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h energy frameworks by taking
advantage of p-philic molecular recognition†
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Development of thermally stable, insensitive materials with attractive physiochemical properties continues

to be heavily pursued in the field of energetic materials. High-energy-density compounds assembled by the

combination of polynitro, nitroamino or azo groups and nitrogen-rich frameworks are often thermally

unstable and sensitive to impact and friction. This conflicting nature of energy and stability strongly

encourages designers of molecules to study existing structures at the molecular level in order to develop

new methodologies for construction of potential energetic materials. In this work, a robust strategy

which takes advantage of p-philic molecular recognition between planar energetic anions and cations is

pursued. Our work not only generates insights for the design and synthesis of new energetic sandwich

salts with good thermal stability and low sensitivity but also inspires the enrichment of a variety of new

excellent performing high-energy materials.
1 Introduction

Noncovalent attractions are associations within and between
molecules that inuence shape and structural stability.1,2 Nearly
all organic materials involve these attractions, which inuence
physical and chemical properties markedly.3,4 p-Philic molecular
recognition between planar aromatic organic rings (oen known
as weak p–p interactions) play an important role in the eld of
chemistry and biology.5 These attractions have also been the
subject of extensive computational and experimental studies
since they play a complex function prior to or at the transition
state in chemical reactions and catalytic processes; for example,
they are central to understanding the stability of DNA, protein
folding and drug binding.6 Molecular recognition between p-
systems of planar aromatic organic rings oen leads to the
formation of stacked structures (Fig. 1B).7 In supramolecular
chemistry, p-philic molecular recognition offers potential
opportunities for tailoring structure and properties to various
functions and applications (Fig. 1C).8,9 Recently, supramolecules
as p-philic molecular sensors were applied in the detection of
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nitroaromatics.10 Among energetic materials, 1,3,5-triamino
2,4,6-trinitrobenzene (TATB) is a well-known highly stable
compound owing to the synergetic effect of various noncovalent
attractions such as inter/intra-molecular H-bond and p-stacking
(Fig. 1E). A better understanding of weak attractions would be
helpful in crystal engineering, molecular recognition, and in the
design of future energetic materials.11–14

Energetic salt formation is an efficient strategy to maximize
weak noncovalent interactions.15–20 Energetic salts also generate
a single multifunctional product efficiently by incorporating
two or more reactants and thus is regarded as a highly useful
strategy to expand molecular diversity and complexity.21 This
simple conventional methodology also showcases the art of
holding two or more units together by weak interactions and is
regarded as the most useful in producing thermally stable
energetic materials. For instance, dihydroxylammonium 5,50-
bistetrazole-1,10-diolate (TKX-50) possesses higher thermal
stability and better detonation performance than its precursors
(Fig. 2A), suggesting that salt formation is an effective method
to access stable energetic materials.22–25

Despite the effectiveness of salt formation strategy, energetic
salts produced from N-rich cations and sensitive anions are oen
unable to overcome their inherent sensitivity to external
stimuli.26–28 One other unresolved issue in the development of
energetic salts is their high solubility in water, which raises
concerns and difficulties associated with their use.29,30 Therefore, it
is important for synthetic and theoretical researchers to resolve
these issues by developing new methods. Now designers of mole-
cules have turned their attention increasingly to the development
of approaches tomaximize the stabilizing interaction by producing
J. Mater. Chem. A, 2024, 12, 17501–17509 | 17501
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Fig. 1 (A–E) Noncovalent interactions and their applications in various fields.
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planar energetic metal–organic frameworks, hydrogen-bonded
organic frameworks, polymers, co-crystals, etc. (Fig. 2B–D).31–35

In all the above techniques, weak attractions play a central
role in overcoming the issues related to thermal stability, sensi-
tivity, acidity and solubility in water. In 2015, Klapötke and
coworkers demonstrated the utility of a planar 3,6,7-triamino-7H-
[1,2,4]triazolo[4,3-b][1,2,4]triazolium (TATOT) cation in making
thermally stable energetic nitrogen-rich cationic salts.36 Recently,
we reported that salt formation between a planar dinitramide
and TATOT results in better thermal stability and insensitivity in
comparison to other N-rich salts.37 Now we have analyzed the
structure at the molecular level and extended the observation to
other thermally unstable and sensitive frameworks. We antici-
pated that salt formation between similar planar frameworks and
TATOT could lead to p-philic molecular recognition and sand-
wich type structures, which would be useful in stabilizing high-
energy-high-sensitive compounds. The thermally unstable nitro-
amine, polynitro and azo compounds shown in Fig. 3 were
chosen for reactions with TATOT.

2 Results and discussion
2.1 Synthesis and characterization

Compounds 1–8 and their corresponding silver or ammonium
salts were prepared following the literature procedures {see
17502 | J. Mater. Chem. A, 2024, 12, 17501–17509
(ESI)†}.37–44 The planar 3,6,7-triamino-7H-[1,2,4]triazolo[4,3-b]
[1,2,4]triazolium (TATOT) cation was selected for molecular
recognition studies with various energetic anions because of its
planar geometry. The silver salts or ammonium salts of
compounds 1–8 (Fig. 3) were reacted with the hydrochloride salt
of 3,6,7-triamino-[1,2,4]triazolo[4,3-b][1,2,4]triazole
(TATOT.HCl) in aqueous solution to obtain insensitive sand-
wich energetic materials ISEMs 1–8 (Scheme 1).

In ISEM-1, the p–p interaction brought about by stacking of
a dianion and two mono cations is visualized by plotting non-
covalent interactions (NCI plots)45,46 (Fig. 4M). Single crystals
of ISEM-2 suitable for X-ray analysis are obtained by slow
evaporation from water. It crystallizes in a monoclinic (P21/c)
space group with one dinitramide anion, two TATOT cations
and two water molecules to give C10H18N24O10, with a density of
1.758 g cm−3 at 100 K (See ESI, Section S2†).

In ISEM-2, each dinitramide anion is sandwiched between
TATOT cations through p-philic molecular recognition inter-
actions (Fig. 4B and N). The eight O atoms from the two nitro-
amino groups are xed by H-bonds from the surrounding
TATOT cations and water molecules, with lengths ranging from
1.80 Å to 2.56 Å. Single crystals of ISEM-3 suitable for X-ray
analysis were obtained by slow evaporation from dimethyl
sulfoxide. It crystallizes in a monoclinic (P21/n) space group
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Strategies to take advantage of stabilizing interactions in the production of new energetic materials. (A) Energetic salt formation. (B) Co-
crystallization. (C) Energetic metal–organic frameworks. (D) Hydrogen-bonded frameworks.

Fig. 3 Compounds chosen for this study.
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with one dinitramide anion, and two TATOT cations to give
C8H14N24O4, with a density of 1.808 g cm−3 at 100 K (ESI,
Section S2†). In ISEM-3, each dinitramide anion is sandwiched
between TATOT cations through p-philic molecular recognition
(Fig. 4C and O). The four O atoms from two nitroamino groups
are xed by H bonds from the surrounding TATOT cations, with
lengths ranging from 1.88 Å to 2.57 Å. The p–p interactions
aroused by stacking of the dianion and two mono cations are
visualized by plotting non-covalent interactions plots. In
comparison with ISEM-1, the rings in ISEM-3 are found to be
more displaced.
This journal is © The Royal Society of Chemistry 2024
Single crystals of ISEM-4 and ISEM-5 are obtained by slow
evaporation fromH2O andmethanol co-solvent mixtures. ISEM-
4 crystallizes in a monoclinic (Pc) space group to give a formula
C11H14N23O10, with a density of 1.860 g cm−3 at 100 K and ISEM-
5 crystallizes in a triclinic (P�1) space group to give a formula
C8H12N26, with a density of 1.674 g cm−3 at 100 K. In both
compounds, each dianion is sandwiched between TATOT
cations (Fig. 4D–E, 4P and 4Q). In ISEM-4, the ten O atoms from
ve nitro groups are xed by H bonds from the surrounding
TATOT cations, with lengths ranging between 1.87 Å to 2.62 Å,
In ISEM-5, the length of H-bonds range from 1.98 Å to 2.29 Å.
J. Mater. Chem. A, 2024, 12, 17501–17509 | 17503
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Scheme 1 Sandwiching azo, nitro, nitroamino high-energy materials with TATOT.
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The length of p–p stacking interactions is found in the range of
3.35 Å to 3.37 Å. For ISEM-6, single crystals were also obtained
by slow evaporation from H2O and methanol co-solvent
mixtures. ISEM-6 crystallizes in an orthorhombic (Pca21) space
group to give a formula C10H14N22O9, with a density of
1.855 g cm−3 at 100 K. The sandwich structure is shown in
Fig. 4F and R.

The effect of solvent on the packing of these sandwich
molecules was observed. For ISEMs 1, 3, 4, 5, and 6 the single
crystals suitable for X-ray analysis were obtained from
17504 | J. Mater. Chem. A, 2024, 12, 17501–17509
water:methanol co-solvent mixtures. Suitable single crystals for
ISEM-2 only grew in water due to slight solubility. Similar to
ISEM-2, single crystals for slightly water soluble ISEM-3 and
ISEM-6 were obtained to learn if the H2O would disrupt the p-
philic molecular recognition between the rings. From H2O,
ISEM-3 crystallizes in a monoclinic (P21/n) space group with one
H2O molecule, one dinitramide anion, and two TATOT cations
to give a formula C8H14N24O4$H2O with a density of
1.759 g cm−3 at 100 K. It is seen that the H2O molecule in the
lattice does not disrupt the p-philic molecular recognition
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Molecular structures (A) ISEM-1 (ref. 37). (B) ISEM-2. (C) ISEM-3. (D) ISEM-4. (E) ISEM-5. (F) ISEM-6. Packing diagrams. (G) ISEM-1 (ref. 37).
(H) ISEM-2. (I) ISEM-3. (J) ISEM-4. (K) ISEM-5. (L) ISEM-6. p-Philic molecular recognition between the ring visualized through NCI plots (M) ISEM-
1. (N) ISEM-2. (O) ISEM-3. (P) ISEM-4. (Q) ISEM-5. (R) ISEM-6.

Fig. 5 Reaction of TATOT with monoanions. (A) 9-TATOT. (B) 10-TATOT (ref. 48).

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A, 2024, 12, 17501–17509 | 17505
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between the rings (See ESI, Section 2†). For ISEM-5, the single
crystals obtained from H2O show different cell parameters.
From H2O, ISEM-5 crystallizes in a monoclinic space group P21/
c with two molecular moieties per unit cell.36 From H2O, ISEM-6
crystallizes in a monoclinic (Pna21) space group with one H2O
molecule, one dinitramide anion, and two TATOT cations to
give a formula C10H14N22O9$H2O with a density of 1.792 g cm−3

at 100 K. It is seen that the H2O molecule in the lattice slightly
disrupts the p-philic molecular recognition between the rings
(See ESI, Section 2†). The water:methanol co-solvent mixture is
found to be the best combination to grow crystals for these
sandwich molecules.

To determine the importance of p-philic molecular recog-
nition between two TATOT cations and a planar anion ring, the
reactions of a non-planar anions with TATOT were examined.
Fig. 6 Thermal and sensitivity properties.

17506 | J. Mater. Chem. A, 2024, 12, 17501–17509
The silver salt of 4-azido-3,5-dinitropyrazole47 was reacted with
TATOT. HCl in aqueous solution to obtain 9. Since these
molecules lack the p-philic molecular recognition sites between
the two TATOT cations and anion, sandwich-type packing is not
observed (Fig. 5A). Another such example from the literature
which includes a non-planar dianion is 10-TATOT. It also lacks
the p-philic molecular recognition with TATOT due to its non-
planar framework (Fig. 5B).48

2.2 Thermal and sensitivity properties

With a heating rate of 5 °C min−1, the thermal decomposition
temperatures of ISEM-1, ISEM-2 and ISEM-3 occurred at 253 °C,
189 °C, and 238 °C, respectively, which are signicantly higher
than their nitroamine precursors 1, 2 and 3, respectively (Fig. 6);
decomposition of ISEM-4 and ISEM-5 occurred at 203 °C and
This journal is © The Royal Society of Chemistry 2024
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226 °C, respectively; decomposition of ISEMs 6–8 at 225 °C,
268 °C and 269 °C, respectively. The thermal and sensitivity
properties of ISEMs 6–8 are also compared with typical metal
salts and non-metallic salts (Fig. 6) to highlight the advantages
of this structure.39,40,42,49 For compounds 9-TATOT and 10-
TATOT, the thermal decomposition temperatures are found to
be lower than those for the neutral precursors 9 and 10,
respectively (Fig. 6).

To better understand the relationship between molecular
structures and their physical characteristics, Hirshfeld surfaces
and 2D ngerprints were examined (Fig. 7A–F).50,51 In ISEMs 1–4
and 6, a large sum of stabilizing interactions such as O–H/N
and N–H/N, enhances molecular stability (Fig. 7A–D, F). In
Fig. 7 (A–F) Hirshfeld surfaces and 2D fingerprint plots. (G–L) Electrosta

This journal is © The Royal Society of Chemistry 2024
ISEMs 1–4 and 6 the total number of O–H/N and N–H/N
interactions is around 60% or above. In ISEM-5, a large number
of N–H/N interactions (65%) contribute towards molecular
stability (Fig. 7E). For ISEMs 1–6, the contributions of N/N,
and N/C interactions which denote p–p stacking are found in
the range of 7–17%.

For ISEMs 1–8 sensitivities to impact and friction were
measured by using BAM standard methods,52,53 and are given in
Fig. 6. These compounds show very low sensitivity towards
impact in comparison with their neutral precursor and silver
salts. The low sensitivities of compounds are further explained
from both the crystal structure and at the molecular level. At the
molecular level, sensitivities of materials toward impact are very
tic potential (ESP) surfaces.

J. Mater. Chem. A, 2024, 12, 17501–17509 | 17507
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Table 1 Physicochemical properties of ISEM 1–8

Compound Pa (g cm−3) DHf
b kJmol−1 Pc (GPa) Dv

d(m s−1)

ISEM-1 1.76e 1277.9e 26.2 8245
ISEM-2 1.72 1381.3 26.5 8267
ISEM-3 1.75 1699.8 29.2 8752
ISEM-4 1.80 986.0 28.2 8436
ISEM-5 1.63 1811.8f 22.9 8054
ISEM-6 1.80 903.9 27.9 8435
ISEM-7 1.76 1313.6 26.0 8305
ISEM-8 1.75 1200.1 25.1 8185
RDXg 1.80 92.6 34.2 8836

a Density at 25 °C using gas pycnometer. b Molar enthalpy of formation
(calculated using isodesmic reactions with the Gaussian 03 suite of
programs (revision D.01)). c Pressure. d Velocity (calculated using
EXPLO5 version 7.01.01). e Ref 37. f Ref 36. g Ref 56.
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much related to their electrostatic surface potentials (ESPs). The
electrostatic potentials (ESP) of ISEMs 1–6 were calculated by
using the B3LYP/6-311G(d, p) method with optimized struc-
tures.45 The calculated ESPs mapped surfaces of ISEM 1–6 are
shown in Fig. 7G–L. It is seen that for ISEMs 1–6, the positive
ESP concentrates on the TATOT cation, while the negative ESP
distributes on the dianion.
2.3 Detonation properties

To calculate the detonation properties, room temperature
densities for ISEMs 1–8 were measured using a gas pycnometer
and are in the range of 1.63–1.80 g cm−3, respectively (Table 1).
The enthalpies of formation (DHf) for compounds ISEMs 1–8
are given in Table 1.54 All compounds have positive enthalpies of
formation in the range of 903.9 kJ mol−1 and 1811.8 kJ mol−1,
respectively. With experimental densities and calculated
enthalpies of formation, the detonation properties of
compounds were calculated using EXPLO5 (v7.01.01).55 The
calculated detonation velocities are in the range of 8054–
8752 m s−1, and detonation pressures fall between 22.9–
29.2 GPa, respectively. The detonation properties of ISEM-3 are
found to be comparable with RDX.
3 Conclusions

In conclusion, p-philic molecular recognition was employed to
design and synthesize a new class of energetic sandwich
materials. Molecular insights into structure–property relation-
ships are provided through X-ray and theoretical studies, which
highlight the role of weak but pivotal non-covalent interactions.
In addition to improved thermal stability and insensitivity,
these materials exhibit acceptable physiochemical properties
and very low solubilities in water. We believe these insights will
enable further advances toward constructing energetic sand-
wich materials suitable for practical applications.
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1998, 273, 15458–15463.

7 B. J. J. Timmer and T. J. Mooibroek, J. Chem. Educ., 2021, 98,
540–545.

8 G. Gil-Ramı́rez, D. A. Leigh and A. J. Stephens, Angew. Chem.,
Int. Ed., 2015, 54, 6110–6150.

9 J. Singh, H. Kim and K. W. Chi, Chem. Rec., 2021, 21, 574–
593.

10 S. Shanmugaraju and P. S. Mukherjee, Chem. Commun.,
2015, 51, 16014–16032.
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