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Concomitant Polymorphism in Oxime-Bridged Pyrazole–Tetrazole 
Energetic Materials
Vikranth Thaltiri,a Richard J. Staples,b and Jean’ne M. Shreeve*a 

A one-step synthesis of an oxime-bridged nitropyrazole–tetrazole 
yields two concomitant polymorphs, planar 3-α and twisted 3-β. 
Their contrasting solid-state geometries give rise to distinct 
packing, π-delocalization, and thermal stability. Both exhibit RDX-
like detonation performance, demonstrating oxime bridging as an 
effective strategy for thermally stable, safer high-performance 
energetic materials.

Polymorphism is a well-recognized phenomenon in energetic 
materials, arising when a single compound crystallizes into 
multiple packing arrangements with distinct intermolecular 
interactions.1-5 Such differences often translate into 
measurable variations in density, thermal stability, mechanical 
sensitivity, and detonation performance. Classical explosives 
including RDX, HMX, and FOX-7 exhibit several polymorphic 
forms in which subtle changes in layer stacking or molecular 
orientation led to markedly different energetic behavior.6-12 As 
illustrated in Figure 1a, the α-, β-, and ε-phases of RDX highlight 
how packing diversity strongly governs macroscopic properties. 
Polymorph generation is typically influenced by crystallization 
parameters such as solvent, temperature, anti-solvent addition, 
pressure, and seeding. However, polymorph formation arising 
directly from intrinsic molecular geometry and directional 
intermolecular interactions,  rather than deliberate 
crystallization control, remains uncommon and is often 
discovered only serendipitously. In such cases, the solid-state 
outcome is governed by how a given molecular geometry 
propagates into distinct packing motifs within the crystal lattice.
Pyrazole–tetrazole hybrids represent a compelling platform for 
high-energy-density materials owing to their nitrogen-rich 
frameworks, high heats of formation, and favorable 

heterocycle-driven packing characteristics.13-20 Previous studies 
have largely focused on modifying the bridging fragment 
connecting the two rings (Figure 1b). C–C linkages typically 
confer moderate thermal stability yet remain relatively 
sensitive, whereas N-methylene and N–H bridges offer 
improved stability and safety.21-23 More recently, carbonyl 
(C=O) bridging strategies have been shown to enhance thermal 
stability and reduce sensitivity in energetic heterocycles by 
promoting favourable intermolecular interactions and solid-
state organization.24 Among these, N–H linkages have delivered 
the best balance of high energy and reduced sensitivity. 
Collectively, these findings underscore the pivotal role of the 
bridging unit in governing molecular geometry, intermolecular 
interactions, and solid-state organization, thereby dictating 
energetic performance.
The oxime bridge provides an additional design handle through 
its C=N–OH functionality, which can adopt distinct 
configurational (E/Z) orientations about the C=N bond, 
influencing intermolecular contacts and packing preferences. In 
densely functionalized heterocycles, even minor changes in 
planarity or torsion can translate into measurable differences in 
packing and thermal behavior. Oxime-containing heterocycles 
also benefit from strong O–H···N/O hydrogen bonding and 
partial C=N–OH conjugation, contributing to enhanced stability. 
Reported mono-oxime derivatives—including tetrazoles and 
oxadiazoles—exhibit high decomposition temperatures (Td = 
265–288 °C) and are extremely insensitive (IS > 40 J, FS > 360 N), 
although their detonation performance is generally moderate 
(Figure 1c).25,26 Despite these advances, the influence of oxime-
linked molecular geometry and directional hydrogen bonding 
on solid-state organization within highly nitrated energetic 
frameworks has not been thoroughly examined. Motivated by 
this, we introduced an oxime bridge into a nitropyrazole–
tetrazole scaffold to evaluate how the C=N–OH bridging affects 
molecular geometry, intermolecular interactions, and thermal 
behaviour in an oxygen-balanced energetic system, while 
maintaining strong energetic performance.
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Figure 1. (a) Polymorphism in energetic materials. (b) Previously explored pyrazole–tetrazole bridging strategies. (c) Reported oxime-bridge approach for stabilizing heterocycles. (d) 
Present oxime-bridging strategy enabling concomitant polymorphism in nitropyrazole–tetrazole derivatives.

Scheme 1. Synthesis of oxime-bridged pyrazole–tetrazole derivatives 3-α and 3-β, showing the effect of NaN3/ZnCl2 equivalents on polymorph distribution and combined yields

Now we describe an oxime-bridged nitropyrazole–tetrazole 
system synthesized under ZnCl₂-mediated conditions, which 
resulted in the formation of two concomitant polymorphs, 3-α 
and 3-β (Figure 1d). The two solids exhibit identical molecular 
connectivity but distinct solid-state geometries arising from 
different E/Z orientations of the oxime group, which in turn 
generate different hydrogen-bonding networks and packing 
arrangements. Polymorph 3-α adopts a nearly planar 
arrangement that supports tighter packing, whereas 3-β 
displays a twisted solid-state geometry that reduces planarity 
and leads to more expanded lattice. These crystallographically 
distinct packing motifs provide a clear framework for assessing 
how oxime-orientation-dependent molecular geometry 
governs polymorphism and energetic properties within 
nitropyrazole–tetrazole frameworks.
The synthetic route to the oxime-bridged pyrazole–tetrazole 
and its concomitant polymorphs is outlined in Scheme 1. The 
sequence begins with (E)-N-hydroxy-3,4-dinitro-1H-pyrazole-5- 
carbimidoyl chloride (1), prepared based on a reported 
procedure.27 Nucleophilic substitution of the chloro group with 
sodium cyanide in a H₂O/EtOAc biphasic system gave the nitrile 
intermediate (2) in 77% yield. Subsequent [3 + 2] cycloaddition 
of 2 with NaN₃ in the presence of ZnCl₂ directly generated the 
oxime-bridged pyrazole–tetrazole scaffold as two concomitant 
polymorphs. Upon acidification with 2 N HCl, the planar form 3-

α precipitated from the reaction mixture, whereas the twisted 
solid-state geometry 3-β remained in the mother liquor and was 
obtained by ethyl acetate extraction. No recrystallization or 
solvent-induced transformation was required, confirming that 
both polymorphs originate directly from the reaction medium.
Varying the NaN₃/ZnCl₂ loading exerted a clear influence on the 
relative formation of the two polymorphs. With 1 equiv of 
NaN₃/ZnCl₂, both solid forms were obtained in 72% combined 
yield with a 3-α/3-β ratio of 67:33. Increasing the loading to 2 
equiv afforded a 57:43 mixture in 69% combined yield, whereas 
3 equiv furnished exclusively the β-form in 66% yield, with no 
detectable 3-α upon acidification. These results indicate that 
lower azide/Zn²⁺ loading preferentially nucleates the planar α-
form, whereas higher loading shifts the product distribution 
toward the twisted β-form. All compounds were 
comprehensively characterized by multinuclear NMR (¹H, ¹³C), 
IR spectroscopy, elemental analysis, and single-crystal X-ray 
diffraction.
Single-crystal X-ray diffraction showed that 3-α crystallizes in 
the triclinic space group P–1 with one molecule in the 
asymmetric unit, accompanied by lattice water and ethanol 
(Figure 2). The molecular framework adopts a nearly coplanar 
arrangement across the pyrazole–oxime–tetrazole axis, with 
minimal torsional distortion. Representative dihedral angles—
O1–N1–C1–C2 = –178.7°, O1–N1–C1–C5 = –0.4°, N1–C1–C2–N2 
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= –3.0°, and N3–N2–C3–C4 = –1.9°—confirm a planar, π-
extended geometry. This alignment promotes efficient π-

Figure 2. (a) Asymmetric unit of polymorph 3-α. (b) Packing arrangement and hydrogen-
bonding interactions in 3-α. (c) Asymmetric unit of polymorph 3-β. (d) Packing 
arrangement and hydrogen-bonding interactions in 3-β.

overlap and organizes the molecules into densely stacked 
sheets. The lattice is further stabilized by a network of 
directional hydrogen bonds, including O1–H1···O6 = 2.596 Å, 
N2–H2···N6 = 2.926 Å, and N4–H4···O7 = 2.647 Å, supplemented 
by interactions involving the co-crystallized solvent molecules. 
Collectively, these contacts generate a tightly packed structure 
with minimal free volume and strong intermolecular cohesion.
In contrast, 3-β crystallizes in the orthorhombic Aea2 space 
group and adopts a distinctly twisted solid-state geometry. 
Several torsion angles deviate substantially from coplanarity—
N1–C1–C2–N2 = –53.8°, N1–C1–C5–N6 = –15.6°, C2–C3–N5–O5 
= 153.1°, and C5–C1–C2–C3 = –25.7°—indicating significant 
rotation within the heterocyclic fragments that disrupts π-
conjugation across the oxime bridge. The solid-state 
arrangement consists of zig-zag molecular chains along the a-
axis rather than planar stacks, and intermolecular stabilization 
is limited to a few weaker contacts such as O1–H1···O1W = 
2.685 Å and N2–H2···O1W = 2.725 Å. The absence of extended 
hydrogen-bonding networks and the reduced face-to-face 
contact area result in a more open and less densely 
interconnected lattice.
Taken together, the two solid forms illustrate how the oxime 
bridge can impose distinct soli-state geometries within an 
identical molecular framework. The planar geometry of 3-α 
promotes extended conjugation, strong hydrogen-bonding 
networks, and dense packing, whereas the twisted geometry of 
3-β disrupts π-alignment and generates a more-weakly 
connected, spatially expanded lattice. These contrasting 
structural features provide a clear basis for interpreting the 
subsequent differences in their thermal behavior and energetic 
properties.
The physicochemical and energetic properties of 3-α and 3-β 
are summarized in Table 1, with RDX included for reference. 
Density is a key determinant of detonation performance, as 
both detonation velocity (Dv) and detonation pressure (P) scale 
directly with ρ. Pycnometric measurements show that 3-α 

attains a high density of 1.831 g cm⁻³—slightly above that of 
RDX (1.80 g cm⁻³)—whereas 3-β reaches 1.802 g cm⁻³, 

Table 1. Physiochemical and energetic properties of 3-α and 3-β.

Compound 3-α 3-β RDXh

ρa (g cm-3) 1.831 1.802 1.80
Tdb (oC) 241 219 204

ΔHfc(kJ mol-1) 698.3 710.3 92.6
Dvd (m s-1) 8739 8645 8795

Pe(GPa) 32.7 31.9 34.5
ISf (J) >40 J >40 J 7.4

FSg (N) >360 N >360 N 120

a Density determined by gas pycnometer at 25 oC; b Thermal decomposition 
temperature (5 °C min-1); c Heat of formation; d Detonation velocity; e Detonation 
pressure; f Impact sensitivity (BAM drophammer); g Friction sensitivity (BAM 
friction tester); h Reference 29. 

essentially matching the benchmark material. Heats of 
formation calculated using isodesmic reactions (Gaussian 09)28 
are highly positive for both polymorphs (ΔHf = 698.3 kJ mol⁻¹ for 
3-α and 710.3 kJ mol⁻¹ for 3-β). Incorporation of these 
parameters into EXPLO5 (v7.01.01) produced RDX-class 
detonation performance: 3-α has Dv = 8739 m s⁻¹ and P = 32.7 
GPa, while 3-β has Dv = 8645 m s⁻¹ and P = 31.9 GPa. Thus, both 
polymorphs exhibit strong energetic output despite their 
distinct solid-state geometries.
Thermal stability and sensitivity are critical parameters for 
assessing the practical suitability of energetic materials. 
Differential scanning calorimetry (5 °C min⁻¹) shows that 3-α 
decomposes at 241 °C—substantially higher than RDX (204 
°C)—while 3-β exhibits a still-elevated Td of 219 °C. Both values 
exceed those of previously reported C–C-, N-methylene-, and 
N–H-linked pyrazole–tetrazole systems, underscoring the 
stabilizing effect of the oxime bridge. These trends align with 
the distinct structural and electronic features of the two 
polymorphs: the extended π-conjugation and dense packing in 
3-α support its superior thermal stability, whereas the 
torsionally distorted geometry of 3-β accounts for its slightly 
lower yet still enhanced performance relative to traditional 
linkages. Sensitivity data further highlight the excellent safety 
characteristics of both materials, with both polymorphs 
classified as insensitive energetic materials (IS: >40 J; FS: >360 
N) according to BAM criteria—markedly safer than RDX (IS = 7.4 
J; FS = 120 N). The combination of high thermal stability, 
exceptional insensitivity, and RDX-level detonation 
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Figure 3. (a) Hirshfeld surface of polymorph 3-α with corresponding 2D fingerprint plots. 
(b) Hirshfeld surface of polymorph 3-β with corresponding 2D fingerprint plots.

Figure 4. Localized orbital locator (LOL-π) isosurfaces for polymorphs 3-α (a) and 3-β (b), 
illustrating continuous versus disrupted π-electron pathways.

performance positions 3-α and 3-β as promising candidates for 
next-generation energetic materials with improved safety 
margins.
Hirshfeld surface analysis provides quantitative insight into the 
intermolecular contacts that define the solid-state organization 
of the two polymorphs.30 For 3-α, O···H/H···O (35.7%) and 
N···H/H···N (25.9%) interactions dominate, consistent with its 
extensive hydrogen-bonding network and densely packed 
lattice. In contrast, 3-β exhibits markedly lower contributions 
from O···H/H···O (22.4%) and N···H/H···N (18.4%) contacts, 
reflecting fewer strong intermolecular interactions and a more 
open packing arrangement. The corresponding 2D fingerprint 
plots reinforce this distinction: 3-α shows sharper, deeper 
spikes characteristic of short, well-defined contacts, whereas 3-
β displays broader, more diffuse features. These quantitative 
trends are fully consistent with the crystallographic 
observations and underscore the structural differences 
between the planar and twisted forms (Figure 3). The localized 
orbital locator (LOL-π) surfaces provide a clear visualization of 
the π-communication differences between the two polymorphs 
(Figure 4).31 In 3-α, a continuous π-density pathway extends 
across the pyrazole–oxime–tetrazole backbone, consistent with 
its nearly planar geometry and uninterrupted conjugation. This 

Figure 5. (a, b) Electrostatic potential (ESP)–mapped van der Waals surfaces of 
polymorphs 3-α and 3-β, respectively. (c, d) HOMO and LUMO distributions with 
corresponding HOMO–LUMO energy gaps for 3-α and 3-β.

electronic continuity aligns with the dense packing and strong 
intermolecular interactions observed crystallographically. In 
contrast, 3-β exhibits distinct interruptions in π-density at the 
oxime–tetrazole junction, matching the torsional distortions 
revealed in its solid-state structure. The disrupted π-framework 
limits through-bond and through-space overlap between the 
heterocycles and rationalizes the weaker packing interactions in 
the twisted form.
Electrostatic potential (ESP) mapping further highlights how 
molecular geometry dictates charge distribution (Figure 5).32 
The planar 3-α displays a smoother potential along its 
conjugated backbone, with ESP values ranging from +80.80 to –
33.68 kcal mol⁻¹, indicative of more even charge delocalization. 
In contrast, 3-β shows a broader ESP range (+82.31 to –35.30 
kcal mol⁻¹) and more localized high-intensity regions, reflecting 
charge accumulation around its bent junctions and reduced 
delocalization. Frontier molecular orbital analysis reinforces 
these trends. In 3-α, the HOMO and LUMO are distributed 
continuously across the heterocyclic chain (–8.112 eV and –
3.653 eV; ΔE = 4.459 eV), consistent with its extended π-system. 
For 3-β, the HOMO and LUMO (–8.35 eV and –3.66 eV; ΔE = 4.69 
eV) appear more fragmented, in line with its twisted geometry 
and interrupted π-communication. Together, the ESP and FMO 
analyses corroborate the intrinsic electronic distinctions 
between the two polymorphs and rationalize their divergent 
solid-state behavior.

Conclusions
In conclusion, the oxime bridge emerges as a versatile structural 
element capable of stabilizing distinct solid-state arrangements 
within a single pyrazole–tetrazole energetic framework. A one-
step transformation unexpectedly yielded two concomitant 
polymorphs—3-α and 3-β—that differ markedly in solid-state 
geometry, intermolecular interactions, and electronic structure 
despite identical connectivity. Structural analyses (SCXRD, 
Hirshfeld, LOL-π) show that 3-α adopts a planar, π-delocalized 
geometry supported by strong directional contacts and dense 
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packing, whereas 3-β features significant torsional distortion, 
disrupted π-communication, and reduced intermolecular 
cohesion. ESP mapping and frontier-orbital analysis further 
indicate smoother charge distribution and greater electronic 
coherence in 3-α relative to the more localized features 
observed for 3-β. Overall, these results demonstrate that subtle 
oxime-driven differences in solid-state geometry can directly 
tune π-delocalization, packing efficiency, and solid-state 
behaviour, providing valuable design principles for developing 
next-generation, thermally stable, insensitive, and safer high-
energy heterocyclic materials.
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