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The development of modern thermostable and insensitive energetic materials is crucial. In this study,
straightforward syntheses of thermostable and insensitive 4-amino-1,2,5-oxadiazol-3-yl(1H-tetrazol-5-
ymethanone oxime (4) and its energetic salts (5—7) are given. These oxime-bridged oxadiazole-tetrazole
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derivatives exhibit significant thermal stability, with decomposition temperatures 204-275 °C, and demon-
strate high insensitivity to impact (IS > 40 J) and friction (FS > 360 N). These significant energetic perfor-
mance properties can be ascribed to the oxime group positioned between the oxadiazole and tetrazole rings,
which promotes robust non-covalent interactions within the molecular geometry. Moreover, the compounds
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Introduction

Obtaining high molecular stability is a significant challenge in
developing and utilizing energetic materials. Energetic materials
are inherently sensitive to fluctuations in temperature, often
resulting in premature ignition, degradation, or catastrophic fail-
ure when subjected to extreme thermal conditions. The prevalent
approach for designing high-energy density materials (HEDMs)
generally involves incorporating energy-rich functional groups,
such as nitro (-NO,), nitrato (-ONO,), and nitramine (-NHNO,),
into nitrogen-rich heterocyclic frameworks. As the number of these
groups increases through C- and N-functionalization, there is a
corresponding enhancement in the density and performance of
the resulting molecules. However, this improvement often comes
with the challenge of reduced stability, making the compounds
more difficult to handle safely during industrial production and
storage. Balancing high energy output with stability demands a
deeper understanding of nitrogen-rich compounds, making this
field of research particularly complex and demanding.'”

In this context, oxime-based energetic compounds have
emerged as promising candidates due to their advanced thermal
resistance and reduced sensitivity to external stimuli.®® Despite
being relatively underexplored, these compounds have garnered

“ Department of Chemistry, University of Idaho, Moscow, Idaho, 83844-2343, USA.
E-mail: jshreeve@uidaho.edu

b pepartment of Chemistry, Michigan State University, East Lansing, Michigan
48824, USA

1 Electronic supplementary information (ESI) available: Synthesis of compounds

4-7 and 12, X-ray data of 6, and isodesmic reactions, characterization data. CCDC

2413385. For ESI and crystallographic data in CIF or other electronic format see

DOI: https://doi.org/10.1039/d5ma00150a

i Authors contributed equally.

3338 | Mater. Adv, 2025, 6, 3338-3343

exhibit favorable densities and high heats of formation compared to TNT, RDX, TATB, and HNS.

attention in the search for innovative, energetic materials capable
of performing reliably under adverse conditions. The dehydrative
cyclization of 1,2-dioximes to furazans and the oxidative cycliza-
tion to furoxans are two important synthetic strategies in ener-
getic materials.° Both pathways generate compounds with
considerable energetic potential, emphasizing the value of oxime
chemistry in this field. These oxime-based compounds offer the
potential for high enthalpies of formation and favorable densi-
ties, which are the key factors in designing efficient, energetic
materials.

Previously oxime-based energetic compounds (Fig. 1b) were
developed by incorporating nitrogen-rich energetic tetrazoles which
show excellent thermal stability with good detonation velocities (A).°
When the oxygen content was increased, the sensitivity of the
compound increased (B).” Recently, our research group reported
two highly thermostable and insensitive high-energy compounds:
1,2-di(1H-tetrazol-5-yl)ethane-1,2-dione dioxime (C) and dihydroxy-
lammonium 1,2-di(1H-tetrazol-5-yl)ethane-1,2-dione (D). The oxime
group in compound D acts as a H-bond donor and acceptor,
enhancing the overall stability of the compound. Additionally, we
discovered that the salt formation reaction between the oxime group
and hydroxylamine maximized hydrogen bonding interactions,
significantly improving the thermal resistance of the resulting
compounds.®

The development of energetic materials based on five-membered
nitrogen-containing heterocycles has become a focal point for
scientists due to their energetic potential and intrinsic structural
stability.” Among these heterocycles, azoles, oxadiazole, triazole,
and tetrazole rings have emerged as leading candidates due to
their high positive heats of formation (HOF)."™** These com-
pounds contain energetic N-N, O-N, and C-N bonds, contribut-
ing to their energetic nature and stability."® 1,2,3-Triazole'®™"®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Reported heat of formation of N-heterocycles. (b) Oxime group
based thermostable compounds. (c) Energetic materials based on the
1,2,5-oxadiazol-3-amine moiety and this work.

and 1,2,5-oxadiazole-based***® compounds have shown more sig-
nificant energetic promise due to their higher HOFs (Fig. 1a),
making them ideal candidates for further development. In recent
years, there have been numerous reports about the discovery of
energetic compounds incorporating the 1,2,5-oxadiazol-3-amine
moiety (Fig. 1c).>'® When the 1,2,5-oxadiazol-3-amine moiety is
connected to a bicyclic fused ring (E), it exhibits a decomposition
temperature of 217 °C.>* However, when this moiety is linked to
triazoles (F, H) and oxazoles (G), the decomposition temperature
improves, ranging from 244 °C to 249 °C (Fig. 1c).>*** Incorporat-
ing the 1,2,5-oxadiazol-3-amine moiety into nitrogen-rich energetic
tetrazoles (I) further enhances thermal stability, achieving an
excellent decomposition temperature of 264 °C.** Conversely,
increasing the oxygen content by connecting the 1,2,5-oxadiazol-
3-amine moiety with tetrazol-1-ol (J) reduces thermal stability,
resulting in a lower decomposition temperature of 197 °C.>® This
study addresses the challenge of reduced thermal stability asso-
ciated with increased oxygen content in 1,2,5-oxadiazol-3-amine-
tetrazole derivatives (J, L). When an oxime group is inserted
between the tetrazole and oxadiazole rings (4, 7), a balanced
combination of enhanced thermal stability and improved safety
in the energetic material compounds is achieved (Fig. 1c).
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Building on these findings, we have also explored new com-
pounds that combine oxime groups with tetrazole and 1,2,3-triazole
rings. This work evaluates how these structural modifications
influence the thermal stability, sensitivity, and energy output of
these advanced materials.

Results and discussion

The synthetic route for 4-amino-1,2,5-oxadiazol-3-yl(1H-tetrazol-
5-yl)methanone oxime (4) is outlined in Scheme 1. The process
begins with the diazotization of 4-amino-N’-hydroxy-1,2,5-
oxadiazole-3-carboximidamide (1) in aqueous hydrochloric acid
with NaNO,, yielding the intermediate chloroxime (2). A chloro-
cyanide exchange of 2 with KCN produces 3, which is further
reacted with sodium azide in the presence of an aqueous
solution to give 4. The ammonium salt (5) is synthesized
subsequently by treating 4 with aqueous ammonia. In addition,
energetic salts 6, and 7 were prepared by reacting compound 4
with hydrazine, and hydroxylamine (50% in water) in methanol
respectively.>®

The synthesis of compound 12, which features an oxime
group attached to tetrazole and 1,2,3-triazole rings, is shown in
Scheme 2. The preparation of 10 followed a literature procedure.””
Treatment of 10 with potassium cyanide (KCN) at room tempera-
ture facilitated the substitution of the chlorine atom with a cyanide
group, resulting in 11 in good yield. Further reaction of 11 with
sodium azide and zinc chloride in an aqueous solution led to the
formation of 12.

Crystallography

Despite our efforts, we were unable to obtain single crystals of
compound 4 suitable for X-ray diffraction analysis. Therefore,
direct experimental determination of the intermolecular inter-
actions in the neutral compound is not possible at this time.
While the crystal structure of 4 remains elusive, we reasoned
that analyzing the crystal structure of its readily available
hydrazinium salt, 6, could still provide valuable, albeit indirect,
insights. The core molecular framework of 4, featuring the
oxime group connecting the oxadiazole and tetrazole rings, is
preserved in 6. Although the protonation and the presence of
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Scheme 1 Synthesis of compound 4-amino-1,2,5-oxadiazol-3-yl(1H-
tetrazol-5-yl)methanone oxime (4) and its energetic salts (5-7).
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Scheme 2 Synthesis of energetic compound 12.

the hydrazinium counterion introduce additional strong hydro-
gen bonds, the relative spatial arrangement of the oxime,
oxadiazole, and tetrazole moieties is expected to be qualitatively
similar in both compounds. This similarity allows us to use the
analysis of 6 as a reasonable proxy for understanding the
potential types of interactions that might be present in 4,
particularly those involving the oxime group.

Suitable crystals of compound 6 were obtained by the slow
evaporation of water. The hydrazinium salt 6 crystallizes in the
monoclinic P2,/n space group. In the crystal structure, the
oxadiazole ring and oxime groups are found to be coplanar,
while the tetrazole ring is in a different plane (Fig. 2A and B).
The torsion angles are 02-N4-C3-C4 = —0.84(15) and O2-N4-
C3-C2 =179.99(9), respectively. At 100 K, the calculated density
for compound 6 is 1.63 g cm ™. The inter— and intramolecular
hydrogen bonding between the hydrazinium cation with tetra-
zole rings and oxygen of oximes is shown in Fig. 2C. The oxime
hydrogen shows the intermolecular hydrogen bonding with
tetrazole ring with a distance of 1.84 A which resembles the
significant interaction of oxime group in the molecular system.

A detailed discussion of hydrogen bonding is given in Table S1.7
(ESIf). The hydrogen bonding interactions with a maximum D-D
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distance of 3.1 A and a minimum angle of 110° are present in 6. In
the crystal packing structure, non-covalent interactions may include
contributions from n-stacking. The crystal packing diagram shows
layered packing with the intermolecular distance layers in the range
of 3.147 A (Fig. 2D).

To better understand the relationship between molecular
structures and their physical characteristics, Hirshfeld surfaces
and 2D fingerprints were examined. Fig. 3 presents the Hirsh-
feld surface and 2D fingerprint plot for compound 6 using the
CrystalExplorer 21.5 software. The red sites are due to the
intermolecular hydrogen bond interactions, and the blue spots
for C---O, C---C, and C- - -N bond interactions explain possible n-
stacking interactions (Fig. 3A). As expected for a hydrazinium
salt, the analysis is dominated by features associated with strong
hydrogen bonding. Fig. 3A clearly indicates the intermolecular
hydrogen bonding with the tetrazole ring of another molecule.
Due to the hydrogen bonding interaction, it forms sheet-like 3D
framework. The prominent spikes in the fingerprint plot corre-
spond to N-H---O and N-H---N contacts. The total H-bond
interactions, O-H/N and N-H/N, is 66.4% (Fig. 3B and C). The
larger value of these stabilizing interactions enhances molecular
stability and insensitivity of 6. In the 2D fingerprint plot, the
percentage of C-O, N-N, and N-C interaction (Fig. 3D-F) is
12.9%, indicating the potential n-stacking contributions between
the molecules. Since n-n-stacking interactions play an important
role in reducing the sensitivity towards friction, the occurrence of
these interactions between the molecules was further visualized
by drawing a NCIs (non-covalent interactions) plot (Fig. 3H). The
green surface can be clearly seen from the figure and is due to the
potential n-stacking contributions. These interactions give rise to
good temperature resistance and insensitivity to external stimuli.
By plotting the distribution of localized orbital locator-t (LOL-x)
electrons, electron clouds are found in most of the atoms of
compound 6 (Fig. S3B, ESIT).

This phenomenon helps to explain its low sensitivity. While
this analysis is specific to the salt, it highlights the strong
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(A) Tagging scheme of 6. (B) Packing diagram of 6. (C) Hydrogen bond networks in 6. (D) Packing diagram of 6.
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Fig. 3 (A)-(F) Hirshfeld surfaces and 2D fingerprint plots for 6, (G)
hydrogen bonding enable 3D framework for 6. (H) NCI plot for 6.

propensity of this molecular system to engage in hydrogen bonding,
a characteristic that is also likely to be important in the neutral
compound, 4, particularly involving the oxime group. For more
clarity regarding interactions present in compound 4, the NCI plot
and LOL-t diagram are illustrated in Fig. S2 and S3A (ESIt). The NCI
plots highlight the noncovalent interactions present in compound 4,
which may contribute to increased crystal density while reducing IS
and FS. Additionally, the LOL-t diagrams reveal a widespread
distribution of m-electrons throughout most of the structure. This
conjugation enhances the molecular stability, leading to improved
thermal stability and reduced sensitivity.

Physicochemical and detonation properties

The thermal behaviour of compounds 4, 5, 6, 7, and 12 was analyzed
using DSC scans at a heating rate of 5 °C min~" under an N,
atmosphere (Fig. 4, Table 1). Among these, the ammonium salt (5)
exhibited the highest decomposition temperature, recorded at
275 °C on the DSC. The decomposition temperatures of compounds
4, 7, and 12 are 265 °C, 273 °C, and 247 °C, respectively. Notably,
compound 6 displayed an exothermic peak temperature (T) of
205 °C. The excellent thermal stability of these compounds can be
attributed to strong hydrogen bonding interactions. The impact and
friction sensitivities of compounds 4-7 and 12 were assessed using
BAM standard methods, as summarized in Table 1. All these
compounds demonstrated very low sensitivity to impact (>40 ])

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and friction (>360 J). The experimental densities of various com-
pounds were determined using a gas pycnometer at a controlled
temperature of 25 °C. Compounds 5 and 7 notably displayed similar
calculated densities to trinitrotoluene (TNT), while compound 12
exhibited a density greater than both TNT and hexanitrostilbene
(HNS). In conjunction with density measurements, enthalpies of
formation (AHy) were calculated and are given in Table 1. Com-
pound 4 has an enthalpy of formation of 108.8 k] mol . In contrast,
the energetic salts 5, 6, and 7 exhibited significantly higher positive
enthalpies of formation at 470.0, 625.5, and 522.4 kJ mol ',
respectively. These values exceed those of HNS, TNT, RDX, and
triaminotrinitrobenzene (TATB), indicating a substantial potential
for energetic performance due to their higher formed energy
content. The experimental densities and calculated enthalpies of
formation were utilized with EXPLO5 (v7.01.01) software to predict
the detonation properties of these compounds. The results indicate
that compound 6 has the highest calculated detonation velocity at
8071 m s~ ', positioning it as a formidable candidate, closely rivaling
that of TATB. Furthermore, compounds 5, 6, and 7 exhibited
detonation velocities that surpassed those of both TNT and HNS,
which indicates their enhanced explosive characteristics (Table 1).

Conclusions

Thermostable and insensitive high-energy compound, 4-amino-
1,2,5-oxadiazol-3-yl(1H-tetrazol-5-yl)methanone oxime (4) and

Mater. Adv., 2025, 6, 3338-3343 | 3341
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Table 1 Physicochemical properties of compounds 4-7, 12

Comp. Tn“(°C) Td"(°C)  OBcowo, (%) N[%] p(gem™™)  AHZ (Kfmol™") P (GPa) DJ(ms')< IS¢()) Fs" (N)
4 — 265 —10.7/-39.2 57 1.62 108.8 14.6 6561 >40 > 360
5 206 275 —10.2/—36.5 59 1.65 470.0 23.0 7963 >40 > 360
6 198 202 —10.2/—35.39 61 1.61 625.5 23.6 8071 >40 >360
7 218 273 —1.8/-25.7 55 1.65 522.4 23.6 8037 >40 > 360
12 — 247 —17.61/—46.7 62 1.75 601.4 20.2 7479 >40 >360
J — 189 —/—47.1 57 1.73 441.0 30.0 8601 37 >360
K — 213 —/47.5 55 1.82 454.5 334 9100 >50 > 360
TNTIV — 295 —24.6/—73.9 18 1.65 68.0 19.5 6881 15 353
HNSY — 318 5.2/—37.9 18 1.75 78.0 24.3 7612 5 240
TATB* — 350 10.5/—21.0 32 1.93 —139.7 30.5 8179 >40 360
RDX' — 204 —/—21.6 37 1.80 92.6 34.9 8795 7.5 120

@ Temperature melting. ” Temperature (onset) of decomposition. © 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). ° Detonation pressure. Detonation velocity
(calculated using EXPLOS5 version 7.01.01). € Sensitivity to impact (IS). * Sensitivity to friction (FS). All compounds were anhydrous powders for

determination of properties in Table 1. ’ Ref. 28. Ref. 29.  Ref. 30.  Ref. 31.

its energetic salts (5-7), were synthesized through straightfor-
ward steps starting from compound 1. The molecular structure
of compound 6 was confirmed by single-crystal X-ray crystal-
lography. These compounds exhibit noteworthy thermal stabi-
lity (decomposition temperatures >204 °C) and are highly
insensitive to impact and friction (IS > 40 J, FS > 360 N),
which can be attributed to robust inter- and intramolecular
hydrogen bonding interactions. In addition to their excellent
thermal and mechanical properties, these compounds possess
good density and high heats of formation compared to TNT,
RDX, TATB, and HNS. Furthermore, their compatibility with
other energetic materials enhances their potential as promising
candidates for new high-energy-density materials with practical
applications.
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