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Abstract: High-energy-density molecular perovskite energetic materials 
with high detonation performance have attracted much attention, but poor safety 
performance has limited their potential applications. In this paper, nano sodium 
perchlorate-based molecular perovskite (H2dabco)[Na(ClO4)3] (nano  DAP-1) 
was fabricated by green ball-milling technology. The structure and morphology 
of  the  samples were  characterized and  the  results showed that nano  DAP-1 
with nearly spherical morphology has a narrow particle size distribution, < 1 μm. 
The  thermal decomposition properties were  investigated by  differential 
scanning calorimetry  (DSC). The  exothermic peak of  nano  DAP-1 thermal 
decomposition was 330.0 °C, a decrease of 51.7 °C compared with that of raw 
DAP (381.7 °C). The apparent activation energy (Ea) of nano DAP-1 was calculated 
to be 160.9 kJ·mol–1, which is lower than that of raw DAP-1 (168.6 kJ·mol–1). 
Mechanical sensitivity studies showed that nano DAP-1 (H50: 64 cm) exhibited 
a lower impact sensitivity than that of the raw DAP-1 (H50: 51 cm). This work 
provides a simple and effective way for  improving the  thermal decomposition 
properties and safety performance of molecular perovskite energetic materials.
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1	 Introduction

The development of new explosives with high detonation performance and good 
safety performance has attracted much attention from domestic and international 
experts. Being  different from the  traditional high-energy small organic 
molecule explosives, novel classes of energetic materials have been prepared 
to meet future requirements, such as nitrogen-rich molecules [1-4], energetic 
salts [5-8], energetic co-crystals [9-11], energetic coordination polymers [12, 13], 
metal-organic frameworks and so on. It is of great significance to develop a new 
generation of weapons and ammunitions based on the high-energy insensitive 
properties of energetic materials.

Recently, molecular perovskite energetic materials, combining an inorganic 
oxidizer and an organic fuel into a ternary highly symmetric unit, was introduced 
by Chen’s group [14-16]. A series of perchlorate-based molecular perovskite 
energetic materials (H2dabco)[M(ClO4)3] (M  =  Na+, K+, Rb+, and  NH4

+) 
was  designed and  prepared by  molecular assembly  strategy. The  excellent 
detonation performance, good  thermostability and even low cost show great 
advantages for  practical  applications. In  particular, the  detonation velocity 
and detonation pressure of molecular perovskite energetic materials, which are key 
factors in evaluating the mechanical properties of energetic materials, are higher 
than  those of  the  traditional nitramine explosives, such  as  1,3,5-trinitro-
1,3,5-triazinane  (RDX) and  1,3,5,7-tetranitro-1,3,5,7-tetrazocane  (HMX), 
and  are  almost the  same as  those of  2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazatetracyclo[5.5.0.03,11.05,9]dodecane (CL-20) [14]. Additionally, the low-
cost feature gives unlimited possibilities in advanced and smart weapons [17-
23]. However, their poor safety performance seriously limits their application 
at a deeper level [24-28]. Therefore, it  is interesting and valuable to develop 
a green and efficient method to enhance the safety performance of molecular 
perovskite energetic materials.

Ball-milling technology, as a green and efficient top-to-down method, 
has been used widely to refine ultrafine energetic material particles and to achieve 
reduced sensitivity of energetic materials [29-32]. During the milling process, 
the  particles with  irregular morphologies and  sizes are  crushed, ground 
and ripened, and then ultimately transformed into sphericized particles. Nano-
sized spherical particles can  reduce the  initiation probability easier than  that 
of irregular particles, when they are subjected to external mechanical stimuli [33]. 
Thus, this is a potential and prospective way to reduce the sensitivity of molecular 
perovskite energetic materials.
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Molecular perovskite (H2dabco)[Na(ClO4)3] (DAP-1), as  a  typical 
and important member of the perchlorate-based molecular perovskite energetic 
materials group, has a high detonation velocity (9306 m·s–1), high detonation 
pressure  (48.3  GPa) and  high detonation heat  (8.89  kJ·g–1), which  offers 
great potential for  future applications  [14,  15]. However,  its  weak safety 
performance  (impact sensitivity:  17  J; friction sensitivity:  36  N) cause 
a huge obstacle. 

In the present work, mechanical ball-milling technology was  introduced 
to  prepare nano  DAP-1, aimed  at  reducing the  mechanical  sensitivity. 
The morphology and structure of DAP-1 before and after ball-milling treatment 
were studied. The thermal decomposition performance of as-obtained samples 
is discussed and the mechanical sensitivity was evaluated. This work can offer 
a new way to promote the further application of molecular perovskite energetic 
materials in advanced explosive and propellant fields.

2	 Experimental

2.1	 Materials and preparation
The sodium perchlorate (NaClO4) and perchloric acid (HClO4, 70%) were provided 
from Shanxi Jiangyang Chem. Eng. Co.,  Ltd. 1,4-Diazabicyclo[2.2.2]octane 
(dabco, C6H12N2) was provided by Shanghai Aladdin Biochemical Technology 
Technology Co., Ltd. 

Molecular perovskite (H2dabco)[Na(ClO4)3] (DAP-1) was  fabricated 
by the molecular assembly strategy. Briefly, NaClO4 (1 mmol), dabco (1 mmol), 
and  H2O  (0.163  mL) containing HClO4  (2  mmol) were  added to  deionized 
water (20 mL). The components dissolved completely and naturally crystallised 
at  room temperature. The  samples were  obtained after  filtration, washing, 
and drying.

Nano DAP-1 samples were prepared by the mechanical ball-milling method. 
Raw DAP-1 (5 g) and zirconia beads (15 g) of different sizes were added together 
to  the ball-milling apparatus. A  rotational speed of 500  rpm was maintained 
for 6 h. Nano DAP-1 samples were obtained after filtration and drying.

2.2	 Characterization
Powder X-ray diffraction (XRD) patterns were recorded on  a  Philips 
X’Pert Pro X-ray diffractometer  (PANalytical, Holland). Scanning  electron 
microscopic (SEM) images were collected using an Ultra 55 microscope (Zeiss, 
Germany). Fourier  transform infrared  (FT-IR) spectra of  the  samples were 
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recorded with a Thermo Scientific Nicolet  iS10 spectrophotometer  (Thermo 
Scientific, USA) in the range 650-4000 cm−1. 

Thermal performance analysis was performed on  a  STA449F3 Jupiter 
thermos-gravimetric differential scanning calorimeter  (TG-DSC, Netzsch, 
Germany) with a temperature range of 40~500 °C, at heating rates of 5, 10, 15, 
and 20 °C·min–1.

The impact sensitivity was evaluated based by GJB-772A-1997. The impact 
sensitivity was tested with a WL-1 type impact sensitivity apparatus. The special 
height (H50) value represents the height from which a 2.5 ±0.002 kg drop-hammer 
will result in an explosive event in 50% of the trials. 25 drop tests were conducted 
to calculate H50 with 35 ±1 mg samples.

Caution! DAP-1 samples are hazardous because of high friction sensitivity. 
Therefore,  the  sample size was  reduced as  far as  possible for  safety during 
this experiment. The friction sensitivity experiments were measured with a MGY-
1 type friction sensitivity instrument. A probability of explosion (P) was given 
from 25 tests. Suitable masses of 10 mg were tested with a 2 kg pendulum hammer, 
below a 90° tilt angle and 3.0 MPa pressure.

3	 Results and Discussions

The structure and morphology of the samples were characterized, and Figure 
1 shows the SEM images and XRD patterns of raw DAP-1 and nano DAP-1. 
The structure of raw DAP-1 shows a three-dimensional block structure around 
100 μm, and macroparticles with cluster growth were observed. However, after 
green ball-milling, nano DAP-1 was obtained with nearly spherical morphology 
having a narrow particle size distribution, <1 μm, as shown in Figure 1(c). The 
organic-inorganic hybrid perovskite structure of DAP-1 is shown in Figure 1(d). 
Figure 1(e) shows the XRD patterns of raw and nano DAP-1, as well as the 
simulated pattern. The peak positions of the samples and the simulation data are 
almost identical, despite their differing diffraction intensities. The main diffraction 
peaks were located at 12.70°, 21.75°, 25.16°, and 38.10°, which correspond to 
the crystal planes (222), (400), and (600), respectively. This showed that the 
crystal structure of the sample before and after ball-milling had not changed. 
Compared with the raw material, the nanomaterial had intensity changes in the 
main characteristic peaks. This is because the nanoscale sample obtained shows 
different exposed surfaces of the particles, which is different from those of raw 
DAP-1. The above results indicated that the nanoscale energetic molecular 
perovskite can be obtained via the ball-milling technique.
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(e)
Figure 1.	 SEM images of  raw (a) and nano DAP-1 (b, c), plus a diagram 

of  the  crystal structure  (d) and  the XRD patterns of DAP-1 
samples (e)

In order to further ascertain whether the molecular structure of  DAP-1 
had changed during the ball-milling process, FT-IR analysis was carried out 
and  the  spectra are  shown in  Figure  2. By  the  assignment of  the  peaks 
discussed, the key functional groups of raw DAP-1, which are located at 1070 
cm–1, corresponding to ClO4

− anions, and peaks at 1050, 891, and 847 cm–1, 
from the skeletal motion of the protonated H2dabco2+ cations, it was found that 
the infrared absorption peaks of nano DAP-1 are completely consistent with those 
of  raw DAP-1, although  their different transmittances are due to differences 
in the particle size before and after ball-milling. This revealed that the molecular 
structure of  DAP-1 had  not  changed, and  the  molecular structure had  high 
stability during the  ball-milling  process. Other  impurities were  not  mixed 
and no other chemical reactions occurred in the preparation process. The thermal 
decomposition properties of the DAP-1 samples were investigated by differential 
scanning calorimetry (DSC), and the DSC curves are shown in Figure 3.
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Figure 2.	 FT-IR spectra of DAP-1 samples: raw  (above) and nano DAP-1 
(below)

Figure 3.	 The DSC curves of raw and nano DAP-1 samples
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In Figure 3, the first endothermic peak is the phase transformation of DAP-
1, and  the  second exothermic peak is  the  thermal decomposition of DAP-1. 
The  phase transformation endothermic peak temperature hardly  changes. 
The  exothermic peak of  nano  DAP-1 thermal decomposition was  330.0  °C, 
a decrease of 51.7 °C compared with raw DAP (381.7 °C).

Figures  4(a)-(c) show the DSC curves of raw DAP-1 and  nano  DAP-1 
at different heating rate (5, 10, 15 and 20 °C·min–1), and the Kissinger plots 
of  ln(β/Tp

2) and  1/Tp. The  apparent activation energy  (Ea) of  nano  DAP-1 
was calculated as 160.9 kJ·mol–1 by the Kissinger equation (Equation 1) [34, 35], 
which is lower than that of raw DAP-1 (168.6 kJ·mol–1). 
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where Tp is the peak temperature in the DSC curve at heating rate β, β is the heating 
rate (°C·min–1), Ek reflects the activation energy, Ak represent the pre-exponential 
factor and R is the gas constant (R = 8.314 J·mol–1·K–1).

The value of Ea can reflect the degree of difficulty of a chemical reaction. 
A  substance with  a  lower activation energy has  a  higher reaction  rate. 
Therefore, reducing the activation energy can effectively promote the reaction. 
The value of Ea for nano DAP-1 was lower than raw DAP-1. The Ozawa method 
was  also used to  determine the  apparent activation energy  [36]. The  value 
of Ea of nano DAP-1 was calculated as 162.7 kJ·mol–1 by the Ozawa equation, 
which is lower than that of raw DAP-1 (170.6 kJ·mol–1) by the same method. 
For  traditional high-energy-density materials, RDX, HMX and  CL-20, 
the Ea values of  the  thermal decomposition of RDX is 167.24 kJ·mol–1  [37], 
of HMX is  360.6  kJ·mol–1  [38], and  of  CL-20 is  186.55  kJ·mol–1  [30]. 
Thus,  the  greater the  number of  activated molecules for  nano  DAP-1 
at a specific temperature, the faster is the decomposition reaction.
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(c)

(d)
Figure 4.	 DSC curves of raw DAP-1 (a), and nano DAP-1  (b) at different 

heating rates, and  the dependence of  ln(β/Tp
2) versus 1/Tp (c and 

d respectively) (scatter points are experimental data and the lines 
denote the linear fitting results)
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In order to evaluate the mechanical sensitivity of the samples before and after 
ball-milling, impact and friction sensitivity tests were performed, and the results 
are  shown in Table  1. Generally  speaking, the  coordination with  metal ions 
will lead to high sensitivity for mechanical sensitivity. For impact sensitivities, 
the special height (H50) of the raw sample was 51 cm in this work, indicating that 
raw DAP-1 with irregular sharp particles exhibited greater sensitivity. After ball-
milling, nano DAP-1 had an H50 value of 64 cm, less sensitive than the raw 
material, due to the disappearance of the irregular morphology and the appearance 
of near spherical nanoscale particles after ball-milling [32]. However, the samples 
before and after ball-milling had similar sensitivity towards frictional stimuli. 
The ball-milling technique failed to reduce the friction sensitivity efficiently. 
This is due to the intrinsic properties of the perovskite structure. 

Table 1.	 Mechanical sensitivity of DAP-1 samples
Sample Impact sensitivity, H50 [cm] Friction sensitivity, P [%]

Raw DAP-1 51 100
Nano DAP-1 64 100

4	 Conclusions

♦	 In summary, mechanical ball-milling technology was introduced to prepare 
nano DAP-1 with the aim of reducing the mechanical sensitivity. 

♦	 The morphology and structure of DAP-1 before and after the ball-milling 
treatment were studied. 

♦	 The thermal decomposition performance of as-obtained samples 
were  discussed and  their mechanical sensitivities were  evaluated. 
The exothermic peak of nano DAP-1 was 330.0 °C, a decrease of 51.7 °C 
compared to  raw  DAP  (381.7  °C). The  apparent activation energy  (Ea) 
of  nano  DAP-1  (160.9  kJ·mol–1), was  lower than  that of  raw  DAP-
1 (168.6 kJ·mol–1). 

♦	 Mechanical sensitivity studies showed that nano DAP-1  (H50:  64  cm) 
exhibited lower impact sensitivity than raw  DAP-1  (H50:  51  cm), 
although the friction sensitivity was not reduced. 

♦	 This work can offer a new way to promote the further application of molecular 
perovskite energetic materials in advanced explosive and propellant fields. 
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