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Abstract

In this study, high energy materials (HEMs) derived from 1,2,4-triazolo[3,4-d]-1,2,4-triazolo[3,4-f]furazano[3,4-b]pyrazine (TTFP)

substituted with –NH2, –NHNO2, –ONO2, –NO2, and –N3 explosophoric groups were designed and computationally character-

ized. It is found that the TTFP is an effective molecular backbone for improving the energy content and energetic performance

of the designed compounds. The effect of various explosophoric groups on energy content, density, detonation performance, and

sensitivity was investigated. The energetic evaluation indicated that TTFP derivatives having –NHNO2, –ONO2, and –NO2,

groups demonstrate good detonation performances and exceed the performance of TNT and RDX. Considering the energetic

properties, the TTFP backbone can be regarded as an energy-rich unit, which can be substituted with suitable explosophoric

groups for constructing HEMs.

1. Introduction

The high energy materials (HEMs) composed of nitrogen-rich heterocycles are being investigated inten-
sively as they are proven contributing to explosive and propellant performance due to high density and
energy content.[1-6] The construction of energy-rich molecular framework with multiple carbon-nitrogen and
nitrogen-nitrogen bonds and availability of position for the functional group attachment represents the fore-
front of research in explosive chemistry. The fusion of heterocyclic rings to form a fused ring skeleton has
become one of the most useful and popular aspects to improve density and heat of formation.[7] There are
many experimental results for explosives and propellants containing fused rings demonstrated the promising
and fascinating energetic properties with sufficient stability and insensitivity to mechanical stimuli. The
differences in physicochemical properties of individual heterocyclic and carbocyclic rings would overcome in
the fused backbone and will help to achieve better energetic performance and stability (see Fig. 1).

Growing demand for energetic materials in diverse civil, defense, and space applications has increased the
need to synthesize them. In this context, the cost and hazardous nature associated with energetic materials
force the use of computational approaches to screen the potential molecules before synthesis.[8-10] Given
this background, we have inserted –NH2, –NHNO2, –ONO2, –NO2, and –N3 explosophoric groups in 1,2,4-
triazolo[3,4-d]-1,2,4-triazolo[3,4-f]furazano[3,4-b]pyrazine (TTFP) backbone (see Fig. 2). These functional
groups are proven to alter the explosive performance and hence introduced in the TTFP framework for
a comprehensive understanding of the structure-property relationship. The TTFP structure (molecular
formula) is tetracycle consists of four fused rings including pyrazine, furazan, and two triazole rings. In the
literature, the synthesis of TTFP has been reported,[11-14] however, the design of new HEMs with TTFP
backbone composed of different explosophoric groups is not known. Our objective in this paper is to address
the importance of TTFP fused backbone in designing the energetic molecules and also look at the relative
role of –NH2, –NHNO2, –ONO2, –NO2, and –N3groups in determining the energetic properties.
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2. Results and discussion

DFT calculations were carried out with the Gaussian 09 program[15] using widely used combination of
Becke’s three-parameter hybrid functional (B3) with Perdew and Wang’s (PW91) non-local correlation and
basis set 6-31G(d,p).[16-18] All optimized structures were verified to be local minima and without imaginary
frequencies. Multiwfn program[19] was used to obtain molecular surface properties. The energetic properties
of TTFP derivatives were calculated using trustworthy and established theoretical methods that are identical
to previous studies[20-22] and presented in the Supporting Information.

2.1. Heat of formation (HOF)

HOF is one of the crucial parameters for HEMs that is straightforwardly linked to a total C–N and N–N
bonds and functional groups existing in the molecular framework. The higher is the HOF of HEMs, the more
is the exothermic combustion, which results in the quick expansion of detonation products and rising the
temperature of the combustion chamber. In recent times, high-nitrogen heterocycles and fused-heterocycles
have drawn more attention in the explosive chemistry due to their exclusive energy content and dense
nature.[23-26] For TTFP, the experimental HOF is not available and hence isodesmic reaction approach was
used to calculate its gas phase HOF (see Fig. 3). The HOFGas of TTFP based on two different isodesmic
reactions were calculated to be 811.2 (see Fig. 3a) and 818.8 (see Fig. 3b) kJ/mol and shows good agreement.
Table 2 summarizes the calculated HOFs for TTFP derivatives. It can be noted that all compounds display
positive HOFs, with F3 (azide) ensuring the highest value of 1311.6 kJ/mol, resultantly almost double than
that of F1 (TTFP). The HOF of F3 is higher in the series arising from the significant energy contribution
of –N3group. The replacement of –H in F1 with –NHNO2 (F4) and –NO2 (F6) increases the HOFSolid

by 72 and 65 kJ/mol, respectively. The introduction of –NH2 (F2) and –ONO2 (F5) groups decreases the
HOF of F1 by 84 and 119 kJ/mol, respectively, reveals their negative impact on HOF values. The effect of
functional groups on the energy content is observed in the following order: –N3 > –NHNO2> –NO2 > –H >
–NH2 > –ONO2. The HOFSolid for all designed compounds (F1–F6) are much greater than the TNT (–67.0
kJ/mol), RDX (63 kJ/mol), and HMX (76 kJ/mol).[27] It is logical to envisage the importance of fused
TTFP framework in significantly enhancing net input of energy of the designed compounds and reflecting
greater energy content.

2.2. Oxygen balance and density

Oxygen balance (OB) specifies oxygen insufficiency or surplus in HEMs needed to transform all hydrogens
into H2O and carbons into CO2. Compound F5 display OB value -24.7% owing to –ONO2 groups in the
structure, where other compounds have lower values ranging from –38.4% (F6) to -95.0% (F1). Incorporation
of –NHNO2, –ONO2 and –NO2 groups acts as reservoir of oxygen in TTFP derivatives and improves the
OB of the corresponding compounds and may ultimately result in greater exothermicity during combustion
and detonation. It has been established that increasing nitrogen content in the molecular framework leads
to both improved HOFs and a greater crystal density. The replacement of more CH units in the ring with
nitrogen atom reduces the molecular volume and enhances the mass. By the same reasoning, the fusion
of heterocyclic rings should also increase density over its carbocyclic analogs and expected to have greater
net density. Densities of TTFP derivatives determined using Politzer approach[28] found between 1.84 to
1.92 g/cm3. All the TTFP derivatives show better densities relative to TNT (1.65 g/cm3) and RDX (1.82
g/cm3). Among them, F2, F4, and F6 have the highest density of 1.92 g/cm3, which is superior to HMX
(1.90 g/cm3).[27] Overall, –NH2, –NHNO2 and –NO2groups play a key role in enhancing the densities of
corresponding compounds.

2.3. Performance characteristics

The detonation velocity (D ) and pressure (P ) are common measures of explosive performance and esti-
mated by employing the Kamlet-Jacobs equations.[29] For better understanding and evaluation, performance
parameters of TTFP derivatives are compared with TNT and RDX. Detonation velocities ranged over 7.00
to 8.36 km/s, while detonation pressures lie between 22.01 and 32.22 GPa. Compared with TNT and RDX,
TTFP derivatives are dominant to TNT (D =6.94 km/s, P =22.0 GPa) while slightly inferior with respect to
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RDX (D =8.60 km/s, P =33.9 GPa). Among them, by means of better OB, high density and positive high
HOF, F4–F6 exhibits higher detonation performances (D[?]8.3 km/s, P[?]32 GPa). The oxygen-free com-
pounds (F1–F3) result in lower detonation properties but greater than those of TNT. The explosive power
index (PI) of HEMs depend on the energy liberated and the volume of gases produced during detonation.
The estimated PI values for TTFP derivatives lie between 78–131% (see Table 2). The Kistiakowsky-Wilson
rules[30] were used to assume the decomposition reactions and summarized in Table S4. Compounds F4–F6
shows better PI values than TNT (116 %) due to their higher OB and HOF values.

The strength and ballistic performance of HEMs also presented using Gurney velocity (
√

2E). The
√

2E
values are predicted using Kamlet-Finger formula[31] and Hardesty and Kennedy approach[32] based on total
gas-phase decomposition products per gram of molecule, their formula weight, the heat of detonation and
density (see Table 2). The

√
2E values of TTFP derivatives ranged from 2.31 to 2.75 km/s (compared

with TNT 2.37 km/s and RDX 2.83 km/s). It is observed that –NHNO2, –ONO2, and –NO2 groups are
fruitful for improving the

√
2E values due to their oxygen-donor nature during the combustion process. The

relationship between molecular structure-performance properties is more clearly reproduced in Fig. 4. The
detonation properties (D and P ), power index and Gurney velocity values strongly support the claim that
introducing more nitramine, nitrate-ester, and nitro substituents are favorable for HEMs.

2.4. Sensitivity evaluation

The prediction of sensitivity is challenging task as it depends on the physical state of explosives (particle sizes,
shapes, purity, hardness of crystals, surface roughness, lattice defects) and accidental initiation can take place
with impact, friction, shock, heat, electric discharge, etc. Most of the reported sensitivity correlations are
computationally based and symptomatic provide insight into factors governing sensitivity.[33-35] According
to Politzer et al[36,37] suggestion, crystal lattice free space ([?]V) and heat of detonation (Q) are employed to
correlate with the sensitivity of designed TTFP derivatives (see Table 3). [?]V is calculated as the difference
between Veff and Vint, which are the volumes of isolated molecules enclosed by 0.001 and 0.003 au contours,
respectively. In general, the higher value of [?]V value suggests a general tendency for greater sensitivity.
The calculated ΔV values range from 31 to 77 Å3. According to their ΔV values, F3-F6 compounds are
sensitive than RDX (46 Å3) and TNT (58 Å3). Among the TTFP derivatives, T5 has the highest ΔV value
(77 Å3) and expected to be the most sensitive. The F3-F6 compounds are more sensitive due to the presence
of explosophoric –N3, –NHNO2, –ONO2, and –NO2 groups and destabilizing the corresponding molecules
due to N–NO2, O–NO2, and C–NO2 trigger linkages.

Politzer et al.[37] proposed that higher Q values are adverse from the perspective of the sensitivity of HEMs.
The availability of oxygen in the molecule (better oxygen balance) produces more CO2 and H2O in the
detonation process and result in higher Q values. The calculated Q values for TTFP derivatives range from
911-1431 cal/g (RDX 1500 cal/g). The –NHNO2 (F4), –ONO2 (F5), and –NO2 (F6) groups responsible for
better OB and higher Q values in resultant compounds, cause of higher sensitivity. The absence of oxygen
in F1–F3 compounds release C(s), H2(g), and N2(g) as decomposition products and result in lower value of
Q. Inspecting the [?]V and Q values, one could infer that the stability decreases in the order of F5 > F6 [?]
F4 > F3 > F1 > F2.

3. Conclusions

DFT calculations were executed to calculate the energetic properties of designed TTFP derivatives. The
fusion of triazole and furazan rings in the TTFP backbone results in highly endothermic HOFs. It was
observed that these derivatives are reasonable materials with HOFs >563 kJ/mol, densities >1.84 g/cm3,
detonation velocities >7.00 km/s, and pressures >22.01 GPa, which exceed to that of TNT. In line with the
calculated energetic properties and sensitivity data, attachment of –NHNO2, –ONO2, and –NO2 groups add
better performance, –NH2 group enhance insensitivity and –N3 group favorable for energy content. Taking
into account the manifold requirements of performance and safety towards external stimuli for HEMs, the
TTFP fused backbone is more suitable due to its organic CHNO ingredient and energy-content.

Supporting Information
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Computational details, selective structural parameters, and parameters related to the calculation of energetic
properties of TTFP derivatives are given in the Supporting Information.
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List of Tables

Table 1 . Calculated energy content data and related parameters for TTFP derivatives.

Compd. E0 (au) ZPE (au) HT (au)
HOFGas

(kJ/mol)
HOFSub

(kJ/mol)
HOFSolid

(kJ/mol)

F1 -742.527644 0.1039 0.0100 811.2 129.0 682.2
F2 -853.187166 0.1374 0.0132 758.4 160.4 598.0
F3 -1069.559126 0.1103 0.0155 1484.8 173.2 1311.6
F4 -1261.951087 0.1432 0.0170 934.7 180.6 754.1
F5 -1301.637672 0.1152 0.0179 708.7 145.1 563.6
F6 -1151.306522 0.1081 0.0154 889.9 142.9 747.0

E0: Total energy; ZPE: Zero point energy; HT: Thermal correction; HOFGas and HOFSolid: Heat of formation
in the gas and solid phase, respectively; HOFSub: Heat of sublimation.

Table 2 . Calculated performance parameters for TTFP derivatives.

Compd. NC (%) OB (%) Density (g/cm3) D (km/s) P (GPa) PI (%)
√

2E (km/s)
√

2E (km/s)

K-F method H-K method
F1 55.4 -95.1 1.84 7.00 22.01 94 2.31 2.40
F2 60.3 -89.7 1.92 7.17 23.65 78 2.34 2.42
F3 69.0 -62.0 1.85 7.75 27.05 117 2.56 2.59
F4 52.2 -39.8 1.92 8.36 32.22 115 2.73 2.73
F5 43.2 -24.7 1.86 8.34 31.46 131 2.75 2.74
F6 47.9 -38.4 1.92 8.34 32.05 126 2.72 2.72

NC: Nitrogen content; OB: Oxygen balance; D: Detonation velocity; P: Detonation pressure; PI: Power
index;

√
2E: Gurney velocity.

Table 3 . Calculated effective (Veff) and intrinsic (Vint) molecular volume, crystal lattice free space (ΔV),
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and heat of detonation (Q ) of the TTFP derivatives.

Compd. Veff (Å3) Vint (Å3) Δ῞ (Α̊
3
) Q (cal/g)

F1 182.0 145.8 36.2 1093.3
F2 200.9 170.2 30.7 911.7
F3 255.2 198.7 56.5 1269.3
F4 278.8 219.0 59.8 1323.1
F5 289.9 212.9 77.0 1431.2
F6 253.1 191.6 61.5 1416.2

List of Figures

Figure 1 . Distinction between fused TTFP and individual rings.

Figure 2 . Designed energetic TTFP derivatives.
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(a)

(b)

(c)

Figure 3. Designed isodesmic reactions (a and b for F1; c for F2-F6) for the prediction of HOFGas.
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Figure 4 . Comparison of performance properties of the TTFP derivatives with TNT and RDX.
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