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High performance and insensitive energetic
compounds from the intelligent assembly of
nitramino/gem-dinitromethyl group

and oxadiazoles
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It is widely recognized that an increase in the number of gem-dinitromethyl or nitamino groups in
compounds typically leads to a higher oxygen balance and enhanced performance, but at the cost of reduced
molecular stability. In order to effectively balance high-performance and mechanical sensitivity, the intelligent
assembly of energetic groups and backbones has been identified as a promising strategy. Here, the
combination of nitramino, gem-dinitromethyl groups and oxadiazoles gave 4-nitramino-3-(5-dinitromethyl-
1,3,4-oxadiazole)-1,2,5-oxadiazole (8) and its corresponding four energetic salts. Furthermore, it is worth
noting that the exact structural features of compounds 3 and 6 were successfully validated using single crystal
diffraction data. Neutral compound 8 showed a commendable oxygen balance of 10.6%, as well as excellent
detonation velocity of 8808 m s~* and detonation pressure of 34.2 GPa. The dihydroxylammonium salt 6 and
dihydrazinium salt 7 demonstrated exceptional detonation properties (6: 8762 m s, 33.6 GPa; 7:8800 m s,
33.1 GPa) and outstanding sensitivities (IS > 40 J, FS > 360 N), indicating their high potential as a
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Introduction

The past few decades have seen substantial acceleration in research
concerning high-energy density materials (HEDMs)." The pursuit
of these materials has led to the discovery of various nitrogen-
containing compounds, each with unique and promising pro-
perties.” The strategic modification of nitrogen-rich heterocyclic
frameworks with explosophoric groups has indeed been recognized
as a highly effective approach for synthesizing high-performance
energetic compounds. This approach leverages the unique proper-
ties of nitrogen-rich heterocyclic frameworks, which provide a
robust structural basis for incorporating and stabilizing exploso-
phoric groups. By carefully selecting and positioning these groups
within the framework, it is possible to create energetic compounds
with enhanced performance characteristics, such as higher density,
faster burning rate, and improved safety.
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replacement for RDX (8795 m s~2, 34.9 GPa, 7.4 J, 240 N).

The framework usually chosen for heterocyclic rings con-
taining nitrogen or oxygen is typically a five- or six-membered
ring. The most common examples of these rings are tetrazine,
tetrazole, triazole, pyrazole and oxadiazole. In five-membered
nitrogen-rich heterocycles, 1,2,5-oxadiazole stands out for its
high positive heat of formation and is extensively used in
energetic materials.® The 1,3,4-oxadiazole has demonstrated
notable applications in a variety of domains, including organic
light-emitting diodes (OLEDs), antimicrobial agents, liquid
crystals, and photosensitizers. In the field of energetic materi-
als, 1,3,4-oxadiazoles have received increasing attention due to
the balanced molecular stability and detonation properties of
their derivatives.” For instance, 2,5-bis(trinitromethyl)-1,3,
4-oxadiazole,® a single five-membered heterocyclic compound
fully substituted by trinitromethyl group, exhibited acceptable
sensitivity; [2,2'-bi(1,3,4-oxadiazole)] 5,5'-dinitramide,” not only
exhibited commendable thermal stability but also remarkable
detonation properties.

The well-known energetic groups typically include the nitro
group (-NO,), nitramine (-NHNO,), gem-dinitromethyl
[-C(NO,),], gem-trinitromethyl [-C(NO,);], and the amine group
(-NH,).'*** The energetic materials bearing gem-dinitromethyl
[-C(NO,),] and nitramino (-NHNO,) substituents, exhibit high
density, favorable oxygen balance, and excellent explosive
performance.*'* Such compounds have attracted considerable
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interest within the realm of energetic materials because of their
beneficial characteristics. Furthermore, additional similar
compounds have been reported recently, underscoring the
versatility and potential of these functional groups in the
advancement of high-performance energetic materials.">™"”
Sadly, nitramino-rich compounds show increased susceptibility
because the N-NO, bond has a low dissociation energy.'®"® The
gem-dinitromethyl group demonstrates a significant electron-
withdrawing effect, typically leading to reduced molecular
stability in compounds featuring a single heterocyclic frame-
work with gem-dinitromethyl groups.” As a result, compounds
based on a single heterocycle with nitramine or gem-
dinitromethyl consistently exhibited poor sensitivity and stabi-
lity. However, fortunately, the combination of two nitrogen-rich
heterocycles substituted with different explosophores was
investigated to yield compounds with low sensitivity and good
thermal stability.”'>*

The combination of nitramino, 1,2,5-oxadiazole, gem-dinitro
methyl, and 1,3,4-oxadiazole moieties was employed in this
study to generate novel energetic materials, specifically the neutral
species 4-nitramino-3-(5-dinitromethyl-1,3,4-oxadiazol-2-yl)-1,2,
5-oxadiazole (8) and four corresponding energetic salts. Compound
8 has a higher thermal decomposition temperature than that of
N,N'([3,3'-bi(1,2,5-0xadiazole)]-4,4’-diyl) dinitramide (I** and 2,
5-bis(dinitromethyl)-1,3,4-oxadiazole (II),"* while exhibiting similar
mechanical sensitivity to 2,5-bis(dinitromethyl)-1,3,4-oxadiazole (II)
(Fig. 1). Compared to neutral compound 8, dihydroxylammonium
salt (6) and dihydrazinium salt (7) exhibit similar comparable
explosive properties (vpb = 8762 m s ', P = 33.6 GPa; and
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vp = 8800 m s~ ', P = 33.1 GPa, respectively) and enhanced
mechanical stability (IS > 40 J, FS > 360 N).

Results and discussion
Synthesis

In this work, the initial compound, 4-amino-3-(5-acetic acid methyl
ester-1,3,4-oxadiazol-2-yl)}-1,2,5-oxadiazole (1), was synthesized fol-
lowing a reported method**”” using 4-amino-1,2,5-oxadiazole-3-
carbohydrazide as the starting material.>*>° According to the
schematic shown in Scheme 1, when compound 1 was treated
with a mixture of 100% HNO; and 98% H,SO, at 0 °C, it produced
compound 2, which appeared as a white solid. Subsequent reaction
of 2 with ammonia or potassium hydroxide produced the diammo-
nium salt 3 or dipotassium salt 4, respectively. Due to the for-
mation of unidentified product mixtures during attempts to react 2
with hydroxylamine or hydrazine hydrate, the stable bis-silver salt 5
was synthesized in good yield instead by reacting 3 with silver
nitrate. Pure dihydroxylammonium salt 6 and dihydrazinium salt 7
were subsequently obtained via metathesis reactions of 5
with hydroxylamine hydrochloride or hydrazine hydrochloride.
Finally, the neutral compound, 4-nitramino-3-(5-dinitromethyl-
1,3,4-oxadiazol-2-y1)-1,2,5-oxadiazole (8), was obtained by acidi-
fying 4 with concentrated sulfuric acid. All the new compounds
were characterized by NMR, IR, and DSC. Furthermore, the
structures of compounds 3 and 6 were determined by single-
crystal X-ray diffraction, and compound 8 was also confirmed
by HRMS.

vp = 8967 ms™’
OZL( /EOZ IS = 3J, FS = 160N
0.N NO, OBgo = 23%
T4=86°C

) High oxygen balance

vp=9086 ms™
O-N  pN-NO;
IS=1.5J,FS=48N N\ \

OBco = 6.2% \

=80 © -NH ’

T4=80°C O:N (o)
High performance &

This work:

Good oxygen balance and
higher thermal stability

vp=8808 ms’ OB¢o =10.6%

IS=3J,FS=80N T4=94°C
o.n-NH
8
o O-N 0-
1 N ! NO. |\
N A _o  No: N o, ;2 NS o No vp = 8501 - 8800 m s~
- \ - \ \
onN-N  N-N NO; o,N-N N-N  NO o,N-N  N-N  NO; 1S>40 J, FS>360 N
2NH,4 2NH;0H* 2N, Hs*

High performance and low sensitivity

Fig. 1 The design of novel energetic compounds.
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Scheme 1 Synthesis of energetic compounds 1-8.

X-ray crystallography

Slow vaporization of the compound in H,O at room tempera-
ture yielded crystals of 3 (CCDC 2417137). The molecular
structure crystallizes in the triclinic lattice system, specifically
within space group P1. The unit cell contains two molecules
and demonstrates a density of 1.834 g cm > at 301 K. Detailed
crystallographic parameters are given in the SI (Tables S1-S7).
The 1,2,5-oxadiazole and 1,3,4-oxadiazole rings, along with the
N-nitro group, are nearly coplanar as evidenced by torsional
angles: C2-N6-N10-02 = —3.3°, C2-N6-N10-06 = 176.0°, and
N2-C2-N6-N10 = 0.3°. In contrast, the geminal dinitromethy-
lene groups are slightly twisted relative to the 1,3,4-oxadiazole
ring (C4-C3-N1-04 = —2.8° and C4-C3-N1-03 = —27.2°, Fig. 2a
and b). The crystal structure reveals extensive hydrogen bonds
(green dotted lines) and exhibits a layered stacking pattern
(Fig. 2c and d). With an interplanar distance of 2.87 A
-substantially shorter than the usual aromatic n-n interactions
(3.65-4.00 A),*" -it indicates that the combination of strong n-n
interactions and hydrogen bonding leads to a tightly packed
arrangement.
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Fig. 2 (a) Crystal structure of 3; (b) molecular planarity of 3. (c) A 3D

packing diagram along the a-axis reveals the arrangement of compound 3,
with green dashed lines indicating hydrogen bonds. (d) Layer-by-layer
packing diagram of 3 as observed along the c-axis.
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Single crystals of compound 6 (CCDC 2307592), suitable for
X-ray diffraction analysis, were cultivated through the con-
trolled evaporation of a MeCN solution at room temperature.
This process resulted in the formation of a 6 MeCN solvate. The
compound exhibits a monoclinic crystal system, specifically
belonging to the P2,/n space group, and contains four mole-
cules within each unit cell. Its crystal density was measured at
173 K is 1.745 g cm °. Detailed crystallographic data are
provided in Tables S8-S15. The molecular structure (Fig. 3a)
shows that the 1,2,5-oxadiazole rings and N-nitro groups are
nearly coplanar. In contrast, the rings of 1,3,4-oxadiazole
exhibit slight twisting, which is indicated by the torsion angles
N2-C2-C3-02 = 165.6°, N4-N3-C1-N1= —2.4°, and N2-C2-C3-
02 = —11.8°. A significant torsion angle of 76.2° causes the
geminal dinitromethylene group to twist out of the molecular
plane (Fig. 3b). The crystal packing of 6 MeCN features a well-
defined 3D network sustained by strong hydrogen-bonding
interactions, as viewed along the a-axis, extended through
strong hydrogen bonding interactions (Fig. 3c). Along the
c-axis, the structure exhibits a wave-like stacking diagram
(Fig. 3d).

Theoretical analysis

Hirshfeld surface and fingerprint analysis reveal the ‘“weak-
nesses” or ‘“‘stabilization mechanisms” of crystal structures by
visualizing the extent of close intermolecular contacts (espe-
cially those involving sensitive groups) and quantifying the
relative strength and distribution of different types of interac-
tions. Crystal structures with close contacts and a lack of strong
stabilizing forces (such as hydrogen bonds or m-m stacking)
typically exhibit poor mechanical sensitivity, while structures
with effective energy dissipation pathways (strong hydrogen
bond networks or extended 7 systems) and moderate intermo-
lecular voids tend to exhibit good sensitivity. To better under-
stand the intermolecular interactions in crystal 3, Hirshfeld
surface analysis and 2D fingerprint plotting was performed
using CrystalExplorer 3.1 (Fig. 4a and b).** In these visuals, red
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Fig. 3 (a) Crystal structure of 6 MeCN; (b) molecular planarity of 6 MeCN.
(c) A 3D packing diagram along the a-axis reveals the arrangement of
compound 6 MeCN, with green dashed lines indicating hydrogen bonds.

(d) An undulating arrangement diagram for the 6 MeCN compound as
viewed along the c-axis.
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Fig. 4 (a) Hirshfeld surfaces in crystal stacking for 3. (b) 2D fingerprint plot
for 3. (c) The pie chart for 3 shows the percentage contributions of the
individual atomic contacts to the Hirshfeld surface. (d) Noncovalent
interaction analysis and n—n interactions for 3 (blue, strong attraction;
green, weak attractive interactions; red, strong nonbonded overlap).

and blue areas signify zones of high and low contact density,
respectively. The distances from the Hirshfeld surface to the
nearest nucleus, both within (di) and outside (de) the surface,
create a two-dimensional fingerprint pattern. Fig. 4a empha-
sizes hydrogen bonding’s significant impact on 1,3,4-oxadi
azole rings, N-nitro groups, and gem-dinitromethylene groups.
Fig. 4c quantifies close contacts: O---H/H---O (46.2%) and
N---H/H: - -N (13.4%), with interlayer N---O (13.1%) and C---O
(8.6%) contacts attributed to n-n stacking.

Non-covalent interaction (NCI) analysis is also used to
determine n-n stacking interactions more intuitively, mainly
by analyzing specific color, shape, and location characteristics
in its visualization results (commonly referred to as NCI
plots).>® The NCI diagram shows that low electron density
gradient (RDG) isosurfaces (typically presented as ‘“dots” or
“disks’”) must be located between the centroids of two or more
aromatic rings (such as benzene rings or heteroaromatic rings)
or in parallel regions of the ring plane. n-n stacking is primarily
driven by dispersion forces, which usually appear as green or
blue-green dots in the NCI diagram. Green represents typical
weak van der Waals interactions/dispersion forces, which are
the main driving force of m-n stacking. If there is a slight
additional electrostatic attraction in the mn-m stacking (for
example, due to the presence of partial charge complementar-
ity), the color may lean slightly towards blue, but green remains
the dominant hue. This is significantly different from strong
electrostatic interactions, such as hydrogen bonds and ionic
bonds, which are depicted as deep blue. Compound 3 exhibits
extensive n-n stacking and strong hydrogen bonding (Fig. 4d),
which contribute to its enhanced safety properties (IS > 40 J,
FS > 360 N) and high density (1.834 g cm ).

Analysis of the molecular surface electrostatic potential (ESP)
and HOMO-LUMO gap provide deeper insights into impact sensi-
tivity. Accordingly, the ESP-mapped van der Waals surface and
HOMO-LUMO energy diagram (eV) of compound 3 (IS > 40 J, FS
> 360 N) are compared with those of bis(ammonium) 3,
3’-dinitramino-4,4’-bifurazane (IV) (IS = 10 J, FS = 324 N) and
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diammonium 5,5’-dinitromethyl-2,2’-bis(1,3,4-oxadiazolate) (V)
(IS =12 J, FS = 180 N).

Strong electrostatic attractions or repulsions between mole-
cules, driven by surface ESP differences, can affect crystal
packing, defect formation, and energy transfer efficiency. Areas
with high maximum positive values are more likely to form
strong electrostatic interaction points, which may become
stress concentration points or sites preferential for chemical
reactions when subjected to mechanical stimuli, facilitating the
formation and triggering of “hot spots”. The regions of the
molecular surface with the least electron density exhibit a lower
degree of “electron deficiency”, meaning their ability to attr-
act nucleophiles is weakened. Consequently, the likelihood of
forming “hot spots” through electrostatic interactions
decreases when external stimuli are applied. This increases
the difficulty in inducing strong electronic transfers or distur-
bances near the bonds, leading to their rupture. As a result, the
threshold (energy) required to trigger decomposition or explo-
sion is elevated, and the material exhibits lower sensitivity.>* As
shown in Fig. 5, electrostatic potentials are visualized using
color coding. Positive potentials are depicted in red, while
negative ones are shown in blue. The maximum and minimum
values are localized around the nitro groups and ammonium
cations. Compounds III and IV exhibit maximum positive
values of 121.38 kJ mol ' and 153.56 k] mol™', respec-
tively. Compound 3 shows a significantly lower value of
110.23 kJ mol ™', suggesting enhanced sensitivity relative to
the other compounds.

Molecules with a significant energy gap exhibit a consider-
able energy difference between their bonding orbitals (like the
HOMO) and antibonding orbitals (such as the LUMO). This

110.23
@ O-N

; NO

NQ\(O% 2 -56.30 » -57.86

n \7 /) No2

N N-N

O,N
2NH* -51.65

3
IS>40J,FS > 360N

N-NO, -92.69

N

N

N 121.38
N-g  2NH*

® oy
& |
0,N-N

11l
IS=10J,FS=324N

(c) 0.N
2| N-N
Oo_ 0 Y__NO,
O,N~ ¢ ot
N-N NO,
2NH,*
v -62.06
IS=12J,FS=180N 60.56 4
-53.51

Fig. 5 The ESP-mapped molecular vdW surface for 3 (a), bis@mmonium)
3,3-dinitramino-4,4-bifurazane (b) and diammonium 5,5’-dinitromethyl-
2,2'-bis(1,3,4-oxadiazolate) (c).
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typically indicates that the bonding electrons are more tightly
bound, the bonds are stronger, and the overall energy of the
molecule is lower, rendering it relatively more stable.*® As
shown in Fig. 6, compound 3 exhibits a lower calculated HOMO
energy level (—5.80 eV) than III (—3.73 eV) and a higher LUMO
energy level (—2.01 eV) than IV (—2.61 eV). It also possesses the
largest HOMO-LUMO gap (3.79 eV). These results effectively
explain the greater mechanical stability of compound 3 com-
pared to dinitramine- and dinitromethyl-based ammonium
salts III and 1V.

Physical and detonation properties

The densities of the newly synthesized compounds vary from
1.79 to 2.05 g cm . These values were determined using a gas
pycnometer at an ambient temperature of 25 °C. To assess their
thermal stability, differential scanning calorimetry (DSC) was
employed, conducted under a flow of nitrogen at a heating rate
of 5 °C per minute. The outcomes of these analyses are
compiled and presented in Fig. S2 through S8. The neutral
compound 8 exhibits low thermal stability (T4e. = 94 °C, onset).
Ionic compounds 3-5 and 7 show higher thermal stabilities of
187.8 °C, 241 °C, 167 °C and 156 °C (onset), respectively, which
indicates the superiority of saltation strategy in terms of

Table 1 Properties of energetic compounds 7-12
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enhancing molecular stability. The heats of formation (A¢H)
for these compounds were determined using Gaussian 16
computational software.*®

By incorporating these computed A¢H values alongside
experimentally determined densities, the detonation velocity
and pressure were evaluated through the use of the EXPLO5
software, specifically version 6.05.>” As illustrated in Table 1,
the physiochemical properties of compounds 3, 4, and 6-8 were
compared with traditional explosives TNT*® and RDX.** The
detonation properties of 3 (8501 m s~ ', 30.0 GPa) and 4
(7739 m s™', 26.0 GPa) are superior to those of TNT (6881 m s,
19.5 GPa), respectively. Compounds 6-8 exhibit calculated detona-
tion properties (6, 8762 m s~ ', 33.6 GPa; 7, 8800 m s~ ', 33.1 GPa; 8,
8808 m s~ ', 34.2 GPa) similar to RDX (8795 m s~ ', 34.9 GPa). For
safety assessment, impact and friction sensitivities were measured
using standard BAM methodologies. Compound 8 has a high
impact sensitivity (3 J), while compound 4 exhibits acceptable
sensitivity (9 J, 160 N). In contrast, compounds 3, 6, and 7 are
classified as insensitive due to their impact sensitivities exceeding
40 J and friction sensitivities surpassing 360 N.

Conclusions

In summary, this study successfully designed and synthesized a
novel neutral energetic compound, 4-nitramino-3-(5- dinitro
methyl-1,3,4-oxadiazol-2-yl)-1,2,5-oxadiazole (8), along with its four
energetic salts (diammonium 3, dipotassium 4, dihydroxylammo-
nium 6, and dihydrazinium 7) by strategically combining the high-
energy-density building blocks nitramino (-NHNO,), gem-
dinitromethyl [-C(NO,),], 1,2,5-oxadiazole, and 1,3,4-oxadiazole. A
comprehensive characterisation of their structures was conducted,
and the structures of 3 and 6 were further determined by single
crystal X-ray diffraction. Crystallographic and Hirshfeld surface
analyses show that extensive hydrogen-bonding networks, strong
n-7 stacking interactions (evidenced by short interplanar distances
~2.87 A in 3), and optimized molecular surface electrostatic
potentials (lower maximum positive ESP value relative to sensitive
analogues III and IV) and HOMO-LUMO gaps (larger gap for 3) are
critical factors contributing to the high density, thermal stability,
and low sensitivity observed in the ammonium salt 3. Neutral
compound 8 shows high impact sensitivity (3 J) and friction
sensitivity (80 N), as well as high explosive performance of
8808 m s ' and 34.2 GPa. Based on the DSC results, the

Comp. T¢® (°C) p? (g em™) A¢HC (K] mol 'k g ") N (%) v’ (ms™) P (GPa) 1% () FS" (N) Qco' (%)
3 188 1.81 29.7/0.09 41.39 8501 30.0 >40 >360 —4.76
4 241 2.05 —290.5/—0.77 29.65 7739 26.0 9 160 12.7

6 167 1.80 160.7/0.44 37.38 8762 33.6 >40 360 4.35
7 156 1.79 311.1/0.85 45.46 8800 33.1 >40 360 —8.74
8 94 1.79 388.5/1.29 35.71 8808 34.2 3 80 10.6
TNT 295 1.65 —59.3/—0.26 18.5 6881 19.5 15 360 —24.7
RDX 204 1.80 70.3/0.36 37.8 8795 34.9 7.4 120 0

“ Decomposition temperature (onset) under nitrogen (DSC, 5 °C min~"). ” Density measured by gas pycnometer (25 °C). ¢ Heat of formation.
4 Nitrogen content. ¢ Detonation velocity (calculated with Explo5 6.05)./ Detonation pressure (calculated with Explo5 v6.05). ¢ Impact sensitivity.
" Friction sensitivity. * Oxygen balances for C,H,O.Ng, 1600(c—-a-b/2)/Mw; My = Molecular weight - based on CO formation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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decomposition temperatures of the salts (3-7) are in the range
of 156 to 241 °C. Furthermore, compared to TNT and RDX, the
salts (3, 6 and 7) show better sensitivities towards impact
and friction. Additionally, compounds 6 and 7 have excellent
calculated detonation properties (6, 8759 m s ', 33.6 GPa; 7,
8800 m s~ ', 33.1 GPa), which are comparable to those of RDX,
showing great promise as replacements.
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