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ABSTRACT KEYWORDS

Nano (H,dabco)[K(ClIO,4)3] (DAP-2) were successfully prepared via the milling Molecular perovskite;
method. The morphology and structure of the as-obtained sample were (H,dabco)[K(ClO,)s]; milling;
characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD) thermal decomposition;
and Fourier transform infrared spectroscopy (FT-IR). The results showed the impact sensitivity
nano DAP-2 with nearly spherical morphologies have a narrow particle size

distribution ranged from 1um to 2um. The thermal decomposition properties

were investigated by thermogravimetric-differential scanning calorimeter (TG-

DSC). The exothermal peak of nano DAP-2 thermal decomposition is 384.5°C

decreased by 6.7°C compared with raw DAP-2 (391.2°C). And the apparent

activation energy (E,) of nano DAP-2 was calculated as 173.346 kJ mol™' by

Kissinger equation, which is lower than raw DAP-2 (177.699 kJ-mol™).

Sensitivity study showed that the nano DAP-2 (Hso: 60.63 cm) exhibited

lower impact sensitivity than raw DAP-2 (Hsq: 36.79 cm). Therefore, this work

provides a simple and effective way to improve the thermal decomposition

properties and safety performance of molecular perovskite energetic materials.

Introduction

With the continuous upgrading of weapons, modern high-tech warfare puts higher demands on
energetic materials, such as higher energy, better safety, better reliability and more environmentally
friendly. Humans have made rapid progress in developing high-energetic materials, such as nitro-
gen-rich molecules (Hermann et al. 2017; Xu et al. 2017), energetic co-crystals (Bolton and Matzger
2011), energetic salts (Liu, W L, and Pang 2017; Tang et al. 2017), as well as metal-organic frame-
works (Li et al. 2013; Wang et al. 2017; Zhang et al. 2016).

Molecular assembly strategy could control the arrangement of molecular components effectively
based on the interaction of intermolecular non-covalent bonds (hydrogen bonds, van der Waals
forces, electrostatic forces, etc.), which has attracted much attention in the design of high-
performance and insensitivity energetic materials (Bennion et al. 2016; Liu et al. 2018; Wang et al.
2016, 2019; Xu et al. 2019). Recently, Chen et al. (2018a, 2018b) proposed a novel, pioneering idea
for design and fabrication of molecular perovskite energetic materials, combined with inorganic
oxidative ClO4~ anions and reductive H,dabco," cations (1,4-diazabicyclo[2.2.2]octane-1,4-diium)
into a ternary high-symmetry cell with a general formula of ABX; perovskite structure, and obtained
four molecular perovskite high-energeticmaterials (H,dabco)[M(ClO,);] (M = Na*, K", Rb", and
NH,* for DAP-1, -2, -3, and —4, respectively). As an important one of the molecular perovskite
energetic materials (H,dabco)[K(ClO,);] (DAP-2, dabco = 1,4-diazabicyclo [2.2.2] octane) can be
synthesized by the one-pot reaction of dabco, KClO,4, and HCIO, in a molar ratio of 1:1:2 at room
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temperature. This facile and green molecular assembly strategy was also considered to be
a significant avenue for designing the novel high-energetic materials (theoretical evaluations detona-
tion velocity, detonation pressure, and detonation heats: 8.591 km-s™' and 35.2 GPa and 6.12 kJ.g"',
respectively) and good thermostable property. However, the weak safety performance (impact
sensitivity: 16 J; friction sensitivity: 42 N) seriously restricted the potential applications of the
molecular perovskite DAP-2 in the field of weapons and ammunition. It is necessary to introduce
appropriate measures to adjust and enhance its safety performance to meet their future requirements
(Cao et al. 2018a; Deng et al. 2017; Deng et al. 2019b; Li et al. 2020).

Mechanical ball milling technology, as an effective top-to-down method in nanoscience and
technology, have attracted much attention in the fields of magnetic properties, electronics, energy,
chemical industry, environmental protection, biological medicine and so on (Mo et al. 2019a, 2019b;
Chen et al. 2020; Hassanin et al. 2018; Lei et al. 2019; Tiruye et al. 2017; Zhang et al. 2018; Deng et al.
2020; Wang et al, 2019). Especially in energetic materials, the mechanical ball milling technology is
regarded as an important green and environmentally friendly technique for explosive refinement,
because of high technology output, less/no use of organic solvents, moderate reaction temperature,
safe, simple and controllable preparation process, short cycle and non-toxicity from this method.
Generally, the particle size of the explosive had been reduced to the micro/nanoscale, the nano-sized
explosive will exhibit some differences from those of the micrometer (Cao et al. 2018b; Cao et al.
2019; Deng et al. 2018), such as better stability and safety, and faster energy release and so on (Guo
et al. 2015; Qiu et al. 2015). For example, Qiu et al. (2015) reported reduced-insensitivity CL-20/
HMX (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane/1,3,5,7-tetranitro-1,3,5,7-tetrazo-
cine) co-crystal with mean size below 200 nm can be prepared by bead-milling method. And Guo
et al. (2015) used a mechanical ball milling method to produce nano-sized CL-20 with the average
particle size of 200 nm. The thermal decomposition peak temperature of the nano CL-20 signifi-
cantly become lower than that of micro-sized CL-20. And the impact and friction sensitivity had
reduced clearly by 116.2% and 22%, respectively. These results revealed that the safety performance
of nano-sized energetic materials have been greatly improved by the ball milling nano-sized
technology. Therefore, it is promising to introduce ball milling technology to reduce the sensitivity
of DAP-2.

In this work, molecular perovskite DAP-2 energetic material was synthesized via the molecular
assembly strategy by facile one-pot reaction of dabco, KClO4, and HClO,. Nano DAP-2 was
prepared by mechanical ball milling technology. The thermal decomposition and impact sensitivity
properties of as-obtained samples were investigated. The morphology, thermal decomposition
characteristics and mechanical impact sensitivity of DAP-2 samples before and after ball milling
were discussed. This work aims to provide a reference for practical applications of molecular
perovskite energetic materials in the future.

Experimental
Materials

The potassium perchlorate (KClO,) and perchloric acid (70%) were provided by Shanxi Jiangyang
Chem. Eng. Co., Ltd. The 1,4-diazabicyclo [2.2.2] octane was provided by Shanghai Aladdin
Biochemical Technology Co., Ltd. Deionized water was obtained by a Milli-Q apparatus (Millipore).

Sample Preparation

The (H,dabco)[K(CIOy);] (DAP-2) was synthesized by adding 0.163 ml H,0 solution with 70%
perchloric acid (2 mmol) to a mixed solution (20 mL) of triethylenediamine (1 mmol) and potassium
perchlorate (1 mmol) at room temperature. Then, keep at room temperature after heating to dissolve
completely. The colorless products were obtained after filtered, washed, and dried.
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The nano DAP-2 particles were prepared by ball milling method. Briefly, 5 g DAP-2 was milled
dispersed in absolute ethanol under stirring (500 rpm) for 6 h. After filtration and drying, the nano
DAP-2 samples were obtained.

Characterization

Powder X-ray diffraction (XRD) patterns were recorded on a Philips X’Pert Pro X-ray diffractometer
(PANalytical, Holland) by using Cu-Ka (40 kV, 30 mA) radiation with A = 0.15418 nm. The
diffracted X-rays were collected from 5° to 45° with a step size of 0.05. Scanning electron microscopy
(SEM) images were collected by the Ultra 55 microscope (Zeiss, the German). Fourier transform
infrared (FT-IR) spectra of the samples was recorded with a Thermo Scientific Nicolet iS10 spectro-
photometer. Samples were measured in 4000-650 cm ™' wave number range with 1 cm™" resolution.
Thermal performances analysis were performed on a STA449F3 Jupiter thermos-gravimetric differ-
ential scanning calorimeter (TG-DSC, Netzsch, Germany) at heating rates (5, 10, 15, and 20°
C-min~") over the temperature range of 40-500°C. The impact sensitivity was tested with type 12
drop hammer apparatus. In the environment of 20-25°C room temperature and 40-45% relative
humidity, 25 drop tests were conducted to calculate Hsy with a drop hammer of 2.5 + 0.003 kg and
the dose was 35 £ 1 mg.

Results and Discussion

The size and morphology of raw and nano DAP-2 were observed by SEM. As shown in Figure 1a,
the raw DAP-2 had a cubic shape with an edge length of about 300 pm. As shown in Figure 1b, the
DAP-2 prepared by ball milling technique had a lower size with a narrow distribution range of 1 um
to 2 um. After ball milling, nano DAP-2 had ellipsoidal shape and the surface became uniform and
smooth, eliminating the sharp edges of raw DAP-2. This is due to the continuous collision,
extrusion, shearing, and impact of zirconia balls during ball milling, which makes the particle size
of DAP-2 reduced significantly and the sharp edges disappeared. That indicated the near-elliptical
nanostructure of DAP-2 has been successfully prepared.

The XRD patterns of raw and nano DAP-2 were showed in Figure 2. The nano DAP-2 exhibited
almost same diffraction peaks as raw DAP-2 at 12.46°, 21.55°, 24.98°, 27.88°, 37.14°, 37.68°, which are
assigned to the crystal planes (200), (222), (400), (420), (531), and (600) of molecular perovskite DAP-2
(CCDC: 1528106), respectively. That demonstrated as-obtained nano DAP-2 had maintained the stable
crystal phase after the milling process. The intensities of diffraction peaks of as-prepared samples reduced
obviously compared with raw DAP-2, resulted from the change of exposure probability of different

Figure 1. SEM images of (a) raw and (b) nano DAP-2.
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Figure 2. The XRD patterns of raw materials and milling DAP-2.

crystal planes for diffraction signal, which revealed the morphology of as-prepared samples have changed
to some extent. That indicated the formation of nano-sized DAP-2 materials.

The FT-IR spectrum data were tabulated in Table 1. As to KClO,, the IR peaks at 1061 and
939 cm™! belongs to ClO4 . As to dabco, the spectrum peaks at 3235, 2937 cm™ corresponds to
C-H stretching and deformation vibrations, the spectrum peaks at 2870, 1678, 1455 cm ™" corre-
sponds to CH, vibrations, the spectrum peaks at 1314 cm™' corresponds to C-N stretching vibra-
tions, the spectrum peaks at 1056 and below 1000 cm ™" corresponds to dabco skeletal motion. And

Table 1. Assignment of the major bands of the FT-IR spectra in the range of 4000 to 650 cm™"

Assignments KClO, Raw-DAP-2 Nano-DAP-2 dabco Assignments
C-H stretching 3182 3183 3235  C-H stretching
3051 3051 2937

2870  CH, symmetric stretching vibration
1678  CH, scissor

CH, scissor 1475 1476 1455
1422 1422 1314 C-N stretching
CH, wag or twist 1325 1325
C-N stretching 1220 1220
117 1118
1086 1086
Clo,~ stretching 1061 1064 1063 1056  dabco skeletal
Skeletal motion 1048 1047 991  CH, twist or wag
939 889 890 904  dabco skeletal
850 851 834
806 806 770

748
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for raw DAP-2, the peaks located at 3182, 3051 cm™" correspond to C-H stretching and deformation
vibrations. The spectrum peaks at 1475, 1422 cm™" corresponds to CH, scissor of H,dabco?*. The
peaks of the C-N stretching vibrations located at 1220, 1117, 1086 cm ™" and the ClO,~ at 1064 cm ™.
The IR peaks at 800-1048 cm ™" correspond to skeletal motion. The IR spectrum of raw DAP-2
shows C-H vibrational bands appeared red shift and the peak intensity change significantly com-
pared with ClO,™ and babco due to the formation of C-H-*-O hydrogen bonds. However, the special
case of the blue shift of C-H vibration bands are termed as anti-hydrogen bond type. As can be seen
from Table 1, the IR peaks of the nano DAP-2 are similar to raw DAP-2, which indicates that the
chemical structures of the material had not been changed during the ball-milling process.

The thermal decomposition performances of raw and nano DAP-2 were investigated at the
heating rates of 5, 10, 15, 20°C-min~" by DSC, as shown in Figure 3 and Table 2. The DSC curves
have the same trend, such as two endothermic peaks (123 ~ 125°C and 308 ~ 311°C), and one
exothermic peak from 365°C to 410°C at different heating rates. The onset temperatures of thermal
decomposition increased with the heating rate increased. At the same heating rate, the thermal
decomposition peaks of the nano DAP-2 sample have decreased due to the nano-effects (Guo et al.
2015), and the heat release become larger during the thermal decomposition process.

The Kissinger and Ozawa methods were used for calculating the kinetic parameters, the relation-
ship between the decomposition peak temperatures and the heating rate can be described by the
Kissinger Equation (1) and Ozawa Equation (2):

ln<[5> :lnﬁf Ea (1)

T2 E, RT,

AE E
leB=1lg( —2 ) —2.315 — 0.4567 —= 2
gh g(Rg(a)) RT (2)

Where B is the heating rate (°C:min"), T, is the decomposition peak temperature, A is the pre-
exponential factor, R is the ideal gas constant (8.314 J-mol™L.K™), and E,, is the apparent activation
energy.

(a) (b)
Eﬂ 20°C/min E” 20°C/min
z s
£ E
z E ‘
2 | 15°C/min E 15°C/min
) o, .
10°C/min A_ = 10°C/min
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Figure 3. The DSC curves of (a) raw and (b) milling DAP-2 samples.

Table 2. Thermal data of DAP-2 samples at different heating rates.

T, (°C) E, (kJ-mol™)
Sample 5°C-min”" 10°C:min™" 15°C:min™" 20°C-min™" kissinger Ozawa
Raw DAP-2 3757 391.2 3953 403.8 177.699 175311

nano DAP-2 370.2 384.5 390 399.7 170.297 165.438
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Kissinger method is a differential processing method, which has the advantages of convenience
and reliability. The kinetic parameters were calculated by the Kissinger method based on the
conversion at the maximum thermal decomposition reaction point when the heating rate is different,
and the characteristic temperature is selected to analyze the change of the reaction rate. Because the
Kissinger method believed that the conversion rate « is independent of the reaction order, and
assumed that the reaction rate at the peak temperature T}, of the thermal decomposition curve is the
largest. The apparent activation energy E, can be calculated according to the exothermic peak
temperature T, at different heating rates. And Ozawa method is an approximate integration method.
The calculation of apparent activation energy E, does not depend on the function form of g(«) and
the choice of mechanism, so that the error caused by improper selection of mechanism function can
be avoided. This method can be used as a verification method for the calculation of apparent
activation energy.

The Kissinger plots of In(f) versus 1000/T,,, Ozawa plots of Ig(f) versus 1000/T, are shown in
Figure 4. The apparent activation energy (E,) of raw and nano DAP-2 is listed in Table 2. For raw
DAP-2, the apparent activation energy is 177.699 kJ-mol " calculated by the Kissinger equation, and
E, = 175.311 kJ-mol™" is verified by the Ozawa method. For nano DAP-2, the apparent activation
energy is 170.297 kJ-mol " calculated by the Kissinger equation, and E, = 165.438 kJ-mol " is verified
by the Ozawa method. The apparent activation energy calculated by the two methods are in good
agreement with each other, and the apparent activation energy of nano DAP-2 is lower than raw
DAP-2, which indicated DAP-2 with nano sizes is easier to be active than raw materials due to
nanostructure particles have a larger specific surface area, and more activated atoms and functional
groups on the surfaces, which could be accelerated decomposition of substances.

Sensitivity performance is a key parameter to evaluate the safety of explosives, which indicates the
degree of difficulty of explosion caused by external energy stimulate. In this work, the impact
sensitivity was measured to characterize the safety performance of DAP-2 with different particle
sizes. The impact sensitivity was expressed by the characteristic drop of 50% explosion probability
caused by drop hammer (Hs,). The special height (Hso) of raw DAP-2 is 36.79 cm, while the Hsq of
nano DAP-2 is 60.63 cm (The Hs, data of some common explosives measured by the same
experimental method are listed in Table 3). That indicated that the impact sensitivity of nano

-14 1.4
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i ——nano DAP 13 ——nano DAP
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Figure 4. (a) The Kissinger plots of In(B) versus 1000/T, and (b) Ozawa plots of Ig(B) versus 1000/T,,

Table 3. The Hs, data of some common explosives.
Sample Tetryl TNT RDX HMX Raw DAP-2 nano DAP-2
Hso (cm) 38 157 24 26 36.79 60.63
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DAP-2 by the ball milling technology had been reduced. The nano DAP-2 exhibited more insensi-
tivity properties, which can be explained by “hot spots” theory. On the one hand, nano-sized crystals
are considered to have a more complete and uniform appearance. The micro crystal defects have
been reduced by nano-sized treatments, resulting in a lower possibility of forming “hot spots” in the
interior under external energy stimuli. On the other hand, the nearly spherical crystals formed by the
ball milling method have good dispersion after being subjected to force, which makes the stress more
uniformly dispersed and makes the possibility of the form “hot spots” lower. It is beneficial to reduce
the impact sensitivity of the explosive by the nano-sized treatments. These results suggested that
nano DAP-2 showed more safety property by the ball milling technology, which is of great
significance to the practical application of DAP-2.

Conclusion

In summary, molecular perovskite (H,dabco)[K(ClO,4);] with nano size distributions from 1 um to 2
pum were successfully prepared by mechanical ball milling technology. The crystal phase of DAP-2
explosive particles had no change during the ball milling process. The thermal exothermal peak
temperature of nano DAP-2 are decreased by more than 6°C at the same heating rate. The apparent
activation energy (Kissinger and Ozawa method: 170.297 kJ-mol ™" and 165.438 kJ-mol™") of nano
DAP-2 had reduced than that of raw DAP-2 (177.699 kJ-mol™", 175.311 kJ-mol™), which demon-
strated that the thermal decomposition of nano DAP-2 can be activated easier. The impact sensitivity
of nano DAP-2 (Hs,: 60.63 cm) is lower than that of raw DAP-2 (Hs,: 36.79 ¢cm). This work may
provide a potential solution for the application of the advanced energetic materials with perovskite
structure in practice application.
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