yazyev O, Austin AJ, Cammi R, Pomelli C, Ochterski JW, Ayala
PY, Morokuma K, Voth GA, Salvador P, Dannenberg JJ,
Zakrzewski VG, Dapprich S, Daniels AD, Strain MC, Farkas O,
Malick DK, Rabuck AD, Raghavachari K, Foresman JB, Ortiz JV,
Cui Q, Baboul AG, Clifford S, Cioslowski J, Stefanov BB, Liu G,
Liashenko A, Piskorz P, Komaromi I, Martin RL, Fox DJ, Keith T,
Al-Laham MA, Peng CY, Nanayakkara A, Challacombe M, Gill
PMW, Johnson B, Chen W, Wong MW, Gonzalez C, Pople JA
(2003) Gaussian 03, revision B.04. Gaussian Inc, Pittsburgh

Ravi P, Gore GM, Sikder AK, Tewari SP (2012) DFT study on the
structure and detonation properties of amino, methyl, nitro, and
nitroso substituted 3,4,5-trinitropyrazole-2-oxides: new high energy
materials. J Struct Chem 53:676-684

Ravi P, Venkatesan V, Gore GM, Tewari SP, Sikder AK (2010)
Theoretical studies on the structure and detonation properties of
amino-, methyl-, and nitro-substituted 3,4,5-trinitro-1H-pyrazoles.
J Hazard Mater 183:859-865

Ravi P, Gore GM, Tewari SP, Sikder AK (2011) Theoretical studies
on amino and methyl substituted trinitrodiazoles. J Energy Mater
29:209-227

Ravi P, Tewari SP (2012) A DFT study on the structure—property
relationship of amino-, nitro, and nitrosotetrazoles and their N-
oxides: new high energy density molecules. Struct Chem 23:487-498
Ravi P, Tewari SP (2011) Quantum chemical investigation on the
structure property relationship of aminonitrotriazoles. Struct Chem
22:661-669

Atkins PW (1982) Physical chemistry, 2nd edn. Oxford University
Press, Oxford

. Politzer P, Ma Y, Lane P, Concha MC (2005) Computational

prediction of standard gas, liquid, and solid-phase heats of formation
and heats of vaporization and sublimation. Int J Quantum Chem
105:341-347

Politzer P, Murray JS, Grice ME, Desalvo M, Miller E (1997)
Calculation of heats of sublimation and solid phase heats of
formation. Mol Phys 91:923-928

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Accelrys Inc (2004) Materials studio 4.01. Accelrys Inc, San
Diego

Politzer P, Martinez J, Murray JS, Concha MC, Alejandro TB
(2009) An electrostatic interaction correction for improved crys-
tal density prediction. Mol Phys 107:2095-2101, references
therein

Kamlet MJ, Jacobs SJ (1968) Chemistry of detonation. I. A simple
method for calculating the detonation properties of C—H-N-O
explosives. J] Chem Phys 48:23-35

Fukui F, Yonezawa T, Shingu HJ (1952) A molecular orbital
theory of reactivity in aromatic hydrocarbons. J Chem Phys
20:722-725

Zhang C, Shu Y, Huang Y, Zhao X, Dong H (2005) Investigation
of correlation between impact sensitivities and nitro group charges
in nitro compounds. J Phys Chem B 109:8978-8982

Desiraju GR, Steiner T (1999) The weak hydrogen bond. Oxford
University Press, New York

Cho SG, Goh EM, Kim JK (2001) Holographic QSAR models for
estimating densities of energetic materials. Bull Korean Chem Soc
22:775-778

Kim JK, Cho SG, Kim CK, Park H-Y, Zhang H, Lee HW (2008)
Prediction of densities for solid energetic molecules with molecu-
lar surface potentials. J] Comput Chem 29:1818-1824

Belsky VK, Zorkii PM (1977) Distribution of organic
homomolecular crystals by chiral types and structural classes.
Acta Crystallogr A 13:1004-1006

Hoffman DM (2003) Voids and density distributions in
2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane
(CL-20) prepared under various conditions. Prop Explos
Pyrotech 28:194-200

Eaton PE, Gilardi R, Zhang M-X (2000) Polynitrocubanes:
advanced high-density, high-energy materials. Adv Mater
12:1143-1148

Politzer P, Murray JS (2011) Some perspectives on estimating
detonation properties of C, H, N, O compounds Central. Eur J
Energy Mater 8:209-220

Hess BA Jr, Schaad LJ (1971) Huckel molecular orbital 7t
resonance energies. The benzonoid hydrocarbons. J Am Chem
Soc 93:2413-2416

Haddon RC, Fukunaga T (1980) Unified theory of the thermody-
namic and kinetic criteria of aromatic character in the [4n+2]
annulenes. Tetrahedron Lett 21:1191-1192

Schmalz TG, Seitz WA, Klein DJ, Hite GE (1988) Elemental
carbon cages. ] Am Chem Soc 110:1113-1127

Zhou Z, Parr RG (1989) New measures of aromaticity: absolute
hardness and relative hardness. ] Am Chem Soc 111:7371-7379
Rice BM, Sahu S, Owens FJ (2002) Density functional cal-
culations of bond dissociation energies for NO, scission in
some nitroaromatic molecules. J Mol Struct (THEOCHEM)
583:69-72

@ Springer



	A DFT study of tautomers of 3-amino-1-nitroso-4-nitrotriazol-5-one-2-oxide
	Abstract
	Introduction
	Methods and computational detail
	Results and discussion
	Optimized structures
	Theoretical crystal density
	Heat of explosion
	Detonation velocity and detonation pressure
	Frontier molecular orbital energies
	Bond dissociation energies
	Nitro group charge analysis

	Conclusions
	References


