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Abstract The present study undertook the design of nitro and
dinitroamino compounds from the skeleton of isomeric N-
oxides of octaazanaphthalene, using computational methods
to predict their degradation and explosive characteristics. The
atom equivalent method was employed to evaluate the gas
phase heats of formation of the designed species. Condensed
phase heats of formation were also determined and found to be
in the range of 220–286 kcal mol−1. Crystal densities of all the
designed molecules were calculated and found to be in the
range of 1.91–1.98 g cm−3. Detonation pressure (P) and deto-
nation velocity (D) determined using the Kamlet-Jacobs equa-
tion showed that the performance of nitro-substituted com-
pounds was comparable to that of RDX while that of
dinitroamino compounds (P≈43.4–43.7 GPa; D≈9.6–
9.7 km s−1) showed their superiority over HMX (P≈
39.3 GPa and D≈9.10 km s−1). Impact sensitivity (h50) of
the designed molecules was compared with nitro- and
nitramino-based commercial explosives on the basis of the
available free space (ΔV) per molecule in their crystal lattice
estimated using wave function analysis. The study showed
that dinitroamino compounds were more sensitive compared
to their nitro analogs. Reactivity or chemical stability of the
designed molecules were measured in terms of charge distri-
bution, molecular electrostatic potential and frontier molecular
orbital energy. The nitro compounds of N-oxides of
octaazaanthracene were found to be more stable than their
dinitroamino analogs.

Keywords Wave function analysis . Crystal density . Heat of
sublimation .Molecular electrostatic potential . High energy
density material

Introduction

Continuous efforts are made in the search for high energy
materials (HEMs), not only for explosives and pyrotechnics
but also for components of pyrophobic compositions. In this
regard, N-heterocyclic compounds with increased N-content
have attracted considerable attention owing to their relatively
high density, high positive heat of formation and good thermal
stability [1–5]. In order to increase the energetic characteristics
of a compound, the introduction of energy-enhancing func-
tional groups (explosophores) such as nitro, nitroamino and
azido has been a commonly used method [6, 7]. This fact is
well reflected in the design and synthesis of a variety of
nitrated high energy materials viz., 2,4,6-trinitrotoulene
(TNT), hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX),
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocin (HMX),
hexanitrohexaazaiso-wurtzitane (CL-20) and many more.

N-oxide functionalization of N-heterocycles is a recently
visualized concept to design a new class of energetic materials
[8–11]. Compounds having N-oxide linkage are thought to be
highly energetic because the additional oxygen atom provides
a greater density and a better oxygen balance [12, 13].
Trifluoroperacid, potassiumperoxomonosulphate and
hypofluorous acid are a few versatile oxidizing reagents that
have been used for introduction of the N-oxide linkage. In this
context, two isomeric N-oxides of octaazanaphthalene [also
known as di-1,2,3,4-tetrazinetetraoxide (DTTO) and iso-
DTTO as shown in Fig. 1] have drawn considerable attention
due to their predicted high loading density, high heat of for-
mation and better detonation performance parameters
[14–17].
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The structural features of DTTO and iso-DTTO are such
that synthesis of these two compounds is plausible. It is pre-
sumed that the cyclic nitrogen catenation in DTTO and iso-
DTTO forming octaazaanthracene N-oxide (OAANO) and its
isomer iso-OAANO is stabilized by the diminution of the
repulsive effect of alternate nitrogen lone pair electrons owing
to their involvement in the formation of coordinate covalent
bonds with oxygen atoms. Recently, these compounds were
revisited by Politzer et al. [18, 19], who employed computa-
tional procedures to explore their potential for use as HEMs.

The present study deals with the design of a new class of N-
oxide compounds by introducing a benzene ring substituted
with nitro and dinitroamino groups into the skeleton of DTTO
and iso-DTTO. Thus, four compounds viz., 9,10-dinitro-1,2,
3,4,5,6,7,8-octaazaantharacene-1,3,6,8,-tetraoxide (A1), 9,10-
dinitro-1,2,3,4,5,6,7,8-octaazaantharacene-1,3,5,7-tetraoxide
(A2 ) , 9 , 10 -b i s ( d i n i t r oamino ) -1 ,2 , 3 , 4 , 5 , 6 , 7 , 8 -
octaazaantharacene-1,3,6,8,-tetraoxide (B1) and 9,10-bis
(dinitroamino)-1,2,3,4,5,6,7,8-octaazaantharacene-1,3,5,7-
tetraoxide (B2) as shown in Fig. 2 were designed. In designing
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Fig. 2 Structures of the designed
molecules. The numbers on the
atoms correspond to the
optimized structures shown in
Fig. 3
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these molecules, due care was taken to protect all the features
of DTTO, i.e., nitrogen content and stabilization of nitrogen
catenation by means of N-oxide linkages were kept intact.

The vulnerability of energetic compounds is of prime con-
cern and is a deciding factor in gauging their potentiality. In
fact, the sensitivity of an energetic material is a complex phe-
nomenon involving several factors such as the physical state
of the compound, its molecular and crystal properties and the
nature of the stimulus. A large number of predictive correla-
tions have been established between sensitivity and a variety
of external stimuli and molecular properties such as electro-
static potentials, atomic charges and electronic energy levels
[20–24]. Recently, Politzer and Murray [25] have shown that
the impact sensitivity of nitro and nitramino compounds can
be predicted on the basis of the amount of available free space
(ΔV) in the crystal lattice of the compound determined at the
0.003 a.u. (electrons/bohr3) contour of the electron density
space.

In order to explore the possibility of using these designed
compounds as HEMs, attempts have been made to estimate
their thermodynamic and detonation properties. A study of
natural charge distribution through NBO analysis [26, 27]
has been performed to assess the chemical reactivity of the
designed molecules. Additionally, a detailed analysis of the
charge distribution has been made by mapping the molecular
electrostatic potential (MEP) [28]. The HOMO–LUMO ener-
gy gap has also been determined in order to explore the reac-
tivity of the designed molecules [29, 30].

Computational details

The Gaussian 09 software package [31] was employed to
execute all electronic structure calculations during the present
investigation. Reliable estimation of a heat of formation of a
newly designed energetic molecule is an arduous task. Of the
several computational methods that have been shown to pre-
dict reliable values, the atom equivalent method for the esti-
mation of gas phase heat of formation of CHNO compounds
proposed by Byrd and Rice [32] was used during the present
study. In brief, the gas phase heat of formation of a compound
using the atom equivalent method can be computed as:

ΔHf gð Þ ¼ E gð Þ−∑njε j ð1Þ

where E(g) is the electronic energy of the molecule at 0 K, nj is
the number of atoms of element j present in the molecule and
εj is its atom equivalent energy. The values of εj were deter-
mined by Byrd and Rice [32] by making a least-square fit of
Eq. 1 between the experimentally determined ΔHf (g) of a
series of CHNO compounds and their E(g) values calculated
at density functional theory (DFT) using a dual-level proce-
dure B3LYP/6–311++G (2df,2p)//B3LYP/6–31G (d) in which

energy was determined at B3LYP/6–311++G (2df,2p) using
the geometry optimized at B3LYP/6–31G (d) levels of theory.
We utilized the values of εj given by Byrd and Rice [32] to
estimate the heats of formation of designed molecules by
performing the calculation at the same level of theory. From
the viewpoint of practical applications, estimation of solid
phase heat of formation, ΔHf (s) of an energetic material is
more worthwhile; in this study, it was obtained from the gas
phase heat of formation using Hess’s law as follows:

ΔHf sð Þ ¼ ΔHf gð Þ –ΔHsub ð2Þ

where all the enthalpy values were taken at 298 K. The heat of
sublimation used in Eq. 2 is a macroscopic property and
would depend heavily on the non-covalent molecular interac-
tions present in the condensed phase. On the basis of statistical
analysis, Politzer et al. [33] correlated it to the computed mo-
lecular properties related to electrostatic potential and pro-
posed the following empirical expression:

ΔHsub ¼ a Að Þ2 þ b vσ2
total

� �1=2 þ c ð3Þ

where A is the surface area of the 0.001 electrons/bohr3

isosurface of the electronic density of the molecule. σ2
total is

the sum of the squares of positive (σ+) and negative (σ−)
variances, and v is the balance parameter that describes the
degree of balance between positive and negative potentials on
the isosurface. These two quantities are given by following
equations:

σ2
total ¼ σ2

þ þ σ2
− ð4Þ

v ¼ σ2
þ σ2

−

σ2þ þ σ2
−

� �2 ð5Þ

Furthermore, σ+
2 and σ−

2 are defined as:

σ2
þ ¼ 1

m

Xm

i¼1

Vþ
s rið Þ−V

þ
s

� �2
ð6Þ

σ2
− ¼ 1

n

Xm

j¼1

V −
s r Jð Þ−V

−

s

h i2
ð7Þ

In the above equations, m and n are the number of surface

point at which Vs(r) is positive and negative, respectively. V
þ
s

and V
−
s are the average of positive and negative surface po-

tentials. In many of their studies, Politzer and Murray [34, 35]
have shown that σ2

total is an effective measure of a molecule’s
tendency for non-covalent interactions. A self-compiled wave
function analysis (WFA) program developed by Bulat et al.
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[36] was utilized to evaluate the values of v and σ2
total for the

designed molecules. A rigorous parameterization of Eq. 3 was
made by Byrd and Rice [32] and the values of a, b and c used
in Eq. 3 were determined and listed as 0.000267, 1.650087
and 2.966078, respectively. These values were used as such in
evaluating the heats of sublimation of the designed molecules
in the present study. In doing so, due care was taken to per-
form the calculations at the same level of theory as that used
by Byrd and Rice [32] during the parameterization.

Besides the heat of formation, estimation of crystal density
of a newly designed molecule is also part and parcel of the
design of novel HEMs because of its effective contribution to
detonation performance. In the present study, the crystal den-
sities of the designed molecules were predicted using the fol-
lowing equation proposed by Politzer et al. [37].

Crystal density ¼ α M=V0:001ð Þ þ β vσ2
total

� �þ γ ð8Þ

where M is the molecular mass (g/molecule) and V0.001 is the
molecular volume (cm3/molecule) of the 0.001 electrons/
bohr3 contour of electronic density of the molecule. The quan-
tities α, β and γ are the regression coefficients determined by
Politzer et al. [37] as 0.9183, 0.0028 and 0.0443, respectively
and these values were used as such in the present study. In
order to use the above parameteric constants, the structures
optimized at B3PW91/6-31G (d,p) level of theory were used
to determine the molecular volume of all the designed mole-
cules as used by Politzer et al. [37] during the parameterization
of Eq. 8.

The explosive characteristics of the designed molecules
were evaluated in terms of detonation pressure (P) and deto-
nation velocity (D) using Kamlet-Jacobs equations [38] given
as follows:

P GPað Þ ¼ 1:56 NM1=2Q1=2ρo
2 ð9Þ

D km=secð Þ ¼ 1:01 NM1=2Q1=2
� �1=2

1þ 1:30ρoð Þ ð10Þ

The initial loading density (ρo) used in the above equations
was calculated using Eq. 8. The other parameters, viz., N, M
and Q, defined as the number of moles of gaseous detonation
products per gram of explosive, average molecular weight of
the gaseous detonation products in grams per mole and the
heat released during detonation in calories per gram, respec-
tively were determined using the “most exothermic principle”
in which it is presumed that all N atoms end up in N2 mole-
cules and chemically available O atoms initially oxidize H
atoms to form H2O (g) before being used to oxidize C atoms
to form CO2 (g). If the number of O atoms is insufficient for
complete oxidation of C and H atoms together, then the re-
maining carbons end up as C (solid) otherwise the excess O
atoms end up as O2 (g). In order to calculate the values of N,

M and Q, the following two stoichiometric reactions were
devised:

C6N10O8 → 4 CO2 gð Þ þ 5 N2 gð Þ þ 2 C sð Þ ð11Þ

(Series A compounds)

C6N14O12 → 6 CO2 gð Þ þ 7 N2 gð Þ ð12Þ

(Series B compounds)
and the values of N,M and Q were calculated as follows:

N ¼ Total No:of molesof CO2 andN2

Molecularweightof theexplosive
ð13Þ

M ¼ Totalweight ingmsof gaseous speciesof CO2 andN2

TotalNo:of moles of gaseous species

ð14Þ

Q ¼ −
ΔHf detonationproductð Þ ‐ΔHf explosiveð Þ

Formulaweightof explosive
ð15Þ

A recent approach put forward by Politzer et al. [25] based
on the available free space per molecule, (ΔV) in the crystal
lattice determined at 0.003 au (electrons/bohr3) contour of
electronic density was taken into account to estimate the im-
pact sensitivity. According to the latter authors, the relation-
ship between molecular compressibility during an external
impact and available free space (ΔV) in the crystal can be
utilized for a rough estimate of the impact sensitivity. They
defined ΔV as,

ΔV ¼ Veff−Vint ð16Þ

where Vint is the intrinsic gas phase molecular volume obtain-
ed at 0.003 au contour of electronic density space assessed
through the WFA–Surface Analysis Suite [36]. This was esti-
mated using the optimized structure of the designedmolecules
at B3PW91/6–31G (d,p) level of theory. Veff is the hypothet-
ical molecular volume corresponding to the unit cell being
completely filled. The latter can be determined as:

Veff ¼ M=d ð17Þ

where M is the molecular mass and d is the crystal density of
designed molecules estimated with the help of Eq. 8.

Results and discussion

Heat of formation

The heat of formation of an energetic molecule is the most
important factor that affects the heat evolved during a
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detonation process. Compounds containing positive heat of
formation are always preferred in designing a high energetic
material. However, experimental determination of heat of for-
mation of such compounds is difficult due to their instability
and unknown detonation characteristics. Therefore, theoreti-
cal methods have always been a preferred choice [32, 33].
Theoretically evaluated thermodynamic and molecular prop-
erties of the designed molecules considered during the present
investigation are listed in Table 1. Results show that the
solid phase heats of formation of the designed mole-
cules are in the range of 220 to 286 kcal mol−1. This
high positive heat of formation indicates that the de-
signed molecules have the potential to find a place in
the class of HEMs. The heats of formation of
dinitroamino compounds B1 and B2 are superior to
those of nitro compounds A1 and A2. This is probably
due to relatively greater N and O contents in com-
pounds B1 and B2. Amongst A1 and A2, the heat of
formation of compound A2 is slightly greater than that
of A1. This may be due to the difference in the position
of the N-oxide linkage in molecules A1 and A2. The
same may also be held to account for a slight difference
in the heat of formation of B1 and B2.

Explosive properties

Detonation velocity (D) and detonation pressure (P) are the
two most important parameters determining the brisance of
explosive materials. Based on the estimated solid phase heat
of formation and crystal density, the values of D and P calcu-
lated using Kamlet-Jacobs equation (Eqs. 9, 10) are listed in
Table 2. The data show that the heat of detonation, crystal
density, detonation velocity and detonation pressure of nitro
compoundsA1 andA2 are lower as compared to dinitroamino
compounds B1 and B2. This may be due to an increase in the
N and O contents of the latter molecules. Although the deto-
nation parameters of the nitro compounds A1 (D=8.98, P=
37.15) andA2 (D=8.75, P=35.40) are lower than those of the
dinitroamino compounds B1 (D=9.66, P=43.7) and B2 (D=
9.64, P=43.40) yet their performance is seen to be better than
that of commercially used explosive RDX (D=8.75, P=34.0).
A close examination of the data recorded in Table 2 show that,
although the heat of detonation ofA2 is 5 cal/g more than that
of A1, a slight decrease of about 0.5 % in the loading density
of compound A2 resulted in a decrease of about 2.6 % in D
and 4.7 % in P. This shows that loading density has a very
strong influence on the detonation parameter. The results

Table 1 Molecular and thermodynamic properties of the designed
molecules calculated at B3LYP/6–311++G (2df,2p)//6–31G (d) level.
E0 Electronic energy of the molecule at 0 K, A surface area of the 0.001
electrons/bohr3 isosurface of the electronic density of the molecule, v

degree of balance between positive and negative potentials on the
isosurface, σ2total tendency for non-covalent interactions, Hf (g) gas
phase heat of formation, Hsub heat of sublimation, Hf (s) solid phase heat
of formation

Molecule E0 A (0.001) v σ2total ΔHf (g) kcal mol−1 ΔHsub kcal mol−1 ΔHf (s) kcal mol−1

A1 −1,377.75232 268.915 0.055 290.135 249.47 28.86 220.61

A2 −1,377.74999 269.297 0.053 298.094 250.93 28.67 222.26

B1 −1,897.53159 339.128 0.059 204.910 323.79 39.40 284.39

B2 −1,897.52937 339.495 0.061 204.785 325.19 39.57 285.62

Table 2 Detonation properties of designed molecules using the
geometries obtained at B3PW91/6–31G (d,p) level. Q Heat released
during detonation, ρo initial loading density, M average molecular
weight of the gaseous detonation products, V molecular volume, D

detonation velocity, P detonation pressure, RDX hexahydro-1,3,5-
trinitro-1,3,5-triazine, HMX octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocin, CL-20 hexanitrohexaazaiso-wurtzitane, DTTO di-1,2,3,4-
tetrazinetetraoxide

Molecule Q cal/g v σ2total M/V0.001 ρo (s) (g cm−3) D (km s−1) P (GPa)

A1 1,755 0.056 276.456 1.99 1.92 8.98 37.15

A2 1,760 0.054 282.202 1.99 1.91 8.75 35.40

B1 1,845 0.062 191.044 2.07 1.98 9.66 43.7

B2 1,848 0.065 188.556 2.07 1.97 9.64 43.4

RDX 1,492 0.180 149.76 1.79 1.70 1.82a 8.50 8.75a 30.93 34.00a

HMX 1,500 0.142 276.28 1.96 1.86 (1.90) 9.05 (9.10) 37.02 (39.30)

CL-20 − − − − (2.04) (9.36) (44.1)

DTTO − − − − (1.89) (9.71) (43.20)

Iso-DTTO − − − − (1.89) (9.70) (43.10)

a Values taken from 46; data in parentheses are taken from 19
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further show that performance parameters of designed mole-
cules B1 and B2 are superior to the powerful explosive HMX
and comparable to those of CL-20. Furthermore, the results
also show that the designed molecules B1 and B2 are superior
to DTTO and iso-DTTO.

Electronic structure

All the designed molecules, their structural frameworks
OAANO and isomer iso-OAANO were optimized at
B3LYP/6–31G (d) level of theory; the optimized structures

OAANO iso-OAANO

A1 A2

B1 B2

Fig. 3 Structures of designed molecules optimized at B3LYP/6-31G (d) level of theory
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are shown in Fig. 3. A few important parameters that undergo
major changes in comparison to the structural frameworks are
also listed along the optimized structures. The results show
that internal bond lengths and bond angles of all the designed
molecules remain almost the same as those of the frameworks.
The detailed optimized parameters of all the designed mole-
cules are given in the supporting material as Tables S1–S6.
However, the substitution of nitro and dinitroamino groups in
place of H15 and H16 in OAANO and iso-OAANO leads to
significant deviations in some of the bond angles. Additional-
ly, nitro and dinitroamino groups place themselves out of the
plane of the molecule. In all the designed molecules, the ox-
ygen atoms of nitro and dinitroamino groups are almost per-
pendicular to the plane of the ring. This may be due to repul-
sion from the nearby oxygen atoms of the N-oxide linkage as
well as from the lone pair electrons of nitrogen atoms of the
adjacent tetrazine rings. This repulsion is symmetrical in mol-
ecules A1 and B1 whereas the opposite is true in the case of
A2 and B2 because of the position of the N-oxide linkage in
the corresponding tetrazine rings. This interaction is reflected
by the bond angle deviations as listed on the optimized struc-
tures of the designed molecules as shown in Fig. 3. In the case
of A1, the bond angles around C9 [C11–C9–N15 (120.9) and
C14–C9– N15 (121.0)] and C10 [C12–C10–N16 (119.2) and
C13–C10–N16 (119.2)] are almost the same as that in the
OAANO molecule. This is probably due to the repulsive
forces provided by O atoms and lone pair of electrons
of N-atoms of the tetrazine ring operating symmetrically
on each side of the nitro groups placed at the C9 and
C10 carbon atoms. These repulsive forces are also re-
sponsible for the oxygen atoms of the nitro groups plac-
ing themselves almost perpendicular to the plane of the
ring. In the case of the molecule A2, the repulsion ex-
perienced by nitro groups at C9 and C10 is not sym-
metrical. Repulsion by the oxygen of N-oxide from one
side and by the lone pair of nitrogens of the tetrazine
ring from the other side are not equivalent; as a result
there is a deviation in the bond angles in comparison to
that of the parent iso-OAANO molecule. Thus, in A2
the angles around C9 [C11–C9–N15 (124.0) and C14–
C9–N15 (116.0)] and the same around C10 [C13–C10–
N16 (121.2) and C12–C10–N16 (116.6)] are not equal
and in fact deviated significantly from the parent angles
in the iso-OAANO molecule. This may be attributed to
the fact that these repulsions are asymmetric in nature.
This could explain the non-planarity of the oxygen atom
of the nitro groups. In the case of molecule B1, the
repulsion from oxygen atoms of the N-oxide linkage
and nitrogen lone pair electrons of the neighboring
tetrazine ring is symmetrical but neither of the angles
around C9 and C10 are the same as that of their parent
OAANO molecule. This is probably due to the addition-
al steric hindrance provided by the bulkier dinitroamino

groups. The combined effect of symmetrical repulsion
and steric-hindrance may force the dinitroamino group
to adopt a non-planer orientation with a slight variation
in the bond angles. A similar argument can also be
made for molecule B2, where deviations in the angles
C11–C9–N15 (125.6) and C14–C9–N15 (116.2) are sig-
nificant compared to their parent angles C11–C9–H15
(121.2) and C14–C9–N15 (120.7), also due to the
asymmetrical repulsion and steric hindrance.

Table 3 Natural charge distribution of designed molecules. Values are
in a.u.

A1 A2 B1 B2

N1 0.31 0.31 0.31 0.31

N2 −0.10 −0.09 −0.10 −0.08
N3 0.43 0.42 0.43 0.43

N4 −0.27 −0.26 −0.26 −0.28
N5 −0.27 0.31 −0.28 0.31

N6 0.43 −0.09 0.43 −0.09
N7 −0.10 0.42 −0.09 0.42

N8 0.31 −0.26 0.31 −0.26
N15 0.52 0.52 −0.21 −0.21
N16 0.52 0.52 −0.22 −0.22
N17 − − 0.67 0.66

N18 − − 0.66 0.66

N19 − − 0.66 0.66

N20 − − 0.65 0.66

C9 0.14 0.11 0.17 0.14

C10 0.08 0.11 0.11 0.15

C11 0.05 0.07 0.08 0.10

C12 0.16 0.13 0.18 0.15

C13 0.16 0.07 0.18 0.10

C14 0.05 0.13 0.08 0.15

O17 −0.29 −0.30 − −
O18 −0.29 −0.30 − −
O19 −0.31 −0.30 − −
O20 −0.31 −0.30 − −
O21 −0.28 −0.32 −0.28 −0.32
O22 −0.32 −0.29 −0.36 −0.30
O23 −0.32 −0.32 −0.32 −0.35
O24 −0.28 −0.29 −0.28 −0.29
O25 − − −0.28 −0.34
O26 − − −0.34 −0.27
O27 − − −0.28 −0.28
O28 − − −0.35 −0.34
O29 − − −0.27 −0.35
O30 − − −0.35 −0.27
O31 − − −0.27 −0.35
O32 − − −0.34 −0.35
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Charge distribution and MEP

Natural charge distributions on the designed molecules were
investigated by natural bond orbital (NBO) analysis and the
results are given in Table 3. The data show that same kind of
atoms have similar charge distributions. In the compound A1,
atoms N1 and N8, N2 and N7, N3 and N6 and N4 and N5,
C11 and C14, and C12 and C13 are of the same kind. The
same is true for compound B1. On the other hand, in com-
pound A2, atoms N1 and N5, N2 and N6, N3 and N7, N4 and
N8, C11 and C13, and C12 and C14 are of the same kind,
which is also true for compound B2. Results recorded in
Table 3 show that, in all the designed molecules, the N atoms
associated with nitro groups are positive—a characteristic fea-
ture of nitro groups from the viewpoint of valance bond theory.
In the dinitroamino group, nitrogen atoms N15 and N16 are
negatively charged in all the designed molecules. This may be
ascribed to the fact that the N atom is more electronegative in

comparison to the C to which it is bonded and, therefore, pulls
the bond pair electrons and acquires negative charge. The N
atoms involved in N-oxide linkage are positively charged be-
cause of electron donation for the formation of the co-ordinate
linkage. In all cases, N atoms adjacent to N-oxide linkages (N2,
N4, N5, N7 in molecule A1 and B1 and N2, N4, N6, N8 in

A1 A2

B1 B2

Most nega�ve Most posi�ve
Fig. 4 Molecular electrostatic potential (MEP) calculated at the B3LYP/6-31G (d) level and mapped onto the 0.001 electron density isosurface for the
designed molecules

Table 4 Effective volume (Veff), gas phase intrinsic volume (Vint) and
available free space per molecule (ΔV) in the unit cell of the designed
molecules

Molecule Density (d) M Veff
a Vint

a ΔVa

A1 1.92 340 294.1 221.63 72

A2 1.91 340 295.6 221.75 74

B1 1.98 460 385.8 293.05 93

B2 1.97 460 387.7 293.04 95

aUnits: Veff, Vint and ΔVare in Å3
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molecules A2 and B2) are negatively charged. This could be
due to the delocalization of negative charge on O atoms of N-
oxide linkages, as shown schematically for molecule A1 in
Scheme 1. The same reasoning could be given for the rest of
the designed molecules. Carbon atoms C9 and C10, which are

linked directly to electron-withdrawing nitro and
dinitroamino groups have positive charge of varying
amount because of the different environments existing
in all four of the designed molecules. All other C atoms
(C11, C12, C13 and C14) in all the designed molecules

HOMO

A1

LUMO

HOMO

A2

LUMO

LUMO
LUMO

HOMO

B1

HOMO

B2

― -129.27 Kcal

ΔE= 69.02 Kcal

― -198.29 Kcal

― -129.89 Kcal

ΔE= 59.62 Kcal

― -189.51Kcal

― -124.87 Kcal

ΔE= 65.89 Kcal

― -190.76 Kcal

― -124.87 Kcal

ΔE= 56.48 Kcal

―-181.35 Kcal

Fig. 5 Frontier molecular orbitals (FMO) of the designed molecules
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also carry a positive charge because they are attached to
more electronegative N atoms.

Although charge distribution is an electronic structure
property that depends on the distribution of electrons in the
molecule, it does not have any physical basis. On the other
hand, MEP is a physical observable that arises due to interac-
tion between nuclei and electronic charges. It has been
established earlier that MEP gives substantive insight into
charge distribution [39]. Therefore, in order to explain the
variation in the electronic charge on atoms, we computed the
molecular electrostatic potential (MEP) on the 0.001 a.u.
(electrons/bohr3) surface. The results are shown in Fig. 4,
where the extent of the charge distribution is shown by the
color intensity. Intense blue and red colors represent the most
positive and negative potentials. In all the designedmolecules,
positive MEP is seen over the central portion of the molecule,
which is a characteristic property of energetic compounds
[20], whereas negative MEP is visualized around the periph-
ery of the designed molecules, which is basically due to the
presence of negatively charged O atoms. In nitramine com-
pounds, B1 and B2, the positive potential is extended
somewhat towards dinitroamino explosophores. This
may be due to the fact that N atoms of the nitro groups
of dinitroamino group are positively charged as listed in
Table 3. The MEPs shown in Fig. 4 for all the designed
molecules show local polarity due to charge density
distribution that could be related to molecular reactivity
[40]. It is envisaged that the central portion of all the
designed molecules will be prone to electrophilic reac-
tivity while the nucleophilic ability would be restricted
mostly to the peripheral region.

Impact sensitivity

Impact sensitivity (h50) measured in terms of centimeters is an
important consideration in the synthesis and design of new
HEMs. Minimizing impact sensitivity and maximizing deto-
nation performance have always been a primary objective for
newly designed energetic molecules. The experimental
measurement of h50 refers to the height from which a
hammer of standard weight falling upon the explosive
gives a 50 % probability of detonation. The greater the

value of h50 , the lower the lesser impact sensitivity.
However, experimental measurement of h50 does not
always yield reliable values due to the nature of the test
and also due to the fact that detonation is a complex
phenomenon that involves many physico-chemical pro-
cesses occurring simultaneously.

In the present study we estimated the impact sensitivity
using the value of available free space (ΔV) per molecule in
the unit cell of all four molecules considered here. When an
explosive solid is subjected to an impact, it undergoes rapid
compression and the temperature of the system increases,
which leads ultimately to the formation of “hot spots” [41,
42] resulting in the initiation of detonation. Politzer and Mur-
ray [25] estimated ΔV values of a number of highly energetic
nintamines and aromatics and non-nitramines and non-aro-
matics. On the basis of their detailed analysis they suggested
a general trend between ΔVin the unit cell of the crystal lattice
and impact sensitivity. Accordingly, a higher value of free
space leads to a lower value of h50. However, they emphasized
that ΔV may be only one of several factors that may govern
reactivity and that the results could be used only for making
comparisons. The ΔV values of the designed molecules taken
during the present study along with their effective volume per
molecule (Veff) and intrinsic gas phase molecular volume
(Vint) are listed in Table 4. The results show that the ΔV of
molecules A1 and A2 are in the range of 72–74 Å3. These
values envisage that the designed nitro compoundsA1 andA2
are less sensitive in comparison to CL-20, which has a ΔV
value of 89 Å3 and an experimental h50 value of 15 cm
[25] but more sensitive when compared with RDX,
HMX, and Tetryl [25]. On the other hand, compounds
B1 and B2, having ΔV values of 93 and 95 Å3, respec-
tively, are highly sensitive. This is in accordance with
the observation made in an earlier study that nitramine
compounds would be sensitive due to weak N–NO2

bonds (37–46 kcal mol−1) [22]. The calculations per-
formed in this study are also in accord with the views
proposed by Storm et al. [43] that about 80 % of
nitramine compounds possess h50 values lower than
40 cm. Therefore, we envisage that the presence of
the N–NO2 bond may be one of the factors for the high
impact sensitivity of designed molecules B1 and B2.
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N
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N
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Scheme. 1 Delocalization of
negative charge of O atoms
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Frontier molecular orbital energies

Fukui et al. [29] were the first to notice that frontier molecular
orbitals [FMO: highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO)] play an
important role in governing the reactivity and/or stability of
aromatic compounds. Several studies have also suggested that
the HOMO–LUMO energy gap is an indicator of chemical
stability [44, 45]. The smaller the HOMO–LUMO gap in the
compound, the easier it would be for the HOMO electrons to
cross this gap resulting in poor stability. The HOMO and
LUMO of all the designed molecules obtained at B3LYP/6–
31G (d) level of theory are shownpictorially in Fig. 5 along
with their corresponding energy gaps. The results show that
the energy gaps in A1 and A2 are greater than their corre-
sponding dinitroamino analogs B1 and B2. Thus, it may be
envisaged that nitro compounds A1 and A2 are more stable
compared to the dinitroamino analogs B1 and B2. This is also
supported by thermodynamic data, ΔHf (s) and impact sensi-
tivity (h50). The values listed in Table 1 show that ΔHf (s)

values of A1 and A2 are about 64 kcal mol−1 less than their
dinitroamino analogs B1 and B2, showing thereby that A1
and A2 are more stable. This is further supported by ΔV
values of compounds as listed in Table 4, which show that
the designed nitro compoundsA1 andA2 are about 21 Å3 less
than that of dinitroamino compounds B1 and B2,
predicting the prior ones to have higher h50 values as
compared to B1 and B2. This further substantiates the
finding that compounds A1 and A2 are more stable than
their analogs B1 and B2.

Conclusions

In the present study we designed benzene-based molecules
conta in ing N-oxide l inkages wi th two different
explosophores, nitro and dinitroamino groups. Four different
molecules were designed and their thermodynamic, explosive
and electronic structure characteristics have been determined
and the following conclusions drawn:

(1) High positive solid phase heats of formation of designed
compounds indicate that these have the potential to be
characterized as HEMs.

(2) Predicted values of detonation parameters of the nitro
derivatives A1 and A2 are superior to those of RDX
whereas dinitroamino derivatives B1 and B2 outperform
RDX and HMX and have properties comparable to that
of the most powerful explosive CL-20.

(3) The impact sensitivity of molecules A1 and A2 was
found to be better than that of B1 and B2. Compounds
B1 and B2 can be classified as highly sensitive
compounds.

(4) FMO analysis shows that nitro compounds A1 and A2
are chemically more stable than their dinitroamino ana-
logs B1 and B2.

In summary, we find that the designed molecules can be
treated as reasonably stable and powerful explosives; our
work may provide a route for further investigation into new
high energy materials (Scheme 1).
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