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Abstract This study aimed to design novel nitrogen-rich
heptazine derivatives as high energy density materials
(HEDM) by exploiting systematic structure–property rela-
tionships. Molecular structures with diverse energetic
substituents at varying positions in the basic heptazine ring
were designed. Density functional techniques were used for
prediction of gas phase heat of formation by employing an
isodesmic approach, while crystal density was assessed by
packing calculations. The results reveal that nitro deriva-
tives of heptazine possess a high heat of formation and
further enhancement was achieved by the substitution of
nitro heterocycles. The crystal packing density of the
designed compounds varied from 1.8 to 2 g cm−3, and
hence, of all the designed molecules, nitro derivatives of
heptazine exhibit better energetic performance character-
istics in terms of detonation velocity and pressure. The
calculated band gap of the designed molecules was
analyzed to establish sensitivity correlations, and the results
reveal that, in general, amino derivatives possess better
insensitivity characteristics. The overall performance of the
designed compounds was moderate, and such compounds
may find potential applications in gas generators and
smoke-free pyrotechnic fuels as they are rich in nitrogen
content.

Keywords Heptazine . Density functional theory .

Isodesmic reaction . Packing calculation . High energy
density material

Introduction

High nitrogen content heterocycles have attracted consider-
able interest as high energy density materials (HEDM) [1–4].
This novel high-nitrogen compounds form a unique class of
energetic materials possessing high positive heat of forma-
tion (ΔH0

f ) and high thermal stability that result in numerous
applications, such as effective precursors of carbon nano-
spheres and carbon nitride nanomaterials, and as solid fuels
in micropropulsion systems, gas generators and smoke-free
pyrotechnic fuels [5]. Most of the energy comes either from
oxidation of the carbon backbone, as traditionally found in
explosives, or from their high nitrogen content.

Over the past few years, 1,3,5-triazine (s-triazine) has
played a key role in the molecular routes to carbon nitride
(CNx) materials that have been investigated by various
researchers [6–12]. s-Triazine derivatives have been used in
the manufacture of polymers, dyes, pesticides and explo-
sives. The s-heptazine structure was first postulated by
Pauling and Sturdivant [13] as a component of the polymer
melon [–C6H7(NH2)–NH–]n. Such s-triazine monocyclic
systems have been subjected to theoretical and experimen-
tal studies. Recently, Zheng et al. [14] studied the electronic
structure of 1,3,4,6,7,9,9b-heptaazaphenalenes by density
functional theory (DFT). Studies on the geometry of
heptaazaphenalene derivatives revealed that they have a
highly symmetrical structure with a planar and rigid hetero
ring. Further, they confirmed the existence of considerable
conjugation over the parent ring, which is an advantage in
terms of the stability of these compounds. Kroke et al. [15]
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reported the synthesis and detailed structural characterization
of functionalized 1,3,4,6,7,9,9b-heptaazaphenalene derivatives
and 2,5,8-trichloro-1,3,4,6,7,9,9b-heptaazaphenalene. Similar
to their s-triazine counterparts, s-heptazine-based precursors
are thermally robust candidates as promising precursors to
nitrogen-rich, sp2-bonded carbon nitride materials. Hence,
this class of nitrogen-rich molecular system is expected to
possess excellent energetic characteristics and may find
applications as a high energy material. Molecular frameworks
of s-heptazine and s-triazine are represented in Fig. 1.

The key properties of energetic materials in relation to their
electronic structure are heat of formation (ΔH0

f ), density (ρo),
detonation velocity (D), pressure (P), and sensitivity. It is
impractical to measure ΔH0

f for thermally unstable mole-
cules and new energetic materials for which synthesis is
difficult. There are several methods that can predict gas
phase ΔH0

f from quantum mechanical calculations. DFT
methods require less time and computer resources [16, 17]
the B3LYP hybrid model in particular can produce reliable
geometries and energies. Similarly, density is widely
predicted by crystal structure packing calculations, as this
method is superior to group additive approaches [18]. The
most important explosive performance characteristics, viz.,
detonation velocity and pressure, were evaluated by Kamlet-
Jacobs empirical relations from their theoretical densities and
calculated ΔH0

f values [19].
Nucleus independent chemical shift (NICS) was defined

by Schleyer et al. [20–23] as the negative value of the
absolute magnetic shielding computed in ring centers or 1
Å above the molecular plane. NICS may be a useful
indicator of aromaticity, which usually correlates well with
energetic, structural and magnetic criteria. Negative NICS
values denote aromaticity (e.g., −11.5 ppm for benzene and
−11.4 ppm for naphthalene) and positive NICS values
denote anti-aromaticity (e.g., 28.8 ppm for cyclobutadiene),
while small NICS values indicate non-aromaticity (e.g.,
−2.1 ppm for cyclohexane, −1.1 ppm for adamantane). In
principle, no reference molecules or calibrating equations
are required for evaluation of aromaticity [24]. In the
present study, NICS of the heptazine derivatives in the gas
phase were predicted using DFT involving the gauge
invariant atomic orbitals (GIAO) method for analyzing the
relative stability of the designed molecules.

Sensitivity prediction has significant importance in
deriving novel energetic molecules in terms of their safe
handling. Among various aspects of sensitivity, impact
sensitivity is measured by a drop weight test and
experimental determination associated with large errors.
Several simple relationships have been found that relate
impact sensitivities with measured and predicted molec-
ular properties, particularly within chemical families [25,
26]. There have been numerous attempts to correlate
measured impact sensitivities and various molecular and
crystal features; these have included the strengths of
certain bonds, NMR chemical shifts, heats of fusion and
sublimation, atomic charges, electronic energy levels, the
efficiency of lattice-to-molecular vibrational energy trans-
fer, molecular stoichiometry, etc. These efforts, which
have often been quite successful, are summarized in more
detail elsewhere [27–30]. Politzer et al. [31, 32] consid-
ered the surface potential imbalance due to nitro groups as
symptomatic of sensitivity. The trigger linkage concept is
that a key step in the initiation of detonation is the rupture
of a specific type of bond. C–NO2, O–NO2 and N–NO2

are presumed trigger bonds, and their rupture is a
dominant factor in determining sensitivity. Recently, Xu
et al. [33] analyzed the relationship between impact
sensitivities and electronic structures of some nitro
compounds. Kunz et al. [34–37] predicted the band gap
of organic and inorganic materials using the Hartree-Fock
approximation based on their electronic structures. Analysis
of the band gap between highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
has been suggested relative to the sensitivity of the material
[38]. The present study explores sensitivity relationships by
analyzing band gap.

The present study aims to design novel nitrogen-rich
heptazine derivatives for energetic material applications by
exploiting systematic structure–property relationships. DFT
was used for the prediction of ΔH0

f by employing an
isodesmic approach. Crystal density was predicted by
forcefield-based packing calculations. Energetic groups like
nitro and azido, and nitrogen-rich heterocycles (imidazloes,
triazoles etc.) proved to enhance the energetic behavior of
the explosive. Hence, molecular structures with diverse
substituents, viz. azido, amino, nitro, and nitrogen-rich
heterocycles, at various positions in the basic s-heptazine
ring were considered; the structures of the compounds
considered are shown in Fig. 2.

Theoretical methodology

Quantum-chemical calculations were performed with the
Gaussian 03 package [39]. The Becke three-parameter
hybrid functional was used along with Lee-Yang-Parr
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Fig. 1 Molecular frameworks of s-heptazine and s-triazine
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(LYP) correlation [40–42]. The 6-31G* basis set was
employed for all optimization and harmonic vibrational
frequency calculations, [43]. The density of the crystal
structure of all the designed molecules was predicted by
rigorous molecular packing calculations using the poly-
morph module of the Material Studio Suite [44]. Dreiding
[45] force field was employed for calculations with
different space groups. The approach is based on the
generation of possible packing arrangements in all reason-
able space groups (P21/c, P−1, P212121, C2/c, P21, Pbca,
Pna21, Cc, Pbcn and C2) to search for low-lying minima in
the lattice energy surface [46–48].

The empirical Kamlet-Jacobs [19] equations were
employed to estimate the values of D and P for high
energy materials containing C, H, O and N as follows:

D ¼ 1:01 NM1=2Q1=2
� �1=2

ð1þ 1:30ρoÞ ð1Þ

P ¼ 1:55ρo
2NM1=2Q1=2 ð2Þ

Where, D is detonation velocity (km s−1), P is detonation
pressure (GPa), N is moles of gaseous detonation products
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per gram of explosive, M is average molecular weights of
gaseous products, Q is chemical energy of detonation (kJ
mol−1) defined as the difference of ΔH0

f between products
and reactants, and ρo is the density of explosive (g cm−3).

NICS of different derivatives of the heptazines in gas
phase were predicted using the GIAO method. B3LYP/6-
31G* calculation was employed to predict NICS at ring
centers. NICS values of the individual rings of s-
heptazine are represented as NICS-1, NICS-2 and
NICS-3 in Fig. 2.

Results and discussion

Recently, Gillan et al. [49] demonstrated a synthetic route
for heptazine and 2,5,8-triazido-s-heptazine (Fig. 2). They
also indicated that these compounds can act as potential
energetic materials. Strout et al. [50–52] studied the
nitrogen-rich molecules by theoretical calculations to
predict their energetic properties as high energy density
materials. This paper focuses on a study of electronic
structure and its effect on thermodynamic and energetic
characteristics using density functional techniques.

Heat of formation

Heat of formation (ΔH0
f ) is one of the most important

thermo-chemical properties of energetic materials because it
is related directly with detonation parameters. All heat of
formation data are in cal g−1 as well as kJ mol−1, since the
formulas for detonation velocity and detonation pressure
dictate that the energy produced in decomposition or
combustion be given on a gram basis [53–56]. The zero
point energies and thermal correction for model compounds
have been calculated at the B3LYP/6-31G* level. ΔH0

f of
model compounds has been predicted using B3LYP method
in combination with the 6-31G* basis set through appro-
priate design of isodesmic reactions [57]. The isodesmic
reaction, in which a number of electron pairs and chemical

Table 1 Total energy (E0) at 298K and gas phase ΔH0
f for the

reference compounds at the B3LYP/6-31G* level

Compound E0 (au) ΔH0
f

kJ/mol cal/g

CH4 -40.46935 -74.8 -1,117.35

NH3 -56.50961 -45.9 -645.32

CH3NH2 -95.78443 -22.5 -173.19

CH3NO2 -244.95385 -74.7 -292.49

CH3N3 -204.03725 238.5 999.17

(CH3)3N -174.46792 -23.7 -95.83

Imidazole -226.20972 129.5 454.63

1H-1,2,4-triazole -242.24467 192.7 666.90

s-Triazine -280.35961 225.8 665.69

Table 2 Calculated energetic properties of designed heptazine derivatives. NC Nitrogen content, ΔH0
f heat of formation, Q chemical energy of

detonation, D detonation velocity, P pressure

Compound NC (%) ΔH0
f Q (cal/g) N (mol/g) M (g/mol) D (km/s) P (GPa)

kJ/mol cal/g

H 56.65 811.99 1,121.79 1,121.79 0.029 20.20 6.68 18.90

IDX10 75.67 1,187.29 958.68 958.68 0.027 28.00 7.10 22.35

IDX11 61.20 1,340.16 875.15 1,105.23 0.027 27.00 7.50 25.44

IDX12 51.37 1,497.39 820.84 1,207.11 0.027 26.33 7.56 25.60

IDX13 64.84 1,418.59 923.85 1,110.55 0.028 27.52 7.81 27.84

IDX14 57.53 1,656.55 903.94 1,216.82 0.029 27.23 8.05 29.43

IDX15 64.20 761.69 835.08 835.08 0.037 18.25 7.46 25.48

IDX16 53.49 1,026.61 781.42 1,149.52 0.028 22.89 7.39 24.52

IDX17 47.80 1,334.84 778.13 1,265.43 0.027 25.27 7.50 25.31

IDX18 57.77 1,105.02 838.42 1,205.36 0.028 24.33 7.64 26.37

IDX19 54.36 1,491.25 865.09 1,273.87 0.029 26.33 7.94 28.45

IDX20 45.46 891.82 692.04 1,206.67 0.036 28.00 9.25 40.10

IDX21 44.92 1,225.85 783.38 1,291.08 0.032 27.17 8.49 32.74

IDX22 44.54 1,397.95 759.36 1,262.21 0.029 26.46 7.93 28.17

IDX23 48.53 1,383.55 881.81 1,346.31 0.034 27.60 8.95 36.90

IDX24 50.68 1,563.17 845.26 1,274.85 0.032 27.29 8.49 32.48

IDX25 44.26 1,658.26 783.27 1,282.53 0.028 25.86 7.54 25.15

IDX26 52.26 1,898.24 891.33 1,295.20 0.031 27.03 8.12 29.41
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bond types are conserved in the reaction [58], allows
canceling of errors inherent in the approximate treatment of
the electron correlation in the solutions to quantum
mechanic equations. In addition, reasonably accurate
predictions of ΔH0

f are possible by utilizing isodesmic
schemes, even at relatively low levels of theory. However,
good experimental values must be available for all but one
reaction component, and it is also known that different
isodesmic reactions will predict different values for the
same component [59]. Recently, the isodesmic reaction
approach has been used for determination of ΔH0

f within a
few kcal mol−1 of deviations from experimental values
[60]. The calculated and experimental gas phase ΔH0

f of
the reference compounds [61–64] s-triazine, imidazole,
1,2,4-triazole, CH4, NH3, CH3N3, CH3NO2, CH3NH2 are
listed in Table 1. The ΔH0

f of title compounds predicted by
the isodesmic approach are summarized in Table 2. All the
predicted molecules show that high positive ΔH0

f may be
due to high nitrogen content, conjugation, planarity,
stability of structure based on s-triazine and the large
number of inherently energetic N–N and C–N bonds.

Figure 3 shows the isodesmic reaction schemes for the
designed molecules and calculated ΔH0

f of the parent s-
heptazine (H) by a similar reaction at about 812 kJ mol−1.
Comparison of IDX10, IDX20 with the parent heptazine
ring clearly indicates that introduction of explosophores
like azido, nitro etc., increases the ΔH0

f of the parent
system. This proves that azido and nitro explosophores are
the main origin of the energy center in the designed
molecules. The role of the azido group in heat of formation
is more profound than that of the nitro group, as also found
by Li et al. [38]. This may be attributed to the higher
nitrogen content of IDX10; however, introduction of a nitro
group enhances the oxygen balance and hence the overall
performance. Introduction of an amino group (IDX15)
brings down the ΔH0

f , as supported by Li et al. [38, 65].
Imidazole and triazole are natural frameworks for

energetic materials as they have inherently high nitrogen
content [66]. Introduction of an amino group is one of the
simplest means to enhance the thermal stability of an
energetic material [67]. Adding these functionalities to the
ring structure typically alters the ΔH0

f , making it more
positive—a desired characteristic for most energetic materi-
als [4]. A systematic substitution of nitro, azido and amino
groups by imidazole and triazole was attempted in order to
design a novel high energy material with optimal perfor-
mance characteristics. Substitution by imidazole or 1H-
1,2,4-triazole with a nitro group shows a remarkable
increase in ΔH0

f ; various s-heptazine derivatives are
compared in Figs. 4 and 5, indicating that addition of
nitrogen heterocycle increases the ΔH0

f . Replacement of
the azido group in IDX10 by nitroimidazole (in IDX11 and
IDX12) and nitrotriazole (in IDX13 and IDX14) increases

the ΔH0
f significantly, which indicates that corresponding

rings contribute significantly to the total ΔH0
f of the

molecules. The energy contribution to the overall gas phase
ΔH0

f of imidazole (129.5 kJ mol−1) is lower than triazole
ring (192.7 kJ mol−1). This can be clearly seen in IDX11
and IDX13, in which ΔH0

f is increased by 78 kJ mol−1 and
in IDX12 and IDX14 ΔH0

f is increased by 159 kJ mol−1. A
similar trend is observed in the case of amino (IDX16 to
IDX18 by 79 kJ mol−1; IDX17 to IDX19 by 157 kJ mol−1

and nitro derivatives (IDX21 to IDX23 by 158 kJ mol−1;
IDX22 to IDX24 by 166 kJ mol−1). Overall, tri-substituted
IDX25 and IDX26 is calculated to have high gas phase
ΔH0

f viz., 1,658.26 and 1,898.24 kJ mol−1, respectively.
Comparison of IDX11, IDX16 and IDX21, in which one of
the functional groups (azido, amino and nitro) is replaced
by a nitroimidazole group shows the following order of
ΔH0

f IDX11>IDX21>IDX16. Similarly, in the case of the
nitro triazole substitution, the order is IDX13>ID-
X23>IDX18, which indicates that azido and nitro deriva-
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tives exhibit higher ΔH0
f than amino functionalization. In

the case of diheterocyclic-substituted compounds, a similar
order is found, viz., IDX12>IDX22>IDX17 and
IDX14>IDX24>IDX19. Overall, nitro heterocycle substi-
tution increases the ΔH0

f , and energy contribution from the
triazole ring is higher than that from the imidazole ring.

Density

Density is an important parameter of explosives in
detonation performance because detonation velocity and
pressure of the explosives increase proportionally with the
packing density and square of density, respectively [19].
Density is a condensed phase property and its prediction
involves challenges as it is associated with different
intermolecular interactions affecting crystal pattern and cell
volume. Heterocycles generally have a higher heat of
formation, density and oxygen balance than their carbocy-
clic analogues. In general, possible ways of improving the
density are (1) increasing the concentration of nitro groups,
which increases the opportunity for hydrogen bonding; (2)
making larger compounds; and (3) replacing single bonds
with double bonds [68–71]. As bond length decreases,
molecular volume is expected to decrease [72]. In the
present study, these design principles were used while
designing the model compounds and the calculated densi-
ties from packing calculations are shown in Table 3.

Introduction of one imidazole and triazole ring increases
the density of heptazine viz, 1.80 g cm−3 increases the
density to 1.86 (IDX11) and 1.89 g cm−3 (IDX13),
respectively. However, further introduction of additional
heterocyclic ring in IDX12 and IDX14 decreases the density
to 1.83 and 1.87 g cm−3, respectively, as compared to IDX11
and IDX13. This may be attributed to the increase in
molecular volume and the orientation of the ring in space.
The density of triaminoheptazine (IDX15) is 1.90 g cm−3

and results reveal that replacement of the amino group
with nitroimidazoles/nitrotriazoles decreases the density.
The amino group lies in the same plane of the
molecule to maximize lone pair delocalization with the
heterocyclic π-electron system, and further helps in
increasing hydrogen bonding with nitro groups of the
hetero ring.

The symmetrical trinitroheptazine (IDX20) possesses a
very high density of 1.98 g cm−3, which may be due to the
high content of oxygen and nitrogen. Nitro derivatives of
heptazines follow a similar trend of amino and azido
derivatives when introducing the heterocyclic ring. In the
case of IDX25 and IDX26, the molecular volume is very
high due to the presence of three nitro substituted
heterocyclic rings, and hence the overall density is less.
The overall density of the designed molecules varies from
1.8 to 2 g cm−3. Figure 6 shows the representative predicted
crystal structures of IDX12, IDX24, and IDX25.

Table 3 Calculated cell parameters and densities of the designed molecules

Compound Density (g/cm3) Space group Cell volume (Å3) Lattice parameters

Length (Å) Angle (degrees)

a b c α β γ

H 1.67 P1 349.25 14.809 6.862 8.012 106.5 128.0 116.4

IDX10 1.80 P21/c 1,095.36 3.453 23.431 17.149 90.0 165.6 90.0

IDX11 1.86 P1 656.72 10.442 7.647 10.218 77.5 57.0 90.0

IDX12 1.83 P21/c 1,611.54 19.971 18.716 21.879 90.0 168.6 90.0

IDX13 1.89 PBCA 2,580.59 7.058 21.448 17.045 90.0 90.0 90.0

IDX14 1.87 PNA21 1,559.73 18.083 12.233 7.051 90.0 90.0 90.0

IDX15 1.90 P21/c 798.87 9.871 3.730 25.207 90.0 59.4 90.0

IDX16 1.84 C2/c 2,306.53 69.368 4.311 52.195 90.0 171.5 90.0

IDX17 1.83 P1 752.58 12.230 15.812 4.865 123.0 78.6 85.2

IDX18 1.86 P21/c 1,142.30 8.960 33.024 33.708 90.0 173.5 90.0

IDX19 1.85 P1 748.20 11.527 11.829 11.533 138.5 46.7 116.1

IDX20 1.98 Cc 1,033.71 3.472 31.563 10.782 90.0 61.0 90.0

IDX21 1.87 P1 667.37 18.001 7.941 13.326 54.1 145.7 140.9

IDX22 1.83 P21/c 1,613.94 4.109 16.389 25.698 90.0 68.8 90.0

IDX23 1.92 P21/c 1,298.42 15.676 9.774 8.598 90.0 99.7 90.0

IDX24 1.89 PBCA 3,115.36 7.682 22.384 18.116 90.0 90.0 90.0

IDX25 1.79 P21 946.57 4.258 12.745 21.637 90.0 126.3 90.0

IDX26 1.82 PBCA 3,735.80 35.615 7.388 14.197 90.0 90.0 90.0
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Detonation performance

Table 2 represents detonation velocity and pressure for the
predicted molecules computed by Kamlet-Jacobs empirical
equations. Overall computed detonation velocity ranges
from about 7.1 to 9.3 km s−1, and oxygen balance is
negative in all cases. Figure 7a–c shows the dependence on

density of the detonation velocity and clearly indicates that
nitrotriazole-substituted derivatives show overall high det-
onation velocity. Cho et al. [73] also reported that the
performance of an explosive is highly sensitive to its

Fig. 6 Predicted crystal structures of a IDX12, b IDX24 and c
IDX25
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Fig. 7 Density and detonation velocity (D) profiles of a azide
derivatives, b amino derivatives, and c nitro derivatives of heptazine
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crystalline density, but somewhat less sensitive to its ΔH0
f .

Comparison of azido derivative reveals the order of
detonation performance as IDX14>IDX13>IDX12>ID-
X11>IDX10. Replacement of azido groups with nitro-
imidazole and nitrotriazole groups enhances the detonation
performance of the molecules due to higher densities and
greater mole of gaseous detonation products per gram of
explosive (N).

In the case of amino derivatives, IDX16 exhibits a lower
performance than its parent molecule IDX15 even after an
energetic nitroimidazole group is introduced. Performance
reduction can be attributed to the decrease in density.
Comparison of amino derivatives reveals that these com-
pounds (IDX17, IDX18 and IDX19) have low density as
compared to IDX15. However, ΔH0

f of these compounds is
very high. The order of the detonation performance for the
amino series derivatives can be given as IDX16<ID-
X15<IDX17<IDX18<IDX19. In general, these derivatives
exhibit about 7.6 km s−1 detonation velocity, and 25.5 GPa
detonation pressure. The number of moles of gaseous
detonation products per gram of explosive (N) is less due to
the low oxygen balance in these amino derivatives.

Nitro derivatives of heptazines (IDX20, IDX21,
IDX22, IDX23, and IDX24) show higher performance
than azido and amino derivatives due to better oxygen
balance, density and ΔH0

f of these molecules. Molecules
IDX21 and IDX22 possess lower densities than the parent

IDX20, which results in poorer performance than IDX20.
IDX23 and IDX24 show comparable performance to
IDX20. Detonation performance increases as the moles
of gaseous detonation products per gram of explosive
increases. Among the nitro derivatives, IDX20 possess a
high detonation velocity of 9.25 km s−1, while other
derivatives exhibit a detonation velocity of about 8 km sec−1

and detonation pressure of 35 GPa. Their order of their
detonation performance can be given as IDX22<IDX24<ID-
X21<IDX23<IDX20. The designed molecules IDX25 and
IDX26 have higher ΔH0

f but poor densities. Further IDX25
has low moles of gaseous detonation products per gram of
explosive as compared to IDX26, which results in IDX26
being superior to IDX25.

Stability and sensitivity correlations

NICS is expressed by a combination of properties in cyclic
delocalized systems and can be discussed in terms of
energetic, structural and magnetic criteria. Negative values
of NICS indicate the shielding presence of induced
diatropic ring currents that are understood as aromaticity
at specific points [10]; the more negative the NICS, the
more aromatic the rings. Further, cyclic electron delocaliza-
tion results in enhanced stability, bond length equalization,
and special magnetic as well as chemical and physical
properties [74–76]. The NICS value for the parent

Table 4 Calculated nucleus independent chemical shift (NICS) and band gap of the designed molecules. HOMO Highest occupied molecular
orbital, LUMO lowest unoccupied molecular orbital

Compound NICS(1) ppma NICS(2) ppm NICS(3) ppm EHOMO (Hartree) ELUMO (Hartree) ΔE(Hartree)

H 4.84 4.83 4.85 -0.2596 -0.1162 0.1434

IDX10 1.45 1.46 1.45 -0.2661 -0.1156 0.1504

IDX11 1.48 2.18 1.42 -0.2777 -0.1315 0.1462

IDX12 1.48 2.17 2.18 -0.2870 -0.1460 0.1410

IDX13 1.62 2.22 1.65 -0.2820 -0.1339 0.1480

IDX14 1.68 2.41 2.39 -0.2976 -0.1508 0.1468

IDX15 0.09 0.80 0.79 -0.2213 -0.0388 0.1824

IDX16 -0.02 0.17 -0.01 -0.2546 -0.0941 0.1605

IDX17 1.45 1.79 1.79 -0.2786 -0.1286 0.1499

IDX18 1.15 1. 48 1.20 -0.2555 -0.1015 0.1540

IDX19 1.61 1.97 1.97 -0.2860 -0.1348 0.1511

IDX20 2.75 2.72 2.73 -0.3178 -0.1764 0.1414

IDX21 -1.85 2.35 -1.74 -0.2980 -0.1617 0.1362

IDX22 1.44 2.57 2.57 -0.2927 -0.1573 0.1353

IDX23 2.07 3.41 2.18 -0.3134 -0.1689 0.1444

IDX24 1.59 2.96 2.96 -0.3147 -0.1714 0.1433

IDX25 2.23 2.34 2.23 -0.2962 -0.1614 0.1347

IDX26 2.49 2.69 2.58 -0.3107 -0.1677 0.1429

a NICS(1), NICS(2) and NICS(3) represent values for individual rings in s-heptazine as shown in Fig. 1
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s-heptazine ring is found to be 4.84 ppm, while for the
designed molecules the values are calculated to be less than
those of the parent molecule. This indicates that
substitution brings stability in the compounds due to
the electronic effects of substitution (azido, amino and nitro,
imidazole and triazole groups). The diatropic current of the
ring increases due to substituted groups and the electrons are
expected to be located mainly on the nitrogen atoms due to
their high electronegativity compared to the carbon atom.
Comparison of H, IDX10, IDX15 and IDX20 reveals that
the profound electron donating effect of the amino group
increases the ring current strongly, which leads to lower
values of NICS. Further, the symmetric arrangement of the
azido (IDX10), amino (IDX15) and nitro (IDX20) groups
increases stability through delocalization of π-electrons, thus
enhancing cyclic conjugation; accordingly, their order of
stability is IDX15>IDX10>IDX20>H. Substitution of the
nitro imidazole group on IDX11, IDX16, and IDX21 shows
an increase in NICS (2) at the corresponding ring of the
heptazine, which may be due to its own contribution towards
aromaticity; the same trend has been found in the case of
triazole compounds. In tri-heterocycle-substituted molecules,
IDX25 shows better stabilization than IDX26, this can be
attributed to the better contribution of the imidazole ring
compared to triazole.

The band gap between the HOMO and LUMO has
been suggested to be a measure of the sensitivity of the
material [33, 38]. In principle, the band gap (ΔE) between
HOMO and LUMO is used as a criterion to predict the
sensitivity of the material; the smaller the ΔE, easier the
electron transits and the larger the sensitivity. The band
gap of predicted heptazine derivatives obtained using
B3LYP/6-31G* method is compiled in Table 4. It is well
known that the introduction of an amino group into
polynitrobenzenes can increase stability under stimuli of
impact and shock [77, 78]. From the ΔE values of the
heptazine derivatives, it can be seen that molecule IDX15
possess a high band gap of 0.18 Hartree, which indicates
that IDX15 will be relatively more insensitive than the
designed molecules. Comparison of IDX10, IDX15 and
IDX20 reveals that trinitro derivatives are more sensitive
than azido and amino derivatives. Replacement of the
amino group with other heterocycles increase the sensi-
tivity as seen in IDX16, IDX17, IDX18, IDX19, IDX25
and IDX26. A similar trend is observed in azido and nitro
derivatives. Comparison of IDX25 and IDX26 indicates
that nitro triazole has better insensitivity characteristics
than nitro imidazole. Nitro derivatives of heptazines
possess better energetic performance characteristics than
others. However, NICS analysis and insensitivity correla-
tions revealed that amino derivatives are better candidates
considering insensitivity and stability.

Conclusions

Molecular structures with diverse energetic substituents at
varying positions in the basic heptazine ring have been
designed for HEM applications. DFT techniques were used
to predict gas phase heats of formation using an isodesmic
approach, while crystal density was determined by packing
calculations. Among the designed molecules, nitro deriva-
tives of heptazine exhibited the best performance character-
istics, while amino derivatives are better in terms of
insensitivity and stability. Although the designed molecules
are not superior to reported HEMs, these molecules may
find potential applications in gas generators and smoke-free
pyrotechnic fuels as they are rich in nitrogen content. In
addition, the study finds its usefulness in realizing
structure–property correlations.
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