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Design and synthesis of thermally robust
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The development of advanced heat-resistant energetic materials for extreme environments demands
molecular frameworks that combine high decomposition temperatures, strong detonation performance,
and synthetic accessibility. In this study, nitrogen-rich pyrazine—tetrazole hybrids designed to achieve
this balance are introduced. Pyrazine cores, functionalized with amine-tetrazole units, promote dense
molecular packing owing to hydrogen-bond networks, resulting in enhanced thermal stability. Thermal
analysis discovered decomposition onset temperatures of 305 °C (compound 2) and 320 °C (compound
5), values surpassing TNT (295 °C) and approaching HNS benchmarks (318 °C). Calculated detonation
velocities (7383 and 7278 m s~1) and detonation pressures (18.8 and 18.2 GPa) highlight their energetic
efficiency while maintaining

reduced sensitivity compared to conventional polynitro systems.
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Importantly, the synthetic approach employs facile precursor transformations, underscoring scalability.
Together, these findings demonstrate a rational pathway toward nitrogen-rich heterocycles that function
as structurally robust, thermally stable high-energy-density materials (HEDMs). This work provides new
insights into molecular innovation and expands the design landscape for insensitive explosives,
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1. Introduction

The synthesis of energetic compounds is a pivotal aspect of
applied materials research, requiring a delicate balance
between achieving high performance and ensuring feasibility
in terms of manufacturability, scalability, and safety.'~ While
some energetic compounds require complex multi-step syn-
thetic routes with harsh conditions, others can be synthesized
through relatively straightforward procedures, utilizing read-
ily available precursors and conventional reaction
methodologies.®’® The ease of synthesis of an energetic
material is often a determining factor in its widespread
adoption, particularly in military, aerospace, and industrial
applications where cost-effectiveness and production effi-
ciency are paramount.'’® Addressing these challenges
requires molecular innovations in scaffold design that pre-
cisely tune heats of formation, density, and intermolecular
interactions to maximize energetic performance while mini-
mizing sensitivity."®">°
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extending the operational limits of energetic systems in aerospace, defense, and industrial applications.

Conventional energetic materials, while highly effective
within controlled environments, often suffer from thermal
degradation when exposed to elevated temperatures.”’ This
sensitivity poses significant challenges in various applications,
such as deep-space propulsion, hypersonic weapons, and high-
temperature industrial operations, where prolonged thermal
exposure can lead to autoignition and detonation failure.>>>*
Heat-resistant energetic materials are designed with enhanced
thermal stability through strategic molecular modifications,
high-entropy energetic compounds, and advanced polymeric
binders capable of withstanding extreme heat without compro-
mising detonation efficiency (Fig. 1A).>>> The future of heat-
resistant explosives lies in the convergence of molecular design,
and energetic architectures, pushing the boundaries of perfor-
mance in extreme operational environments (Fig. 1B).>*™*°

Among nitrogen-rich heterocycles, pyrazine derivatives pro-
vide a versatile platform for designing thermally robust ener-
getic materials.*>*> Notable examples include ANPZ and LLM-
115, which exhibit exceptionally high decomposition tempera-
tures along with low sensitivity to impact and friction.** The
electron-deficient nature of the pyrazine ring allows for the
facile incorporation of substituents such as nitro, amino or
cyano groups, which can subsequently be transformed into
high-nitrogen functionalities. Furthermore, the symmetric
arrangement of substituents on the pyrazine core promotes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Phenyl-containing heat resistance energetic materials. (B) Fused-ring based heat resistance energetic materials. (C) This work.

dense molecular packing and extensive hydrogen-bonding net-
works, both of which enhance thermal stability. Recent studies
have shown that pyrazine-tetrazole hybrids can achieve high
enthalpies of formation while maintaining reduced sensitivity
compared to conventional polynitro systems (Fig. 1C).*"** This
dual advantage of stability and energy density underscores the
promise of pyrazine-based frameworks as attractive scaffolds
for next-generation heat-resistant energetic materials.

2. Results and discussion

2.1. Synthesis

Pyrazine-2,3,5,6-tetracarbonitrile (P2) was synthesized from com-
mercially available diaminomaleonitrile (P1) following a pre-
viously reported method.** This intermediate was then treated
with ammonia in methanol at ambient temperature leading to
the formation of 3,5-diaminopyrazine-2,6-dicarbonitrile (1) in a
nearly quantitative yield (Scheme 1).

Subsequently, compound 1 was reacted with sodium azide
in dimethyl sulfoxide (DMSO) at 130 °C, facilitating the con-
version into 3,5-di(1H-tetrazol-5-yl)pyrazine-2,6-diamine (2)
through a tetrazole ring formation process. The synthesis of
the corresponding 2,3-isomer followed a distinct route, starting
from commercially available 5,6-dichloropyrazine-2,3-dicar-
bonitrile (P3) as the precursor. This compound underwent
treatment with aqueous ammonia in acetonitrile to yield
5,6-diaminopyrazine-2,3-dicarbonitrile (3). When compound 3
was reacted with sodium azide in DMSO at 130 °C, the

© 2025 The Author(s). Published by the Royal Society of Chemistry

transformation selectively gave 5,6-diamino-3-(1H-tetrazol-5-
yl)pyrazine-2-carbonitrile (4) as the sole product, indicating
regioselectivity in the formation of tetrazole. Further modification
of compound 4 was achieved by employing a combination of zinc
bromide and sodium azide in DMSO at 130 °C which led to the
formation of compound 5. This approach highlights the role of
metal-assisted azide activation in directing the structural evolu-
tion of the pyrazine core toward functionalized tetrazole deriva-
tives. The diamine derivatives 2 and 5 were further reacted with
red fuming nitric acid (100%) in the attempt to make dinitroa-
mine derivatives. Compound 5 upon reaction with nitric acid
gave compound 6, whereas reaction of 2 with nitric acid resulted
in the formation of a mixture of compounds. Nitration of
compound 2 with various nitrating agents consistently gave
complex mixtures and gaseous evolution during workup; no
discrete nitration product could be isolated. Literature precedent
suggests adjacent amine-tetrazole systems can convert to tria-
zines under nitration, but we found no evidence of an isolable
triazine here.

2.2. Characterization

2.2.1. NMR spectroscopy. All the new compounds were
analyzed and characterized with 'H, **C, *N, and >N NMR
spectroscopy. In the >C NMR spectrum of 2, three carbon
signals are observed at 155.2, 151.3, and 130.2 ppm (Fig. 2A).
For compound 5, three carbon signals are observed at 153.1,
144.2, and 124.4 ppm (Fig. 2C). After formation of nitroamine,
the carbon signals are shifted downfield to 154.0, 148.8,

Mater. Adv,, 2025, 6, 9568-9574 | 9569
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Fig. 3 '°N NMR spectra of (A) 2. (B) 5. (C) 6.

131.7 ppm, respectively (Fig. 2D). In the "N NMR spectrum of
6, the nitro group resonance appears at —22.4 ppm. Since all of
the compounds are rich in nitrogen, the ">’N NMR spectra were
recorded and compared. In DMSO-ds, compound 2 shows five
signals at 6 —18.09, —120.07, —121.49, —165.18, and —289.97
(Fig. 3A).

The "N NMR spectrum of the 2,3 isomer 5 has only three
signals (Fig. 3B). The tetrazole nitrogen atoms of the two rings
shows one broad signal at § —4.93 (Fig. 3B). The pyrazine
nitrogen atoms and amine nitrogen are observed at ¢
—121.82 and —303.82, respectively. In DMSO-ds;, compound 6
shows five signals at 6 —4.55, —21.78, —94.16, —100.57,
—126.87 (Fig. 3C). The "N NMR also confirms the absence of
-NH, signal and the appearance of —NO, signal at 6 —21.7.

2.2.2. Crystal structure. Compound 2 was isolated as a fine
powder. Its characterization was hindered by its poor solubility
in water and in common organic solvents including acetone,
acetonitrile, and methanol. Single crystals suitable for X-ray
diffraction analysis were obtained successfully by slow evapora-
tion from a supersaturated solution of dimethyl sulfoxide
(DMSO).

This method allowed for the formation of well-defined
crystals necessary for structural determination. Crystallo-
graphic analysis showed that compound 2 crystallizes in the
triclinic space group PI1, incorporating two DMSO solvent
molecules within the crystal lattice (Fig. 4A). At 100 K, the
calculated crystal density of compound 2 is 1.509 g cm . In the
crystal structure, intermolecular and intramolecular hydrogen
bonds were observed, with bond lengths ranging from 2.21 to
2.32 A (Fig. 4C). The n-n interactions arising from molecular
stacking were visualized using non-covalent interaction (NCI)
plots,*® and the n-rn stacking distances were found to be in the
range of 3.25-3.40 A (Fig. 4D).

2.3. Physiochemical properties

High-energy materials inherently possess a high-energy den-
sity, rendering them susceptible to accidental ignition or

© 2025 The Author(s). Published by the Royal Society of Chemistry

detonation under thermal stress. Assessing their thermal
stability is crucial for determining their safety, as it reflects
resistance to unintended decomposition or explosion when
exposed to elevated temperatures. To analyze the thermal
properties of the newly developed compounds, differential
scanning calorimetry (DSC) was employed, providing insight
into their decomposition behavior and heat tolerance. Upon
heating at 5 °C min ", the onset of the thermal decomposition
of compound 2 occurred at 305 °C. In comparison, compound
5 decomposed at a higher temperature, with an onset at
320 °C. The thermal stabilities of compounds 2 and 5 are
higher than that of TNT (295 °C) and comparable to HNS
(318 °C).

In addition to their excellent thermal stability, the physico-
chemical characteristics of compounds 2 and 5 were also
examined to assess their environmental and handling stability.
Both compounds exhibit extremely low solubility in water and
in most common organic solvents such as acetone, acetonitrile,
and methanol, consistent with their strong intramolecular
interactions (Fig. 4C). Despite their insolubility, both com-
pounds remained stable when suspended in water or exposed
to dilute acids for extended periods, showing no visual change
or decomposition. The resistance to hydrolysis and degradation
highlights the robustness of these pyrazine-tetrazole frame-
works and underscores their potential as safe, environmentally
stable energetic materials.

The densities of all compounds were measured using a gas
pycnometer at ambient temperature in a helium (He) atmo-
sphere and are 1.74 (2) and 1.71 (5) g cm >, respectively
(Table 1). The enthalpies of formation of the newly synthesized
compounds were calculated using the isodesmic method with
the Gaussian 03 suite, are 622.9 (2) and 648.2 (5) k] mol "
(Table 1).*” All new compounds have positive enthalpies of
formation owing to the presence of multiple N—=N bonds. With
the measured densities at 25 °C and calculated enthalpies, the
detonation properties of 2, and 5 were calculated using the
7.01.01 version of EXPLO5 to give detonation velocities of 7383

Mater. Adv,, 2025, 6, 9568-9574 | 9571
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T4* (°C) 187 (J) FS° (N) p% (g em™?) AH¢ k] mol ™ DS (ms™) P¢ (GPa)
2 305 40 360 1.74 622.9 7383 18.8
5 320 40 360 1.71 648.2 7278 18.2
HNS 318 5 240 1.74 78.2 7612 24.3
TNT 295 15 353 1.65 —59.4 6824 19.4
RDX 204 7.5/5.6" 120 1.80 92.6 8795 34.9

@ Temperature (onset at 5 °C min~') of decomposition. ? Sensitivity to impact (IS). ¢ Sensitivity to friction (FS). ¢ Density at 25 °C using gas
pycnometer. ¢ Molar enthalpy of formation (calculated using isodesmic reactions with the Gaussian 03 suite of programs (revision D.01). Velocity.
¢ Pressure (calculated using EXPLO5 version 7.01.01). ” hs, = 24 cm/2.5 kg hammer.

(2) and 7278 m s~ ' (5), and pressures of 18.8 (2) and 18.2 GPa
(5), respectively. The detonation properties of 2 and 5 surpass
those of TNT and approach the performance of HNS, while
remaining below the levels exhibited by RDX.

These results suggest that the new compounds are suitable
for moderate-performance energetic formulations requiring
superior thermal stability and environmental robustness. Upon
conversion of the diamine group into a dinitroamine moiety,
the compound exhibits a noticeable decrease in thermal stabi-
lity (212 °C) along with increased sensitivity toward impact and
friction (IS = 10 J, FS = 120 N). This behavior can be attributed to
the introduction of the electron-withdrawing nitro groups,
which weaken the overall molecular framework and enhance
sensitivity. Moreover, since the nitramine functionality tends to
deviate from the molecular plane, compound 6 does not gain

9572 | Mater. Adv., 2025, 6, 9568-9574

any appreciable advantage in density, resulting in only mar-
ginal improvement in overall energetic performance.

3. Conclusions

In this work, we have designed and synthesized new pyrazine-
based materials that integrate high nitrogen content, facile
synthetic accessibility, and remarkable thermal stability. Struc-
tural analysis revealed planar frameworks stabilized by n-n
stacking and extensive hydrogen bonding, which contribute
to high crystal densities and enhanced robustness. Thermal
analyses demonstrated decomposition temperatures that
exceed those of conventional pyrazine derivatives and are
comparable to benchmark energetic materials. The balance of
synthetic simplicity, thermal robustness, and energetic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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performance underscores their potential utility as next-
generation energetic materials.
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