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As representatives of poly-nitro oxidant components, dinitramide [TN(NO,),, DN] and nitroformate
[TC(NO,)s, NF] exhibit a very large potential as energetic materials given their highly available oxygen
content. However, their low thermal stabilities have always been the main reason limiting their
applications. Now, a strategy of encapsulating poly-nitro components through supramolecular self-
assembly has been developed; six supramolecular encapsulated structures (two series): MA@DN,
MA@NF, MA@TNP; TATOT@DN, TATOT@NF, and TATOT@TNP (Ma: melamine; TATOT: 3,6,7-triamino-
7H-[1,2,4]triazolo[5,1-c][1,2,4]-triazole; TNP: 3,4,5-trinitro-pyrazolate) were assembled simply in aqueous
solution. Benefiting from the supramolecular structure, and the fixed hydrogen bonds formed between
the poly-nitro components and the supramolecular framework, the thermal stability of these poly-nitro
components was improved remarkably. Particularly, the decomposition temperatures of MA@DN,
MA@NF, and MAQ@TNP are 243, 225, and 268 °C, respectively, which are the highest decomposition

temperatures among these derivatives. Additionally, supramolecules based on TATOT exhibit excellent
Received 11th December 2023 det ti ti dl itivities t hanical stimuli. which kes th . high
Accepted 5th February 2024 etonation properties and lower sensitivities to mechanical stimuli, which makes them promising as hig
energy materials with lower sensitivities. This work provides a new strategy for stabilizing liable
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Introduction

As representatives of unstable poly-nitro oxidants, dinitramide
[[N(NO,),, DNJ' and nitroformate [ C(NO,);, NF]> attract
considerable attention as explosives and propellants given their
high oxygen content and simple preparation. Over the years,
various strategies, including forming salts with nitrogen-rich
cations,*® encapsulated by Metal-Organic Frameworks (MOFs),’
Hydrogen-bonded Organic Frameworks (HOFs),* Polymers,** etc.,
have been employed to improve their thermostabilities, the
decomposition temperatures of most of the resultant structures
are still low (the decomposition temperatures of DN-based deriv-
atives lie between 130-180 °C," and the thermostabilities of NF-
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based compounds fall between 80-150 °C).>* Nevertheless, it is
worth noting that the more hydrogen bonds (HB) fixed on the
poly-nitro oxidant with the surrounding molecule/ion, the higher
the stability of their derivatives, such as in the salt of TABT-DN
(TABT: 4,4',5,5'-tetraamino-3,3'-bi-1,2,4-triazolate).”* All of the
oxygen atoms of DN were fixed by hydrogen bonds (HBs), leading
to a decomposition temperature of 201 °C; in the structure of MA-
NF, 5 of these atoms of NF were fixed by 10 HBs, which give raise
to a thermal stability of 143 °C.* Recently, our studies have shown
that except for the HBs generated between the poly-nitro compo-
nent and the surrounding environment, if the surrounding
molecule/ion forms a framework to trap these poly-nitro compo-
nents, their thermostability is improved. For example, the ther-
mostablity of DN was improved to 221 °C through encapsulation
of energetic MOFs,* and the decomposition temperature of the
nitroformate was improved to 200 °C through encapsulation of
HOFs." Although there is only one encapsulated example for both
DN and NF (one for each), their thermostability is still undesir-
able. These two examples suggest strongly that encapsulation is
a very promising strategy to improve the thermostablilty of the
poly-nitro component to a higher level with a desirable stability.
Supramolecules, which can be constructed readily through
non-covalent interactions between components, have played an
extensive role in molecular cognition, delivery, stabilization,
etc.” Moreover, supramolecules in which the components are

This journal is © The Royal Society of Chemistry 2024
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paired through a hydrogen bond synthon form a tight frame-
work with excellent stability.**?° Hence, if the poly-nitro oxidant
component is encapsulated by a supramolecular framework
consisting of paired hydrogen bonds, and the poly-nitro
components form hydrogen bonds with the surrounding
supramolecular ligands, the decomposition temperature of the
poly-nitro component will be remarkably improved. Fortu-
nately, poly-amino heterocyclic rings meet the requirement
from the energetic materials’ point perfectly, since not only N
and NH, from different poly-amino-heterocyclic ligands
connect them into supramolecular frameworks through paired
hydrogen bonds, and the NH, group in a ligand can also form
various hydrogen bonds with the encapsulated poly-nitro
components.”***

Now, considering the cost and solubility, melamine was
selected for assembly with DN, and the supramolecular struc-
ture with the encapsulated dinitramide MA@DN was obtained
in aqueous solution. The poly-nitro components were then
extended to NF and TNP, which have more nitro groups
(Scheme 1). It is exciting that the supramolecular structures
MA®@NF, and MA@TNP with encapsulated NF and TNP were
obtained, respectively. Enlightened by the above statement and
discovery, TATOT with a high heat of formation was selected to
assemble with the three poly-nitro components, respectively, in
order to improve the energy density of the resultant supra-
molecules. Subsequently, all three poly-nitro components were
successfully encapsulated forming supramolecular structures
TATOT@DN, TATOT@NF and TATOT@TNP. The decomposi-
tion temperatures of MA®@DN, MA@NF, MA@TNP,
TATOT@DN, TATOT@NF, and TATOT@TNP are 243 and 225,
268, 225, 182 and 222 °C, respectively. The thermostabilities of
MA@DN, MA@NF, and TATOT@TNP are the highest among
those derivatives of DN, NF, and TNP, respectively. Their
structures, and detonation properties as well as physicochem-
ical properties, were studied comprehensively in this work.

Results and discussion
Single crystal structures

MA@DN crystalizes in a triclinic (P1) space group with two
molecules of H,0, one dinitramide anion, two melamine
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Scheme 1 Assembly of supramolecular structures with encapsulated
poly-nitro oxidant components.
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cations (50% occupancy of proton in melamine), to give
a formula {(C3HgsNg )2 N(NO,), 2H,0},, with a density of
1.668 g cm > at 173 K {ESI (ESI), Section S21}. Each dinitramide
anion was encapsulated by six half-melamine cations located on
both sides of the DN (Fig. 1a and b); the four O atoms of each
DN were fixed by 6H bonds from the surrounding six melamine
cations, with lengths ranging from 2.132 A to 2.501 A (ESI,
Sections S3 and S4t). The half-melamine cations were con-
nected by paired H bonds with lengths of 2.105 and 2.129 A,
respectively, to form the supramolecular framework. Finally,
the supramolecular framework and its encapsulated DN form
a 2D planar network via various hydrogen bonds (Fig. 1c).

MA@NF and MA@TNP were prepared in the same way as
MA@DN, which is shown in Fig. 2. MA@NF also crystallized in
a triclinic (P1) space group, with one H,0, one nitroform anion,
one melamine cation, and one neutral melamine in each unit
cell (Formula: C3H¢Ng- C3H;Ng-C(NO,);-H,0) with a density of
1.715 g em™* at 173 K. Similar to the structure of MA@DN, the
melamine molecule and its cations were connected into
supramolecular framework through parallel H bonds (from
2.120 A to 2.215 A), the supramolecular frameworks which were
arranged on both sides of the NF anion, and all oxygen atoms of
the NF anion were trapped by the supramolecular framework
through nine (9) H bonds (from 2.154 A to 2.536 A, Fig. 2a and
b). The larger volume of NF compared to that of DN, leads to one
oxygen of a nitro group extending out of the supramolecular
plane. Finally, the NF anions, the melamine molecules and the
melamine cations were connected by these H bonds into a 2D
supramolecular network (Fig. 2¢). MA@TNP also crystallized in
a triclinic (P1) space group, with two H,O molecules, one
nitroform anion, one melamine cation, and one neutral mela-
mine in each unit cell (Formula:
C3HgNg-C3H,Ng- C3N504- 2H,0) with a density of 1.655 g cm ™3
at 100 K. Similarly, melamine and its cations were connected by
parallel H bonds (from 1.959 A to 2.214 A) into a supramolecular
framework arranging both sides of the TNP anion. The TNP
anion was trapped by the supramolecular framework which
formed though 6H bonds (5H bonds on one side and 1H bond
on the other side (Fig. 2d and e)), whose lengths are between
1.968 A and 2.472 A. Similar to MA@NF, the steric hindrance of
the three adjacent nitro groups of TNP causes one nitro group to
extend out of the supramolecular plane. Nevertheless, TNP
anions and the supramolecular framework which formed were
in a 2-D network (Fig. 2f).
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Fig. 1 (a) The surrouding hydrogen bonding enviroment of NF in
MA@DN; (b) the supramolecular encapsulated structure of MA@DN;
(c) the layer by layer packing of MA@DN.
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Fig. 2 Single crystal structures and packing modes of supramolecular
structures MA@NF (2a)—(2c) and MAQ@TNP (2d)-(2f) (H,O molecules
are omitted).

Screened by the poly-amino heterocyclic ring, acceptable
solubility, high heat of formation, and simple preparation, 3,6,7-
triamino-7H1,2,4]triazolo[5,1-c][1,2,4]-triazole (TATOT,
470.5 kJ mol")** was selected to replace MA to assemble with DN,
NF and TNP anions, respectively. Interestingly, TATOT assembled
encapsulated supramolecular structures TATOT@DN (C;HeNg-
-C3H;Ng-N(NO,),), TATOT@NF (C3;H¢Ng-C3H,Ng: C(NO,);), and
TATOT@TNP ((C3Hg5Ng),-C3N504-2H,0) with all these three
anions. X-ray single-crystal diffraction shows that these three
supramolecular structures crystallized in a triclinic (P1) space
group with calculated densities of 1.743,1.722 and 1.741 gcm > at
100 K, respectively. Similar to the series of MA-based supra-
molecules, in all these three structures, TATOT and its cations
formed linear supramolecular structures through paired H bonds,
and the anions were encapsulated by linear supramolecular
structures from both sides through H bonds (Fig. 3). Different
from the single poly-nitro anion encapsulation in the MA series,
each of two anions were trapped by supramolecular structures in
the TATOT series. It is interesting that in TATOT@DN and
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Fig. 3 Single crystal structures and packing modes of TATOT@DN
(a)—(c), TATOT@NF (d)-(f), and TATOT@TNP (g)—-(i) (H,O molecules
are omitted).
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TATOT@NTF, all of the oxygen atoms of DN and NF were fixed by
10 and 8H bonds, respectively. It is possible that due to the bigger
volume and more crowded nitro groups in TNP compared to that
of DN and NF, three and one oxygen atom(s) of TNP are not fixed
by H bonds in MA@TNP and TATOT@TNP, respectively. Finally,
all these three encapsulated structures were connected to be 3-D
supramolecules by H bonds (Fig. S1-S31).

Stability

The poly-nitro components were encapsulated by supramolecular
structures, and the poly-nitro component was fixed by H bonds.
Their thermostabilities were determined under nitrogen at 5 °©
C min~". Although in the crystal structures of MA@DN, MA@NTF,
MA@TNP and TATOT@TNP, there is crystal H,O, their thermal
behaviors are almost the same as those of the anhydrous samples
(supplementary section 57), except for the disappearance of the
endothermic H,O peak which suggests that the removal of the
lattice water molecule doesn't change the supramolecule struc-
ture. It is exciting that all six supramolecules have excellent ther-
mostabilities, with decomposition temperatures (onset) at 243,
225, 268, 225, 182, and 222 °C (Fig. 4), respectively.

The thermostablities of MA@DN, MA@NF, and MA@TNP
are the highest among their derivatives, respectively. The
impact and friction sensitivities of these dried samples were
determined by BAM standards, and for the supramolecules
based on the MA series, all of them are insensitive to impact and
friction (IS > 40 J, FS > 360 N). The impact sensitivities of
TATOT@DN, TATOT@NF, and TATOT@TNP are 30 J, 25 J and
25 J, respectively, and all of them are insensitive to friction (FS >
360 N). Although the decomposition temperatures of the
supramolecules based on TATOT are lower than those of the MA
series, they are higher than the majority of DN, NF and TNP
derivatives, respectively. High thermostabilities and less sensi-
tivity to external stimulation suggest that all six supramolecules
are full of potential.

Given the excellent stabilities of the supramolecules, it was
interesting to investigate the rationale for their high thermal
stabilities. Compared with the crystal structures of TABT-DN,"
MA-NF® and TATOT-TNP,” which have high decomposition
temperatures (201 °C, 143 °C and 208 °C, respectively) for the
DN,” NF*® and TNP* salts, respectively, the strength of the
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Fig. 4 The differential scanning calorimetry (DSC) scans of the six
supramolecules at 5 °C min~tin a N, atmosphere.
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supramolecular structures which are connected by paired H
bonds are stronger (Fig. 1-3), was proved by the NCI (Noncovalent
interaction) calculations (Fig. 5a-h and ESI, Section S67).>**¢
Additionally, NCI calculations also show that the encapsulated
poly-nitro component has multi-interactions with the supramo-
lecular framework. Particularly, in MA®@DN, MA@NF,
TATOT@DN and TATOT@NF, each oxygen atom of an NO, group
has noncovalent interactions with the supramolecular frame-
works. In these four supramolecules, the noncovalent interactions
between the poly-nitro oxidants are stronger than other structures
based on DN and NF, respectively. For the DN series of supra-
molecules, the interactions between DN and the supramolecular
framework which consisted of MA are stronger than that in
TATOT@DN. Similarly, the interactions between NF and the
supramolecular framework consisting of MA is stronger than that
in TATOT@NF. Calculations based on ESP (Electrostatic Potential)
show that the maximum ESP around DN and NF in MA@DN and
MA@NF are 41.14 and 43.39 kcal mol ™" (Fig. 5i-1), respectively,
which are lower than those in TATOT@DN (41.78 kecal mol ™) and
TATOT@NF (49.87 kecal mol™"), rationalizing that the decompo-
sition temperatures of MA@DN and MA®@NF are higher than
those of TATOT@DN and TATOT@NF,”** respectively. ESP
calculations also support that the observed thermostable order for
the DN and NF series are MA@DN > TATOT@DN > TABT-DN,
MA@NF > MA-TATOT@NF" >TATOT@NF > MA-NF,® respec-
tively. 2D fingerprint calculations based on Hirshfeld surfaces
show that higher percentages of O---O interactions result in the
lower stability, which is due to that the fact that more O---O
interactions mean more NO, groups are not trapped and fixed by
surrounding ligands.” For example, in the DN series, the O---O
interactions of MA@DN > TATOT@DN > TABT-DN are 0.7, 0.9 and
2.3% (Fig. 6 and Supplementary section 77), respectively, which
explains the thermostable order of MA@DN > TATOT@DN >
TABT-DN.

a) -
HB interaction level

.
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Detonation properties

The densities of the six anhydrous supramolecules were
determined at room temperature to be 1.68, 1.72, 1.66, 1.69,
1.68 and 1.74 g cm °, respectively (Table 1). Their heats of
formation were calculated to be 7.9, —390.7, —487.3, 1206.0,
868.5, and 782.4 k] mol ' (Supplementary section 8ft),
respectively, according to the method of literature.** Their
detonation velocities were determined by EXPLO5 (6.06.02
version) to be 7663, 7345, 6540, 9388, 8838, and 8433 m s
respectively, and the detonation pressures are 20.19, 18.55,
14.10, 36.52, 32.15, and 28.65 GPa, respectively. Except for
MA®@TNP, all the detonation properties of the new supra-
molecules are higher than those of TNT.?® Supramolecules of
the TATOT series have excellent detonation properties, e.g.,
the detonation properties of TATOT@NF are comparable to

a), 44

WHeH WHeH UHeH

500 UN--ORO-N NN 600
BN-CRCN  Bothers BN CRCN

WN-O&OWN  WNN 00
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HNORON  WNeN
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Fig. 6 2D fingerprint calculations and its statistics of interaction types
for the DN series.

H-bond

TATOT@DN

Fig. 5
TATOT@NF.
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(a—h) NCI calculations of MA@DN, TATOT@DN, MA@NF and TATOT@NF; (i—1l) the ESP calculations of MA@DN, TATOT@DN, MA@NF and
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Table 1 Physicochemical properties of different energetic compounds

Supramolecule p% (g cm™) Ty® (°C) AH{ ° (k] mol ™) DA (ms™) P (GPa) () FSf (N)
MA®@DN 1.68 243 7.9 7663 20.19 >40 >360
MA@NF 1.72 225 —-390.7 7345 18.55 >40 >360
MA@TNP 1.66 268 —487.3 6540 14.18 >40 >360
TATOT@DN 1.69 225 1206.0 9388 36.52 30 >360
TATOT@NF 1.68 182 868.5 8838 32.51 25 >360
TATOT@TNP 1.74 222 782.4 8433 28.65 28 >360
TNT" 1.65 295 -115 6881 19.50 15 353
RDX' ] 1.81 205 80 8750 34.9 7.5 120
HMY 1.91 270 74.8 9144 39.20 7.5 120

“ Experimental density at room temperature. > Decomposition temperature (onset) (°C). © Enthalpy of formation (k] mol~"). ¢ Detonation velocity
(m s™1). ® Detonation pressure (GPa).” Impact sensitivity (J). ¢ Friction sensitivity (N). * Ref. 15. / Ref. 19.” Ref. 20.

that of RDX,*" and the detonation velocity of TATOT@DN is
comparable to that of HMX.?* All six supramolecular struc-
tures are promising candidates for energetic materials due to
their excellent thermostabilities.

Conclusions

A new strategy for encapsulating poly-nitro components
through supramolecular self-assembly was discovered. Six
supramolecular structures of MA@DN, MA@NF, MA@TNP.

TATOT@DN, TATOT@NF, and TATOT@TNP were simply
obtained in an aqueous solution. Benefiting from the supra-
molecular framework, and tight encapsulation by supramolec-
ular structures though H bonds, the thermostability of these
poly-nitro components was improved remarkably. In partic-
ular, the decomposition temperatures of MA@DN, MA@NF,
and MA@TNP are 243, 225, and 268 °C, respectively, which are
the highest among their corresponding derivatives. Addition-
ally, the TATOT series of supramolecules have excellent deto-
nation properties, which gives them a good potential to behave
as energetic materials. Since this study provides a novel insight
and strategy for stabilizing poly-nitro components, more and
more poly-nitro oxidants with high thermostability and excel-
lent properties will be designed and prepared based on this
work.
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