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Energetic materials are a class of material with high amount of
stored chemical energy that can be released." They represent
one of the crucial functional materials which are widely used in
military and civil applications. According to their different uses,
energetic materials can be classified as propellants, explosives,
and pyrotechnics. Exploitation of novel energetic materials is
a long-term strategic task, and the common requirements
include high energy, low sensitivity, fast decomposition, easy
preparation.

1,1-Diamino-2,2-dinitroethylene (C,H,N,0,, FOX-7) has
received extensive attention as a high energy material with
a density of 1.878 g cm™® and a heat of formation of
133.7 k] mol " since it was synthesized firstly by Latypov et al. in
1998.*® Pioneering researches have been continuously carried
out on fabrication of FOX-7 based composites to modify its
properties for practical applications. Klapotke et al. reported
FOX-7 hosted in MFI-type zeolite for detection purposes.®*®
Huang et al. studied the FOX-7 embedded in mesoporous
carbon FDU-15, showing the extreme insensitivity close to that
of FDU-15." Fu et al. constructed nano graphene oxide-metal-
FOX-7 composites to promote complete thermal decomposition
of FOX-7.** Li et al. prepared FOX-7/F,¢0, PBX* and FOX-7/viton
microspheres' with improved thermal stability. Some formu-
lations containing FOX-7 exhibited good application perfor-
mance in the field of solid propellant.">'>'* However, FOX-7 and
most its composites undergo two-steps thermal decomposition
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Benefiting from nano-sized energetic materials and the buffering effect of ZIF-8, the mechanical
sensitives of FOX-7/ZIF-8 composites are decreased.

at gradually elevated temperature, which is markedly different
from other high energy materials, such as 1,3,5-trinitro-1,3,5-
triazine (RDX), 1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX),
hexanitrohexaazaisowurtzitane (CL-20). Compared with single-
step process, two-steps decomposition tends to reduce the
energy release efficiency of FOX-7, and increase the energy loss.
Hence, design and construction of FOX-7 based composites,
that can convert two-steps decomposition into a single-step
process, is desired for developing novel solid propellants.

Metal-organic frameworks (MOFs), emerging as a represen-
tative class of crystalline porous materials with adjustable pore
structure, regular channels, abundant interaction sites, diverse
composition, attract a surge of attention to be hosting matrixes
for host-guest chemistry.” ™ An attractive aspect of MOF
materials lies in the facts that they not only can retain the
individual functions, but also often exhibit novel properties
derived from blending of the individuals.*® Benefiting from the
abundant nano-sized cavities and regular pores, MOFs host can
act as confinement to avoid the aggregation of guest molecules.
Encapsulation of FOX-7 within the pores of MOFs may provide
a promising way to construct nano-sized energetic materials,
which showed decreased sensitivities compared with micro-
sized ones.*** Additionally, metal species and organic linkers
of MOFs host would participate in the thermal decomposition
of guest, thus it is expected to regulate decomposition process
of FOX-7.

In this work, we report a utilization of a liquid-assisted
mechanochemical route for the construction of FOX-7/MOF
composite materials. Liquid-assisted mechanochemical
milling was conducted as an alternative to the conventional
solution-based strategy because of its priority in composition
control of guest species and size reduction effect.**>* A chemi-
cally stable zeolitic imidazolate framework-8 (ZIF-8) was used as
prototype MOF material due to its easy and efficient preparation
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process. The resulting FOX-7/ZIF-8 composites were completely
characterized by FT-IR, powder X-ray diffraction analysis (XRD),
nitrogen adsorption/desorption measurements, and scanning
electron microscopy (SEM). Furthermore, the thermal behav-
iour and mechanical sensitivities of these composites were
investigated.

The FOX-7/ZIF-8 composites were prepared by easily liquid-
assisted mechanochemical reactions (Scheme 1). Commercial
Zn(OH), powder was used as the zinc source to react with 2-
methylimidazole (HMeIM) in the presence of FOX-7 at room
temperature for 4 h. During this process, FOX-7 in situ merged
with generated ZIF-8. After washing with ethanol and drying,
homogeneous yellow powders were generated as desired
composites. To investigate the effect of the proportions of FOX-7
to ZIF-8 on the properties of the obtained FOX-7/ZIF-8
composites, various molar ratios of FOX-7 to Zn(OH),, HMeIM
were used as starting materials, and the resulting materials
were named as FOX-7/ZIF-8 (I) [FOX-7 : Zn(OH), : HMeIM = 1:

1:8], FOX-7/ZIF-8 (II) [FOX-7 : Zn(OH), : HMeIM = 1:1.5:12],
FOX-7/ZIF-8 (IlI) [FOX-7:Zn(OH),:HMeIM = 1:2:16],
respectively.

The FT-IR spectra of FOX-7/ZIF-8 composites were shown in
Fig. 1a. The peaks at ~3406, ~3298, ~1636 cm ™" were ascribed
to the -NH,, and the peaks at ~1524, ~1472 cm ™' were related
to the -NO, of FOX-7.° The peaks at ~1308, ~1145 cm " could
be attributed to the C-N bands in the imidazole groups,* and
the peaks at ~760, ~692 cm ™' demonstrated the presence of the
Zn-0 and Zn-N bonds.*® The existence of these peaks proved
the successful assembly of FOX-7, zinc and HMeIM. XRD was
performed to examine the crystallinity of the composites
(Fig. 1b). The characteristic peaks at 26 = 7.3°, 10.4°, 12.7°,
14.8°, 16.4° were corresponding to 110, 200, 211, 220, and 310
planes of ZIF-8, respectively.” The presence of these strong
peaks confirmed a high crystallinity of ZIF-8 in the structure of
as-prepared FOX-7/ZIF-8 composites. The peaks observed at 20
=20.1°, 26.8°, 28.1° supported the presence of FOX-7 with good
crystallinity, which are assigned to its 111, 020, 021 planes,
respectively.’*** The elemental analysis results showed the
content of FOX-7 in composites gradually decreased in FOX-7/
ZIF-8 (1) to FOX-7/ZIF-8 (III) (Table S1t).

Nitrogen sorption isotherms were collected at 77 K to eval-
uate the porosity of liquid-assisted mechanochemically
prepared ZIF-8 and FOX-7/ZIF-8 composites (Fig. 1c and S17).
All samples displayed type-IV isotherms. Owing to the space-
occupying of FOX-7 in the cages of ZIF-8, the Brunauer—
Emmett-Teller (BET) surface areas decreased from 1110 m* g~ "
(ZIF-8) to 921 m> g~ ' [FOX-7/ZIF-8 (II1)], 868 m” g~ [FOX-7/ZIF-8
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Scheme 1 Synthesis route for FOX-7/ZIF-8 composites.
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(11)], 659 m* g~ ' [FOX-7/ZIF-8 (I)], respectively (Table S2t). SEM
image of liquid-assisted mechanochemically prepared ZIF-8
exhibited roughly dodecahedron structure with relatively
uniform distribution of crystal particle size (Fig. S2t). For FOX-
7/ZIF-8 composites, the SEM images showed the ordered
structure of ZIF-8 was remained mostly (Fig. 1d-f). And some
particles were distributed around ZIF-8 due to the presence of
FOX-7 in nanoscale size. These results indicated the structural
integrity of the ZIF-8 framework with introduction of nano-sized
FOX-7. The presence of ZIF-8 was expected to improve the
stability of composites due to its buffering effect.

The thermal behaviour of FOX-7/ZIF-8 composites were
studied by using differential scanning calorimetry (DSC)
measurements at a heating rate of 5 °C min~" (Fig. 2). Partic-
ularly, raw FOX-7 was used as a control. As the temperate was
increased above 200 °C, all samples underwent decomposition
without melting. DSC thermogram of pure FOX-7 exhibited two
decomposition steps. The initial decomposition peak was
observed at ~223 °C, which was attributed to the emergence of
nitro-to-nitrite rearrangement and the destruction of conju-
gated system and hydrogen bonds.** And the second exothermal
peak at ~283 °C was ascribed to the fracture of carbon skeleton
in FOX-7 molecule. In contrast, the DSC thermogram of FOX-7/
ZIF-8 (I) indicated a single high-intensity exothermal peak at
~206 °C. The peak intensity was much greater than each
exothermal peak of FOX-7. It demonstrated the catalytic effect of
ZIF-8 on the exothermic decomposition of FOX-7. Converting
two-steps decomposition into single-step is conducive to
improving the energy release efficiency and reducing the energy
loss in the exothermic process of energetic materials. Analo-
gously, the DSC thermogram of FOX-7/ZIF-8 (II) and FOX-7/ZIF-
8 (IIT) also showed one-step decomposition peak at ~205 and
~202 °C, respectively. The gradual decrease in peak intensities
were due to the reduction of FOX-7 content. Furthermore,
equivalent physical mixture of FOX-7 and Zn(OH), [denoted as
FOX-7 + Zn(OH),] afforded two exothermic peaks similar to
FOX-7 (Fig. S37), and equivalent physical mixture of FOX-7 and
ZIF-8 (denoted as FOX-7 + ZIF-8) afforded a single exothermic
peak similar to FOX-7/ZIF-8 composites (Fig. S47). It showed the
unique catalytic effect of ZIF-8 beyond inorganic zinc salt.

To explore the possible microstructure of FOX-7/ZIF-8
composites and the reason for the difference of exothermic
behaviour between raw FOX-7 and FOX-7/ZIF-8 composites,
studies on structural modeling and ab initio molecular
dynamics simulation (AIMD) were conducted. FOX-7 molecules
were inserted into the cages of ZIF-8 according to appropriate
density, affording proposed FOX-7/ZIF-8 Periodic cell structure
with 3-4 FOX-7 molecules in each cage (Fig. 3a). The energy of
the proposed FOX-7/ZIF-8 structure converged successfully
through first-principles optimization, and the structural
configuration was maintained through relaxation for 5 ps at 300
K. It demonstrated the thermodynamics and kinetics of the
proposed FOX-7/ZIF-8 structure are stable. Notably, the FOX-7
molecules in the cages were no longer planar accumulation
due to the van der Waals interactions with surrounding mole-
cules in cages.
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Fig. 2 DSC curves of raw FOX-7 and FOX-7/ZIF-8 composites at
a heating rate of 5 °C min™™.

300-1000 K temperature programmed AIMD simulation of
NVT ensemble for 40 ps were carried out for the proposed FOX-
7/ZIF-8 composite structure and o-FOX-7. The reversible
hydrogen transfer was observed in the heating process of FOX-7/
ZIF-8 and o-FOX-7. It was generally believed that reversible
hydrogen transfers consumed energy.*> Thus, the higher
frequency of reversible hydrogen transfers generally led to the
higher the initial decomposition temperature. The frequency of
reversible hydrogen transfers of a-FOX-7 was higher than that of
FOX-7/ZIF-8. 1t preliminarily explains that raw FOX-7 had
a higher thermal decomposition temperature than the FOX-7/
ZIF-8 composites. Furthermore, the Root Mean Square Devia-
tion (RMSD) diagram of FOX-7/ZIF-8 model showed oxygen
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Fig. 3 (a) Schematic diagram of theoretical model structure of FOX-7/
ZIF-8 composite, (b) Root Mean Square Deviation (RMSD) of atomic
position shift in FOX-7/ZIF-8 model when temperature rises to 1000 K.

atom had significantly larger position shift compared with
hydrogen atom and nitrogen atom (Fig. 3b). It indicated the
rotation of -NO,. In contrast, the position shift of oxygen atom
in o-FOX-7 was slightly smaller than that of hydrogen atom, and
slightly greater than that of nitrogen atom, which was caused by
the vibration before denitrification (Fig. S5t). And the track file
of FOX-7/ZIF-8 model during the heating process exhibited
oxygen atom on the -NO, was attracted by Zn atom on the MOF
structure, leading to deflection and separation of oxygen atom
from the molecular plane. Based on these results, it was spec-
ulated that the initial thermal decomposition path of FOX-7 in
cage of ZIF-8 was abscission of oxygen radicals from FOX-7
molecule and reaction with the transferred hydrogen in the
system to form H,O. It was different from the traditional
thermal decomposition path of pure o-FOX-7 that deni-
trogenates led to rapid and centralized disassembly of the
molecule structure.®

The mechanical sensitivities of FOX-7, FOX-7 + ZIF-8 and
these FOX-7/ZIF-8 composites were further investigated, as
shown in Table 1. The impact sensitivity (Hso) and friction

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Mechanical sensitivities of FOX-7/ZIF-8 composites

Impact sensitivity Fraction sensitivity

Compound Hso/cm P/%
Raw FOX-7 50.0 28
FOX-7 + ZIF-8 62.3 100
FOX-7/ZIF-8 (1) 101.0 0
FOX-7/ZIF-8 (II) >112.2 0
FOX-7/ZIF-8 (III) >112.2 0

sensitivity (explosion probability, P) of FOX-7/ZIF-8 (I) are
101.0 cm, 0%, respectively. It was less sensitive to mechanical
stimuli than raw FOX-7, FOX-7 + ZIF-8 and some other reported
FOX-7 composites, such as FOX-7/F,s0, PBX,"” FOX-7/viton
granules,” FOX-7/viton microspheres.™ The reduced mechan-
ical sensitivities were assumed to be due to nano-sized energetic
materials and the buffering effect of ZIF-8. Moreover, the large
specific surface area of FOX-7/ZIF-8 composites could accelerate
the heat transfer process, and prevented the accumulation of
heat and the formation of “hot spots”.** Hs, of FOX-7/ZIF-8 (II)
and FOX-7/ZIF-8 (III) were >112.2 cm, and their P were 0%.
These results indicated that assembly of FOX-7 and ZIF-8
provided a beneficial effect for improving the safety property
of energetic materials.

In summary, this study demonstrated a facile and universal
approach to synthesize FOX-7/ZIF-8 composites by in situ liquid-
assisted mechanochemical reactions. The chemical composi-
tion and surface morphology of these composites were
completely characterized. Benefiting from the abundant nano-
sized cavities and regular pores of ZIF-8, the size of FOX-7 in
composites were reduced to the nanoscale. Different from the
two-steps thermal decomposition process of raw FOX-7, the
FOX-7/ZIF-8 composites exhibited a single high-intensity
exothermal decomposition due to the catalysis of ZIF-8. It is
beneficial to improve the energy release efficiency and reduce
the energy loss during the exothermic process of energetic
materials. The microstructure of FOX-7/ZIF-8 composites was
simulated by AIMD study, and the initial thermal decomposi-
tion path of FOX-7/ZIF-8 composites was abscission of oxygen
radicals. Furthermore, all prepared FOX-7/ZIF-8 composites
demonstrated lower sensitives than raw FOX-7 to mechanical
stimuli attributed to nano-sized energetic materials and the
buffering effect of ZIF-8. This work opens an avenue for func-
tionalizing MOFs with energetic materials via host-guest
chemistry, thus broadening the application scope of MOF
materials.
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