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Coordination-driven safer and sustainable
energetic materialsy

Jatinder Singh,@a Richard J. Staples@b and Jean'ne M. Shreeve & *2

The convergence of performance optimization and environmental stewardship has positioned
coordination-driven approaches at the forefront of energetic material innovation. Now, using 3,6-
bis(3,5-dimethyl-1H-pyrazol-1-yl)-1,2,4,5-tetrazine and N,N’-(1,2,4,5-tetrazine-3,6-diyl)dinitramide as
precursors (P1 and P4), we have synthesized various coordination-driven polymeric energetic

frameworks with potential applications as energetic materials, pyrotechnics, and solid propellants.
Unique temperature-controlled reactivity of N,N'-(1,2,4,5-tetrazine-3,6-diyl)dinitramide with bases such
as ammonia and alkali metal hydroxides are now reported, which results in the synthesis of new

materials in a straightforward manner. These frameworks exhibit high thermal stability, controllable
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sensitivity, and tunable energy densities, making them versatile candidates for modern energetic

applications. Furthermore, coordination-driven syntheses allow for precise structural control, enabling
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1 Introduction

To promote the sustainability of energetic materials, azole-
based salts with performance-advantaged properties have
emerged as a focal point of research, offering potential break-
throughs in efficiency and environmental compatibility.'”
However, challenges remain in achieving precise control over
structural properties, scaling up production processes, and
ensuring cost-effectiveness, all of which are critical for the
practical implementation of these advanced materials.
Coordination-driven polymeric energetic frameworks (CPEs)
offer a promising solution to address these challenges.®*® By
utilizing coordination chemistry principles, molecules or metal
ions are strategically organized into well-defined, stable struc-
tures. Researchers are now exploring innovative approaches to
fine-tune these arrangements, aiming to optimize their perfor-
mance and expand their applications in sustainable
technologies.”** This approach allows for precise control over
the properties of the energetic materials, such as sensitivity,
thermal stability, and energy output.>*-** Furthermore, coordi-
nation complexes can incorporate eco-friendly ligands and
renewable materials, reducing the environmental footprint of
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the fine-tuning of properties to meet specific requirements. The environmentally conscious design of
these materials emphasizes the reduction of toxic byproducts which align with global sustainability goals.

energetic compounds. As research continues to explore the
potential of CPEs, these materials are poised to redefine the
field of energetics.'*>°

Recent advances in the design of potassium-azole salts have
demonstrated the potential to bridge the gap between high-
performance and sustainable development. These materials
not only exhibit enhanced thermal stability and controlled
sensitivity but also enable the integration of green chemistry
principles, such as the use of biodegradable ligands and light
metals. To date, several representative potassium derivatives
with environmentally friendly characteristics, such as
K,DNABT, DTAT-K, K,DNAT, and K,DNAAZzT, offer a promising
platform for primary initiators (Fig. 1A).*>* Notably, the four-
nitrogen-containing tetrazole backbone has gained promi-
nence in energetics, pyrotechnics, and propellants due to the
high heats of formation and ease of syntheses (Fig. 1B).

Similar to the tetrazole ring, the tetrazine ring, distinguished
by its high nitrogen content and unique reactivity, serves as an
environmentally friendly, and versatile ligand for the design of
advanced energetic salts.>**° The ability of the ring nitrogens to
form coordination bonds with various metal ions makes it an
ideal candidate for creating new coordination materials. By
designing tetrazine-based CPEs, researchers can enhance the
energy density, thermal stability, and sensitivity of energetic
salts while simultaneously reducing their environmental
impact. Moreover, the ease of synthesis of tetrazine enables the
development of less hazardous energetic materials, aligning
with the broader goals of sustainability in the field of energetics.
This dual functionality of the tetrazine ring as both a perfor-
mance-enhancing and eco-conscious component highlights its
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Fig. 1

critical role in the next generation of energetic materials. In this
study, we have synthesized new CPEs using easily accessible
precursors, 3,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)-1,2,4,5-
tetrazine (P1) and N,N'-(1,2,4,5-tetrazine-3,6-diyl)dinitramide
(P4). Precursor P4 exhibits distinct reactivity with bases such
as ammonia and metal hydroxides. At room temperature, it
reacts to form typical salts. However, at elevated temperatures,
one of the nitramine groups acts as a leaving group, resulting in
the formation of two asymmetrically substituted anions
(Fig. 2A).

2 Results and discussion
2.1 Synthesis

Precursors P1, P2 and P3 were prepared following literature
procedures.*® The small-scale synthesis of P3 from P2 was
observed to proceed with relative ease. Reaction of diamino
tetrazine (P3) with freshly distilled nitric acid (red fuming)
results in the formation of N,N'-(1,2,4,5-tetrazine-3,6-diyl)
dinitramide (P4) as a yellow solid (Scheme 1). Precursor P4

M476 | J Mater. Chem. A, 2025, 13, T1475-11485

(A) Azole-based salts with performance-advantaged properties. (B) Application of metal-azole salts.

upon reaction with metal carbonates in ethanol (95%) at room
temperature resulted in formation of CPEs 1-5 in quantitative
yields.

Interestingly, the reaction of P4 with aqueous ammonia in
ethanol at 60 °C yields diammonium (3,5-dinitropyrazine-2,6-
diyl)bis(nitroamide) (P5) through substitution with an amine,
accompanied by the formation of the ammonium salt (Scheme
1). CPEs 6-10 were prepared by neutralizing P5 with 10% H,SO,,
followed by reaction with metal carbonates at room tempera-
ture. Then P4 was reacted with potassium and sodium
carbonates at 60 °C, which produced potassium nitro(6-oxido-
1,2,4,5-tetrazin-3-ylJamide (11) and sodium nitro(6-oxido-
1,2,4,5-tetrazin-3-ylJamide (12), respectively. Compound 13
was obtained by the neutralization of 12 with 10% H,SO,. Both
reactions serve as notable examples of a base substituting one
nitramine while facilitating salt formation with another nitr-
amine in the same molecule. Compound 14 was synthesized
from precursors P1, P6, or P7. Reaction of P7 with two equiva-
lents of hydrazine resulted in the formation of compound 14.

This journal is © The Royal Society of Chemistry 2025
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2.2 Characterization

2.2.1 NMR spectroscopy. All newly synthesized compounds
were analyzed and characterized through '"H NMR, *C NMR,
"N NMR, and >N NMR spectroscopy. In the *C NMR spectrum
of P4, a carbon signal was observed at 158.6 ppm (Fig. 3A). For
CPEs 1-5, this peak shifted downfield to fall in a range of 163.9-
164.2 ppm (Fig. 3B). After substitution with ammonia and
hydroxide, the carbon signal split into two peaks (Fig. 3C and
D). In CPEs 6-10, the carbon signal (C1) attached to the nitr-
amine group appeared in the range of 161.7-161.8 ppm, while
the carbon signal (C2) attached to the amine group appeared in
the range of 163.4-163.7 ppm. Similarly, in CPEs 11-12, the
nitraamine-attached carbon signal (C1) was observed at
159.1 ppm, and the oxygen-attached carbon signal (C2) was
found at 166.1 ppm. In the "*N NMR spectrum of P4, the nitro
group resonance appeared at —42.3 ppm. In CPEs 1-5, this
signal shifted to a range of —11.8 to —12.3 ppm, which is a clear
indication of the salt formation.

This journal is © The Royal Society of Chemistry 2025
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(A) Reactions of N,N'-(1,2,4,5-tetrazine-3,6-diyl/dinitramide. (B) Effect of salt formation and various interactions on thermal stability.

2.2.2 Crystal structure. Compound 1-H,O adopts a 3D
MOF structure and crystallizes in orthorhombic space group
Pnna (Fig. 4a). Each unit cell contains eight chemical formula
units. The calculated density for compound 1-H,O is
2.143 g cm ™ at 100 K. In the crystal structure, the potassium
atoms are coordinated to O-atoms of the nitraamine groups
along with the nitrogen atoms of the tetrazine ring (Fig. 4b). As
a result, extended coordination in three-dimensional space is
observed, which increases the density and thermal stability of
the material (Fig. 4c). The coordination bond lengths between
O-atoms (01, 02, and O1W) and the K+ ions (K1 and K2) range
from 2.698 A to 3.104 A. The nitrogen atoms of the tetrazine ring
and the nitramine group are coordinated to the potassium
atoms with bond distances ranging between 2.861 A and 3.369
A. The various coordination modes of the dianion and potas-
sium atoms are shown in Fig. 4C and D. Compound 4-4H,0
crystallizes in the triclinic space group P1. Each unit cell
contains two chemical formula units (Fig. 5A). The calculated
density for compound 4-4H,0is 2.191 g cm 2 at 100 K. The Sr**
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Scheme 1 Reactions of 3,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)-1,2,4,5-tetrazine (P1) and temperature-based reactivity of N,N'-(1,2,4,5-tetra-

zine-3,6-diyl)dinitramide (P4).

ion is coordinated to four water molecules and O and N atoms
of nitramine groups, along with the nitrogen atoms of the tet-
razine ring (Fig. 5B). Packing diagram of the compound 4-4H,0
shows polymeric nature through extended coordination in
three-dimensional space (Fig. 5B). The coordination bond
between an O-atom and the Sr** ranges from 2.558 A to 2.921 A.
Compound 6 crystallizes in monoclinic space group P2,/c
(Fig. 6A). Each unit cell contains four chemical formula units.
The calculated density for compound 6 is 1.990 g cm ™2 at 100 K.
In the crystal packing of 6, the potassium ion (K1) is coordi-
nated to O-atoms of the nitramine groups along with the
nitrogen atoms of the tetrazine ring (Fig. 6B). Similarly to
compound 1, compound 6 also shows extended coordination in
three-dimensional space, which increases the overall density of
the material (Fig. 6C).

The coordination bond between an O-atoms (01, 02) and K1
ranges from 2.652 A to 2.858 A. The nitrogen atoms of the tet-
razine ring (N1-N4) and the nitramine group (N5, N6) are

M478 | J Mater. Chem. A, 2025, 13, 11475-11485

coordinated to the potassium atoms with bond distances
ranging between 2.934 A to 3.287 A. Compound 9-3H,0 crys-
tallizes in the monoclinic space group P2/c (Fig. 7A). Each unit
cell contains two chemical formula units. The calculated
density for compound 9-3H,0 is 1.993 g cm > at 100 K. In the
crystal packing of 9-3H,0, the Sr>* atoms are coordinated to O
and N atoms of the nitramine groups and two water molecules
(Fig. 7B).

As a result, compound 9-3H,0 shows extended coordination
in one dimensional space (Fig. 7C). The coordination bond
between an O-atom and the Sr atom ranges from 2.458 A to
2.666 A. The nitrogen atoms (N5 and N6) of the nitramine group
are coordinated to the Sr atoms with bond distances ranging
between 2.847 A to 3.201 A. Compound 13 crystallizes in
orthorhombic space group Pbca (Fig. 8A). Each unit cell
contains eight chemical formula units. The calculated density
for compound 13 is 1.976 g cm™> at 100 K. The unusual high
density of compound 13 is attributed to the presence of strong

This journal is © The Royal Society of Chemistry 2025
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hydrogen bond networks with distances ranging from 1.81 A to
2.26 A (Fig. 8B). The crystal packing shows the presence of wave-
like packing and m-stacking interactions.

2.3 Physicochemical properties

2.3.1 Thermal stability. Energetic materials are funda-
mentally unstable due to their substantial energy load, making
them vulnerable to ignition or detonation when subjected to
external heat. The ability of these materials to withstand
thermal stress is a key factor in evaluating their safety, as it
indicates how resistant they are to unintentional combustion or
explosion when exposed to heat. The thermal behavior of the
new compounds was investigated by differential scanning

(A) Labeling scheme for 4-4H,0 (thermal ellipsoid at 50%). (B) Crystal packing of 4.

(A) Labeling scheme for 6 (thermal ellipsoid at 50%). (B) Crystal packing of 6.

calorimetry (DSC). In Fig. 9A-D, the comparison of the thermal
stabilities of P4 and its energetic salts are given. The dipotas-
sium derivative exhibits highest decomposition owing to the
presence of strong coordination packing and rigid structure.
The DSC scans show that thermal decomposition initiation
temperatures (onset) of potassium derivatives 1, 6, 11 and 14 are
242, 229, 293 and 136 °C, respectively, followed by sharp
exothermic peaks at 247, 235, 301 and 140 °C, respectively,
indicating that these compounds undergo rapid decomposition
upon heating. Notably, all compounds exhibit higher decom-
position temperatures than their neutral precursors, high-
lighting the importance of coordination networks. The water of
crystallization or hydration for sodium derivatives was removed
by drying the compounds in an oven (120 °C). The onset

Fig. 7

1480 | J Mater. Chem. A, 2025, 13, 11475-11485

(A) Labeling scheme for 9-3H,0 (thermal ellipsoid at 50%). (B and C) Crystal packing of 9.
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decomposition temperatures of the sodium derivatives 2, 7 and
12 are 244, 257, and 279 °C, respectively, followed by sharp
exothermic peaks at 247, 263, and 305 °C, respectively.

2.3.2 Impact and friction sensitivities. The sensitivities to
impact and friction for all new compounds were measured
using standard BAM methods. Compounds 1-5, 13, and 14,
which are denser, exhibit increased sensitivity to impact and
friction. Compounds 6-12 are less sensitive toward impact and
friction. The sensitivities of compounds 1-H,0, 6 and 13 are
further rationalized from both crystal structure and at the
molecular level. At the molecular level, sensitivities of materials
toward impact are very closely related to their electrostatic
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potentials (ESPs). Significant separation of positive and nega-
tive charges in different regions of the molecule can indicate
instability. Conversely, a well-distributed charge across the
molecule suggests lower sensitivity. The electrostatic potentials
(ESP) of compounds 1-H,0, 6 and 13 were calculated based on
the B3LYP/6-311G(d,p) method with optimized structures.****
ESP minima and maxima for compounds 1-H,O, 6 and 13 are
—84, —66, —32 kcal mol™* and +106, +105, +61 kcal mol %,
respectively (Fig. 10). In compound 1-H,0O, ESP maps reveal
charge separation in different parts of the molecule, with
positive regions (red) around potassium atoms and negative

regions (blue) on the anion.
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Fig. 10 Electrostatic potential (ESP) surfaces of compounds (A) 1-H,0, (B) 6, and (C) 13.

Table 1 Physicochemical properties of compounds 1-14

Ta” (°C) 1s° (J) FS° (N) p% (g em™3) AH¢ kJ mol ! p/ (ms™) P (GPa)
1 242 3 40 2.06 161.8 7703 25.4
2 253 4 40 2.01 275.1 8833 28.8
3 223 5 80 1.85 422.7 8878 33.6
4 251 12 80 2.22 2281.0 9017 44.8
5 251 12 80 2.53 1888.0 8496 43.3
6 229 20 240 1.86 372.3 7644 23.5
7 257 20 240 1.98 434.9 9114 33.7
8 272 20 240 1.81 524.2 8947 32.2
9 232 >20 360 2.19 1395.2 8145 33.6
10 212 >20 360 2.55 985.6 8636 40.8
11 293 5 240 2.14 —-230.3 6945 18.8
12 279 >20 240 1.98 —~104.0 7387 18.8
13 98 1 5 1.92 255.3 9214 36.8
14 136 4 40 1.83 472.7 7900 25.0
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
jpycnometer. ¢ Molar enthalpy of formation calculated using isodesmic reactions with the Gaussian 03 suite of programs (revision D.01).
Velocity. € Pressure (calculated using EXPLOS5 version 7.01.01). " h5o = 24 ¢cm/2.5 kg hammer (ref. 39)

2.3.3 Detonation properties. The densities of compounds under a helium (He) atmosphere (Table 1). The enthalpies of

1-14 which range between 1.81 ¢ cm™> to 2.55 ¢ cm > were formation of the new compounds were calculated using an

measured using a gas pycnometer at ambient temperature isodesmic method with the Gaussian 03 suite of programs*
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Fig. 11 (A) Hot needle test of 1 and 2. (B) Hot plate test of 1 and 2.
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giving values for compounds 1-14 in the range from —230.3 to
2281 kJ mol™" (Table 1). With experimental densities and
calculated enthalpies of formation, detonation properties of
compounds 1-14 were calculated using EXPLO5 (v7.01.01). The
values of detonation velocities and detonation pressures are
given in Table 1 and fall between 6945-9214 m s~ " and 18.8-
44.8 GPa, respectively, with 13 showing the highest detonation
velocity and pressure. The detonation properties of compounds
2, 4, 7, 8 and 13 are comparable to the benchmark explosive
RDX.SS—SS

2.3.4 Primary initiators. Potassium-based primary initia-
tors are highly sensitive compounds that utilize potassium as
a key component in their chemical structure. While lead azide
(LA) has traditionally been the most widely used primary initi-
ator due to its excellent priming ability, concerns over serious
heavy-metal pollution have driven the need for greener alter-
natives. This shift has led to increased interest in potassium-
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based initiators, which offer similar sensitivity and effective-
ness without the environmental risks associated with heavy
metals. Compounds 1 and 2 are more thermally stable than
some representative potassium-based primary initiators and
can be obtained as anhydrous materials as confirmed by CHN
and DSC analyses.

Based upon peak decomposition temperatures measured by
differential scanning calorimetry (DSC) at different heating
rates of 5, 10, 15, and 20 °C min ", the activation energies (E
and E,), pre-exponential constant A4, and linear correlation
coefficients (Ry and R,) were calculated using the methods of
Kissinger* and Ozawa*' (See ESIt). The results show that the
activation energy calculated by either method is essentially the
same for compound 1 (B, = 196.11 k] mol™; E, =
194.82 kJ mol ). Compound 1 exhibits a low activation energy,
comparable to that of certain reported primary initiators.*>
Similarly, the activation energy for compound 2 was calculated

Fig. 12
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(Ex = 168.97 k] mol™'; E, = 168.97 k] mol™*). For both
compounds, impact and friction sensitivities, measured using
the standard BAM fall hammer and BAM friction tester,
respectively, further indicate high sensitivity, suggesting that
they can be readily triggered to undergo intense chemical
reactions.

Experiments such as the “red-hot needle” and “heated plate”
tests were carried out to determine the energetic behavior of
compounds 1 and 2. Generally, achieving detonation in any of
the tests is essential, indicating a rapid deflagration to deto-
nation transition (DDT), which is an important characteristic of
a primary initiators. For both compounds, detonation was
observed in the red-hot needle test (Fig. 11A). In the heated
plate test of compounds 1 and 2, two frames within the 10
millisecond differences have been captured, where intense
deflagration (Fig. 11B) to detonation was observed which indi-
cates that both of these materials behave as primary initiators.

2.3.5 Pyrotechnics. In combustion tests, the coordination-
driven polymeric energetic frameworks (CPEs) were evaluated
for their pyrotechnic performance. The materials exhibited
rapid ignition and sustained combustion, producing intense
heat and bright luminescence, indicative of their high energy
release and efficient oxidation processes (Fig. 12). Notably, the
combustion tests demonstrated that these CPEs have controlled
burn rates and produce minimal smoke, aligning with envi-
ronmentally friendly pyrotechnic standards. These results
highlight the potential of the new frameworks as safer and more
sustainable alternatives for traditional pyrotechnic composi-
tions, combining superior performance with reduced environ-
mental impact.

2.3.6 Solid propellants. To evaluate the applicability of 13
and 14 as solid propellants, their performance was evaluated as
monopropellants (neat) and composite propellants. The
specific impulse (I;;) values were calculated using
EXPLO5v7.01.01 software at chamber pressure 7 MPa, expan-
sion pressure ratio (Pc/Pe) of 70, initial T of 3500 K, ambient
pressure of 0.1 MPa at equilibrium, and expansion through the
nozzle. The I, values of 13 and 14 as monopropellants (neat)
are 266 s and 248 s, respectively, which is higher than AP
(ammonium perchlorate) (157 s) and ADN (ammonium dini-
tramide) (206 s) (Table 2). Additionally, the I, values of four
composite propellant formulations using 13, 14 and RDX (i)

Table 2 Specific impulse (propulsive properties) for different high
energy composite propellant formulations

Lol LpPY Ll Ll I [s
13 266 270 252 266 235
14 248 246 233 259 233
RDX 267 278 259 268 242

“ Isp - specific impulse of neat compound (monopropellant). b I -
specific impulse at 88% compound and 12% Al as fuel additive. © I, -
specific impulse at 78% compound, 12% Al, and 10% HTPB as
a binder. ¢ I, - specific impulse at 80% compound, 20% AP. ¢ Iy, -
specific impulse at 42% compound, 20% AP, 20% HTPB and 18% Al.
*Specific impulse calculated at an isobaric pressure of 70 bar and
initial temperature of 3300 K using EXPLO5 V7.01.
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88% of compound and 12% Al, (ii) 78% of compound, 12% Al,
and 10% HTPB. (iii) 80% compound, 20% AP (iv) 42%
compound, 20% AP, 20% HTPB and 18% Al, were calculated
and the results are given in Table 2. The specific impulse values
(Isp) of 13 and 14 are comparable to the benchmark explosive
RDX.35_38

3 Conclusion

In this study, we have demonstrated the potential of
coordination-driven polymeric energetic frameworks (CPEs)
synthesized from 3,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)-1,2,4,5-
tetrazine and N,N'-(1,2,4,5-tetrazine-3,6-diyl)dinitramide (P4)
as precursors. These frameworks exhibit enhanced thermal
stability, tunable sensitivity, and high energy densities, making
them promising candidates for various energetic applications,
including primary initiators, pyrotechnics and solid propel-
lants. The unique reactivity of precursor P4 with bases under-
scores the versatility and ease of synthesis of these materials.
Our findings highlight the advantages of using coordination-
driven approaches to achieve precise structural control,
enabling the fine-tuning of material properties to meet specific
application requirements. Importantly, the incorporation of
eco-friendly ligands and the reduction of toxic byproducts align
these materials with global sustainability goals.
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