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Enhancing the energy output of tetrazole-based materials through nitro functionalization often
compromises thermal stability, posing a significant challenge in developing advanced energetic materials.
In this study, we address this issue by strategically integrating both nitroimino and dinitromethyl high-
energy functional groups onto the tetrazole ring, along with the incorporation of two potassium ions,
(K.DNMNAT).
Structural characterization confirmed the successful one-step nitration, while thermal and energetic

yielding dipotassium  4-(dinitromethaneidyl)-5-(nitroimino)-4,5-dihydrotetrazol-1-ide

assessments demonstrated an optimal balance between stability and performance. Comparative analysis
with previously reported tetrazole-based nitroimino salts reveals that K,DNMNAT exhibits superior
oxygen balance without compromising the decomposition temperature. Furthermore, when evaluated

against tetrazole-based dinitromethyl-containing compounds, remarkable thermal resilience and

enhanced energetic properties are found. Sensitivity tests indicate that this new nitroimino tetrazole

Received 2nd April 2025 . . s L . . ) . .
Accepted 2nd May 2025 exhibits mechanical stability within established safety thresholds in comparison with potassium-based
primary explosives. Combining a straightforward synthesis, potassium-assisted stabilization, improved

DOI: 10.1035/d5ta02595h oxygen balance, and robust thermal stability positions, K;DNMNAT is seen to be a promising contender

Open Access Article. Published on 06 May 2025. Downloaded on 6/14/2026 3:33:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/materials-a

Introduction

Tetrazole and its derivatives have garnered significant attention
in the field of energetic materials due to their high nitrogen
content (80%) and favorable positive heat of formation (AH; =
4.77 KJ ¢ "). These characteristics make tetrazole a valuable
backbone for high-performance energetic compounds, partic-
ularly for applications requiring high energy density, rapid
decomposition rates, and environment friendliness."*
However, functionalizing the tetrazole ring remains a formi-
dable challenge due to the limited number of reactive sites
available for substitution. Traditionally, modifications have
been restricted to the C5 and N1 positions, with some reported
functionalization at both positions. Despite these efforts,
expanding the tunability of tetrazole-based compounds for
enhanced energetic performance while maintaining structural
stability remains a crucial objective.”**
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for next-generation energetic materials with enhanced performance and safety.

Due to the limited functionality of tetrazole, its modification
has primarily relied on linear substitutions, incorporating
energetic groups such as additional tetrazole rings, azo (-N=
N-) linkages, and methylene (-CH,-) bridges. While these
modifications have improved energetic performance in some
cases, they often have led to reduced molecular density. Addi-
tionally, integrating high-energy groups, such as nitro (-NO,) or
dinitromethyl [-C(NO,),], frequently results in decreased
thermal stability, thereby limiting their practical applications.
This trade-off between energy and stability poses a major
challenge in the design of next-generation environmentally
friendly energetic materials. To overcome this limitation, an
innovative and facile approach that strategically integrates
high-energy functional groups without compromising thermal
resilience is essential.

Coordination chemistry principles enable the precise orga-
nization of molecules or metal ions into stable, well-defined
structures, allowing researchers to fine-tune these arrange-
ments to optimize properties such as sensitivity, thermal
stability, and energy output in energetic materials.”*** Recent
advances have focused on potassium salts with tetrazole back-
bones, since the tetrazole ring behaves as an environmentally
friendly and versatile ligand, forming coordination bonds with
various metal ions (Fig. 1A). Compounds such as 5,5'-azobis(1-

J. Mater. Chem. A, 2025, 13, 17421-17428 | 17421


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ta02595h&domain=pdf&date_stamp=2025-06-05
http://orcid.org/0000-0003-3422-5796
http://orcid.org/0000-0003-2760-769X
http://orcid.org/0000-0001-8622-4897
https://doi.org/10.1039/d5ta02595h
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02595h
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA013023

Open Access Article. Published on 06 May 2025. Downloaded on 6/14/2026 3:33:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

nitroimino tetrazolate) (K,ABNAT), potassium dinitroimino-
5,5"-bistetrazolate  ((K),DNABT), potassium 4,5-bis(dini-
tromethyl)furoxannate (K,BDNMF), and compound D (potas-
sium 5-azido-10-nitro-bis(tetrazolo)[1,5-¢:5',1'f]pyrimidinium)
have shown promise as potential replacements for environ-
mentally harmful lead azide-based primary explosives.***

A. Some previously reported green primary explosives.
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(K, ABNAT), potassium dinitroimino-5,5-bistetrazolate
(K),DNABT), potassium 4,5-bis(dinitromethyl)furoxannate

(K,BDNMF), and compound D (potassium 5-azido-10-nitro-
bis(tetrazolo)[1,5-c:5',1’-f]pyrimidinium) have shown promise as
potential replacements for environmentally harmful lead azide-
based primary explosives.>**
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Fig. 1 A comparative study of tetrazole moiety-based potassium salts was previously reported, and this work. (A) Some previously reported
green primary explosives. (B) Potassium salts based on a tetrazole ring. (C) Comparison of mono- and dipotassium salts of this study.

17422 | J. Mater. Chem. A, 2025, 13, 17421-17428

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02595h

Open Access Article. Published on 06 May 2025. Downloaded on 6/14/2026 3:33:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Further investigations into potassium-substituted tetrazole
compounds have revealed important insights into their thermal
stability and oxygen balance. Potassium salts featuring a single
nitroimino functionalization, such as compounds E (potassium
2-(N-nitramino)-5H-tetrazolate) and F (potassium 1-(N-nitra-
mino)-5H-tetrazolate), exhibit decomposition temperatures of
176 °C and 180 °C, respectively, with an oxygen balance (OB) of
0% (Fig. 1B). However, attempts to enhance thermal resilience by
introducing an amino (-NH,) group vicinal to nitroimino func-
tionalities, as observed in compounds G (potassium 1-nitrimino-
5-aminotetrazolate) and H  (potassium  1l-amino-5-
nitriminotetrazolate), resulted in a decreased OB of —4.3%,
further emphasizing the challenge of optimizing both stability
and energetic output. Efforts to improve oxygen balance through
the incorporation of dinitromethyl (-C(NO,),) groups, as seen in
compounds I (potassium 5-(dinitromethyl)-1H-tetrazolate) and J
(dipotassium (2H-tetrazole-2,5-diyl)bis(dinitromethanide), failed
to maintain adequate thermal stability, illustrating the inherent
difficulty in achieving a synergy between oxygen balance and
decomposition temperature. While increasing the number of
nitro groups generally enhances oxygen balance, density, and
detonation parameters—factors crucial for applications in rocket
propulsion and high-performance explosives—the correspond-
ing reduction in thermal stability remains a significant draw-
back. These findings underscore the pressing need for a rational
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functionalization strategy that maximizes both energy and
structural integrity.>**

In this study, tetrazole was functionalized strategically by the
successful incorporation of both nitroimino and dinitromethyl
functional groups onto the tetrazole ring, while simultaneously
introducing potassium metal to enhance structural stability.
The incorporation of potassium ions facilitated the formation
of new coordination bonds, thereby contributing to the overall
stability of the compound. This innovative strategy resulted in
the synthesis of dipotassium 4-(dinitromethaneidyl)-5-
(nitroimino)-4,5-dihydrotetrazol-1-ide ~ (K,DNMNAT), which
exhibits a remarkable balance of thermal stability and oxygen
balance, addressing the limitations encountered in previous
derivatives effectively.

Results and discussion

To synthesize K,DNMNAT, two strategies are considered. The
first strategy involves the isolation of the sensitive nitramine
compound 4 (Scheme 1). This route consists of four steps,
including two nitration steps. In contrast, the second strategy
begins with the facile synthesis of stable derivative 2. Upon the
reaction of compound 2 with mixed acid (HNO;/H,SO,), double
nitration occurs, resulting in the formation of compound 3. The
crude mixture is treated directly with NH,OH-HCI/KOH to yield
K,DNMNAT in quantitative yield.*»*
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Scheme 1 Synthesis of dipotassium-4-(dinitromethaneidyl)-5-(nitroimin
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0)-4,5-dihydrotetrazol-1-ide (K, DNMNAT) and its salts (5-8).
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Scheme 2 (A) Synthesis of potassium dinitro(5-(nitroimino)-4,5-dihydro-1H-tetrazol-1-yl) methanide (9). (B) **C NMR of compound K-

DNMNAT, (C) **C NMR of compound 9.

K,DNMNAT is reacted with AgNO; to make the corre-
sponding silver salt (5). The subsequent treatment of 5 with
NH,Cl gives the ammonium salt (6). The energetic salts 7 and 8
were synthesized by reacting compound K,DNMNAT with
aminoguanidine-HCl and diamminoguanidine-HCIl, respec-
tively. It is observed that neutralization of K,DNMNAT with
dilute acid to make a neutral derivative resulted in the selective
isolation of the mono potassium salt 9. Interestingly,
compound 9 precipitates due to strong intramolecular
hydrogen bonding (Scheme 2A).

The characterization of compounds K,DNMNAT and 9 was
performed using NMR spectroscopy. In the '*C NMR spectrum
of compound K,DNMNAT, two distinct peaks were seen at
158.1 ppm (tetrazole carbon) and 127.1 ppm (dinitromethyl
group carbon). In contrast, for compound 9, the tetrazole
carbon peak is shifted to 151 ppm, while the dinitromethyl
group carbon peak exhibited only a slight change to 125.6
(Schemes 2B and C). These results suggest that neutralization
first occurs at the nitramine functional group rather than the
dinitromethylene carbon.

Single-crystal X-ray crystallography

Attempts to obtain high-quality single crystals of compound
K,DNMNAT suitable for X-ray diffraction were conducted using
various organic solvents. However, the crystalline nature of the
compound was lost upon solvent evaporation. Crystallization
from DMSO yielded suitable single crystals with two molecules
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Fig. 2 (A) Drawing at 50% ellipsoids of compound Ks-
DNMNAT-2DMSO. (B) Drawing at 50% ellipsoids of compound 9-H,O.
(DMSO and H,O are omitted for clarity).
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of DMSO. Compound K,DNMNAT-2DMSO crystallizes in the
monoclinic space group P2,/c with a calculated density of
1.785 g cm > at 101 K. As illustrated in Fig. 24, the tetrazole ring
and the nitroimino group are nearly coplanar, whereas the
dinitromethyl group is oriented in a different plane.

Compound 9-H,O crystallizes in the monoclinic space group
C2/c with a crystal density of 2.025 g ecm > at 100 K (Fig. 2B). As
depicted in Fig. 24, similar to the crystal structure of compound
K,DNMNAT-2DMSO, the tetrazole and nitroimino groups in
compound 9-H,O are nearly coplanar, while the nitromethyl
group is positioned in a different plane. Hydrogen bonding
interactions are observed with a maximum donor-acceptor
(D---D) distance of 3.11 A and a minimum bond angle of 110°.
The specific hydrogen bonding interactions include O1W-02_1:
3.006 A, O1W-04_2: 2.866 A, O1W-06_3: 2.728 A, and N1-
O1W_4: 2.626 A.

Physicochemical and detonation properties

The thermal behavior of compounds K,DNMNAT, 6, 7-H,0,
8:-2H,0, and 9-H,O was analyzed using differential scanning
calorimetry (DSC) at a heating rate of 5 °C min~" under an N,
atmosphere (Table 1). Among these, the dipotassium salt (K,-
DNMNAT) exhibited the highest decomposition temperature at
241 °C. The decomposition temperatures of compounds 6,

Table 1 Physicochemical properties of compounds K2DNMNAT, 6,
explosive
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Fig. 3 (A) DSC plots of K,DNMNAT at different heating rates. (B)
Comparison graph of oxygen balance and thermal stability for A-J and
K2DNMNAT.

7-H,0, 8-2H,0 and 9-H,O and comparison with traditional primary

Previously reported well known primary explosives

B Q ] ) O ] O:N o
/
2@ 02N Noz @ 02N N\ @ IN\\‘)G)YN\ ” N
Pb(Ns), Pb K o) N, N N A~ N
@ N/ N/N N\N N lNl
o) h ON
NO, NO, N3 O,N—N
LA LS KDNP DTAT-K (K),DNABT
A well known Qualified by NAVSEA
primary explosive as a replacement of LS

Comp. T4® (°C) OBcojcoz (%) o’ (g em™) AHE (kJmol ™) P (GPa) DS (ms™) 15 ()) FS¢ (N)
K,DNMNAT 241 +15.4/+5.1 2.08 —106.7 24.6 7661 1 10
6 145 0/-11.9 1.75 157.9 33.2 8985 1 20
7-H,0 137 —~19.9/-35.9 1.65 199.6 26.5 8471 1 40
8-2H,0 119 —21.4/-35.6 1.68 186.9 29.0 8835 2 40
9-H,0 107 +16.5/+5.5 1.96" —6.4 30.2 8447 3 20
LA’ 315 -11/-11 4.08 450.1 33.8 5920 2.5-4 1
LS 282 —5.7/-8.0 3.06 —835 — 5200 2.5-5 1.5
KDNP* 260 0/—34.2 1.95 —461.7 20.01 6952 0.05 9.8
DTAT-K' 163.6 —19.4/-38.4 1.88 326.4 31.7 7917 1 20
(K),DNABT™ 200 4.8/-4.8 2.11 970.97 25.2 8330 5 <1

“ 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 EXPLO5 version 7.01.01).
 Sensitivity to impact (IS). ¢ Sensitivity to friction (FS). ” X-ray density calculated at room temperature (RT). * ref. 49.” ref. 50. * ref. 51. 7 ref. 32. ™ ref. 28.
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7-H,0, 8-2H,0, and 9-H,O are 145, 137, 119, and 107 °C,
respectively.

Based upon peak decomposition temperatures measured by
differential scanning calorimetry (DSC) for compound K,-
DNMNAT at different heating rates of 5, 10, 15, and 20 °C min "
(Fig. 3A), the activation energies (Ej and E,), and linear corre-
lation coefficients (R, and R,) were calculated using Kis-
singer's** and Ozawa's*” methods and are given in Tables S5 and
S6 (ESI).t The results show that the activation energy calculated
by either method is essentially the same (Ey = 190.4 k] mol™*; E,
= 189.3 k] mol ). Depending upon the calculated numerical
values of Ej, the rate constant of decomposition can be
expressed as In k = In A, — (190.4 x 103)/RT. The low activation
energy of K,DNMNAT, which falls in the range of reported

(A)

View Article Online
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primary explosives, indicates that it can be easily stimulated for
intense chemical reactions.*®

The comparative study of oxygen balance and thermal
stability of K,DNMNAT with previously reported potassium
salts is presented in Fig. 3B. This study demonstrates that K,-
DNMNAT exhibits an optimal balance between energy and
safety compared to the previously reported compounds (A-J).
The Hirshfeld surface analyses for K,DNMNAT and 9 were
performed and are shown in Fig. 4A and B.

On the edges of the Hirshfeld surface of K,DNMNAT and 9,
many red regions (high close-contact population) were
observed, which are mainly due to coordination bonds,
ie.,, K---O contacts, and contribute 26.7% and 20.3% for
K,DNMNAT and 9, respectively to the total interactions (Fig. 3C
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(A and B) Hirshfeld surfaces for K;DNMNAT and 9 (C and D) 2D fingerprint plots for compound K,DNMNAT and 9.
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A. Hot needle test

Fig. 5

and D). The larger value of K---O contacts stabilizing interac-
tions enhances molecular stability. The impact and friction
sensitivities of compounds K,DNMNAT, 6, 7-H,0, 8-2H,0, and
9-H,0 were assessed using BAM standard methods, and the
results are summarized in Table 1. All compounds demon-
strated sensitivity to mechanical stimuli. The experimental
densities of the compounds were measured using a gas
pycnometer at a controlled temperature of 25 °C. Notably,
compound K,DNMNAT exhibited better friction sensitivity (FS)
than LA, LS, KDNP, and (K),DNABT. K,DNMNAT also showed
an oxygen balance (OB) of +15.5%, which is significantly higher
than that of LA, LS, KDNP, DTAT-K, and (K)2DNABT, making it
more environmentally favorable compared to these previously
reported compounds. The experimental densities and calcu-
lated enthalpies of formation were further utilized in the
EXPLOS5 (v7.01.01) software to predict the detonation properties
of these compounds. The results indicated that compound 6
exhibited the highest calculated detonation velocity of
8985 m s~ '. K,DNMNAT's detonation velocity surpassed that
of LA, LS, and KDNP, suggesting enhanced explosive charac-
teristics. Its detonation velocity is also comparable to that of
DTAT-K.

LA, LS, and KDNP demonstrate good thermal stability. They
have lower oxygen balances and detonation velocities compared
to K, DNMNAT. On the other hand, DTAT-K and (K),DNABT
exhibit better detonation velocities but have lower thermal
stability and oxygen balance.

Experiments such as the “red-hot needle” and “heated plate”
tests were conducted on a 10 mg sample of K,DNMNAT to
evaluate its energetic behavior (Fig. 5A and B). The red-hot
needle test revealed a sharp deflagration accompanied by
a visible flame, as shown in Fig. 5A. Similarly, the heated plate
test also demonstrated deflagration, confirming the energetic
nature of the compound.

In conclusion, the synthesis of dipotassium 4-
(dinitromethaneidyl)-5-(nitroimino)-4,5-dihydrotetrazol-1-ide
(K,DNMNAT) illustrates a significant advance in the

This journal is © The Royal Society of Chemistry 2025

(A) Hot needle test for K2RDNMNAT. (B) Hot plate test for K2DNMNAT.

development of potassium metal-based energetic salts. The
careful tuning of nitro groups has proven crucial in achieving
a desirable equilibrium between energy output and stability,
a challenge that continues to define the landscape of energetic
materials. We have synthesized the 6, 7, and 9 energetic salts,
which also show good energy properties. 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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