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ABSTRACT

Studying thermal decomposition properties of the perchlorate-based molecular perovskite energetic materials is
essential to facilitate the potential applications. In this work, thermal decomposition properties of potassium
perchlorate (KClO4)-based molecular perovskite were investigated. Potassium perchlorate -based molecular
perovskite (Hadabco)[K(ClO4)3] were prepared by the one-pot reaction of KClO4, HCIO4 and triethylenediamine
(dabco). The samples were characterized. The results show that (Hadabco)[K(ClO4)3] has ternary organic-
inorganic perovskite crystal structures. The thermal decomposition results demonstrated that molecular perov-
skite (Hadabco)[K(ClO4)3] has a lower decomposition temperature (383.6 °C) and a higher heat release (2815 J
g1 than 607.7 °C and 313 J g~ of the monocomponent KClOy, respectively. The activation energy of thermal
decomposition of (Hodabco)[K(ClO4)3] had been reduced appreciably from 191.2 kJ mol ! to 177.7 kJ mol L. A
synergistic catalysis thermal decomposition mechanism based on unique molecular perovskite structure was
proposed. This work offers a novel understanding for thermal decomposition of the molecular perovskite en-

ergetic materials.

1. Introduction

Molecular perovskite with ternary ABXs-type crystal structures has
attracted much attention due to its unique physical, chemical and
electronic characteristics, which endow perovskite materials with po-
tential applications, such as energy, catalysis and so on [1-3].

In the field of energetic materials, high-energy-density molecular
perovskite energetic materials were pioneered by Chen’s group [4.5]. By
molecular assembly strategy, high-energy inorganic oxidizer KClO4 and
organic fuel dabco were assembled in a crystal cell to form high-
symmetry ternary KClO4-based molecular perovskite. Molecular perov-
skite (Hodabco)[K(ClO4)3] with excellent detonation performance and
low cost has stronger advantages in future applications [4-10].

However, current research studies concentrate on the design and
preparation of KClO4-based energetic composites, mainly including the
physical mixed composites in micro/nano scale prepared by the nano
metal and its oxides introduced [11-14]. KClO4 with inherent properties
(i. e. the higher thermal decomposition temperature, the higher acti-
vation energy, and the low heat release) hinders its potential applica-
tions in a deeper level [15,16], although people always have a desire to

improve the thermal decomposition performance and energy-releasing
efficiency of KClO4.

Molecular perovskite (Hodabco)[K(ClO4)3] with excellent properties
undoubtedly provides a new way to promote future applications of
KClO4-based energetic materials in modern military and industrial fields
[17-20]. But, there is no report for studying thermal decomposition
properties of KCl04-based molecular perovskite (Hydabco) [K(ClO4)s]. It
is therefore important to study the thermal decomposition behavior of
NaClO4-based molecular perovskite. It is also essential to understand
their thermal decomposition performance and thermodynamics for the
future applications [21,22].

Herein, KCl04-based molecular perovskite (Hodabco)[K(ClO4)3] was
prepared by the one-pot reaction of KClO4, HClO4, and dabco with the
molar ratio of 1:2:1. The chemical structure of sample was character-
ized, and the thermal decomposition behavior and thermodynamics
were investigated. Based on the organic-inorganic molecular perovskite
structures, a synergistic catalysis thermal decomposition mechanism
was proposed.
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Fig. 1. (a) P-XRD patterns and (b) the schematic of perovskite structure of (Hadabco)[K(ClO4)3] [25].
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Fig. 2. FT-IR spectra of samples: KClO4 (Black), (Hxdabco)[K(ClO4)3] (Red),
and Dabco (Blue). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

2. Experimental

KClO4 and perchloric acid (70%) were provided from Shanxi Jian-
gyang Chem. Eng. Co., Ltd. Dabco (CgH12N2) was provided by Shanghai
Aladdin Biochemical Technology Technology Co., Ltd. Deionized water
was made in our laboratory. In a typical experimental, 0.138 g KClO4
(0.1 mmol), 0.112 g dabco (0.1 mmol), and 0.163 ml HCIO4 (~0.2
mmol) were added successively and dissolved into 20 ml deionized
water at 25 °C for 1 h. The mixture was placed in the room. And then
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crystalline naturally. The samples were obtained by filtration, washing
and drying.

Powder X-ray diffraction (P-XRD) patterns were collected on a Phi-
lips X'Pert Pro X-ray diffractometer by using Cu-Ka (40 kV, 40 mA)
radiation (PANalytical, Holland). Particle sample was milled slightly
before tested. Fourier transform infrared (FT-IR) spectrums were
recorded on a Nicolet iS 50 spectrophotometer (Thermo Scientific, USA).
Pressed KBr pellets were used to test the chemical bonding of the sam-
ples from 4000 to 650 cm™ L. The thermal decomposition process were
performed by a STA449F3 thermo-gravimetric/differential scanning
calorimeter (TG-DSC, Netzsch, Germany) by a heating rates of 5, 10, 15,
and 20 °C-min . The sample with sample mass: 0.5 mg was tested in an
Ar atmosphere over the temperature ranged from 50 to 900 °C. At least
three groups of test samples are tested, and the uncertainties in TG-DSC
measurements are less than 5%.

3. Results and discussions

The P-XRD pattern of as-prepared molecular perovskite (Hodabco)[K
(Cl04)3] shows in Fig. 1a. The diffraction peaks at 12.5°, 21.6°, 24.9°,
27.8°, 37.1° and 38.9° corresponded to the crystal planes (200), (222),
(400), (420), (531), and (600), respectively, which is in a great agree-
ment with the simulated powder XRD pattern (CCDC:1528106). Ac-
cording to the literatures [23,24], the crystal structure of (Hadabco)[K
(ClO4)s] is the perovskite structure ABXs type, where protonated
Hjdabco?* was regarded as the A-site cation, K as the B-site cation, and
ClOy as the X-bridges.

As shown in Fig. 1b, K is located on the corners, face and body
centers of the cubic cell, and is interacted by twelve oxygen atoms from
six Cl04. Meanwhile, ClOs can be considered as bridges with ambient
two K', forming a three-dimensional anionic cage-like framework.
Protonated Hadabco?t is embedded in anionic cages to balance the
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Fig. 3. TG -DSC curves of (a) KClO4 and (b) (Hodabco) [K(ClO4)3].
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Fig. 4. DSC curves of (a) KClO4 and (b) (Hxdabco)[K(ClO4)3] at different heating rates, (c) Dependence of ln(/i/Tg) on 1/T, for samples. Scatter points are exper-

imental data and lines denotes the linear fitting results.

overall charged to zero. The hydrogen bonds were formed by Hydabco?*
and ClO; ligands, resulting in constructing the stable perovskite
structure.

The FT-IR spectrums were shown in Fig. 2. The spectrum peaks at
1061 and 939 cm™! are corresponding to ClOz from monocomponent
KClO4. And for dabco, the main peaks at 1056, 908, and 835 cm ! are
originated from dabco skeletal motion. The attributions of other peaks
were also discussed. The peaks at 3235, 2937, 2870, and 991 cm!
correspond to CHy, the peaks at 1678, 1455 em ' to CHa, and the peak at
1314 ¢cm ! to C-N. For (Hadabco)[K(ClO4)3], the main oxidant group
ClOj are located at 1064 cm ! and dabco skeletal motion at 1048, 890,
and 850 cm ™, which indicated that the main functional groups existed
in the molecular perovskite structure. FT-IR spectrum showed C-H
vibrational bonds appeared red shift due to the formation of C-H---O
hydrogen bonds from Hadabco®™ to ClOz.

The thermal properties of the samples were investigated in Fig. 3. For
KClOy4 in Fig. 3a, the endothermic peaks appeared at 304.7 °C and 577.0
°C, which corresponds to thermotropic phase transitions in the DSC
curve. The thermal decomposition of KClO4 occurred at 607.7 °C. But
incomplete thermal decomposition can be found at this stage. With the
temperature raised, the decomposition product continues to start phase
transformation at 769.6 °C and thermal decomposition further at higher
temperature. With the formation of molecular perovskite structure of
KClOg4, (Hadabco)[K(ClO4)3] have only one individual decomposition
stage and a lower thermal decomposition temperature 383.6 °C in
Fig. 3b. A quick heat release followed immediately with the weight loss
of 75%. And the value of heat release is up to 2815 J g}, which is higher
than KClO4 (313 J g’l). Based on CO for C,HpN:KCl.Os, the oxygen
balance was calculated were calculated by: OB[%] = 1600[f-a-(b-e + d)/
2]1/My, where My of (Hadabco)[K(ClO4)3] is molecular weight [25].
The value of OB is 0% here. It demonstrated molecular perovskite
(Hodabco)[K(ClO4)3] combined with the oxidizer ClO; and fuel
Hydabco?* can release more heat energy by redox reaction.

6.00E-008
a) ~376 °C
5.00E-008 M/Z=52 HCIO
2+
Ty M/Z=57 H,dabco
= 4.00E-008 2
<
Py M/Z=46 NO,
£ 3.00E-008
E M/Z=44 C()z
S 2.00E-008
2
= M/Z=30 CO
=
§ 1.00E-0087 M/Z=28 N,/CO
=
M/Z=18 H,0
0.00E+000 - 2
M/Z=17 NH,
-1.00E-008

T T T T T T T T
100 150 200 250 300 350 400 450 500
Temperature (°C)

Fig. 5. (a) The mass spectra for (Hpdabco)[K(ClO4)3] at a heating rate of 20

gaseous product.

The thermal decomposition dynamics of the samples were studied
further by DSC with different heating rates. The KClO4 and (Hzdabco) [K
(ClO4)3] were investigated together in Fig. 4. The kinetic parameters for
thermal decomposition were calculated by kissinger Equation (1) [26]:

p AR Ea

mL—mit 24 1
"2 "Ea R, )

Where f is the heating rate in degrees Celsius per minute, T, is the peak
temperature in the DSC curve at that rate. R is the gas constant, E, is the
apparent activation energy and A is the pre-exponential factor.

Fig. 4 shows the DSC curves of KClO4 and (Hodabco)[K(ClO4)s]. In
Fig. 4c, the reaction activation energy (E,) of main decomposition pro-
cesses was calculated to be 191.2 kJ mol L. Based on the ternary mo-
lecular perovskite structure, the E, of (Hydabco)[K(ClO4)s]
decomposition processes have reduced to 177.7 kJ mol ™!, which
decreased by 13.5 kJ mol™! compared with monocomponent KClO.
That indicated the molecular perovskite (Hadabco)[K(ClO4)s] is easier
to be activated under the thermal stimuli.

To study the synergistic catalysis thermal decomposition mechanism
of (Hodabco)[K(ClO4)3], coupled thermal analysis techniques TG-QMS
were used to perform real-time and continuous analysis of the whole
decomposition process. Protonated Hydabco? in the ternary molecular
perovskite system can be activated and render protons to ClO4 with the
heating stimuli [19]. But activated protonated szabco2+ cannot escape
from the three-dimensional anionic cage-like frameworks, because of
strong Coulomb forces between K™ and ClOj. That resulting in thermal
stabilities at lower temperature (<300 °C), as shown in Figs. 3b and 5a.
When the heating energy is higher than Coulomb forces, the anionic
frameworks will collapse. Accelerated activated protonated Hodabco?t
can facilitates proton transfer easily from Hodabco®" to ClOZ and then
the formation of a large number of HCIOy4, although a few escaped as
shown in Fig. 5b, when the anionic frameworks collapsed. With the
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decomposition of HClIO4 sequentially, superoxide radicals (O2) were
produced and reacted with the fuel dabco. More heat would be released.

Compared with the monocomponent KClO4, The organic molecular
fuel dabco was introduced to assemble KNOs-based molecular perov-
skite. The unique molecular perovskite structures in a cubic cell facili-
tate the oxidizer and fuel at the molecular scale. More heat release can
be obtained by the reaction between the oxidizer and fuel under heating
simulated. And the lower thermal decomposition temperature and
activated energy also could efficiently support more potential applica-
tions in the explosives and propellant fields.

4. Conclusions

In summary, thermal decomposition properties of potassium
perchlorate (KClO4)-based molecular perovskite were investigated.
(Hpdabco)[K(ClO4)3] with hybrid molecular perovskite structure has a
lower decomposition temperature (383.6 °C) than KC1O4 (607.7 °C). The
high heat release (2815 J g~ 1), which is seven times higher than KClO4
(313J g’l), was obtained from the combination with the oxidizer KCIO4
and fuel dabco in the molecular perovskite structure. By thermody-
namics analyzed, The activation energy E, (177.7 kJ mol 1) of
(Hodabco)[K(ClO4)3] was obtained, which is lower than KClO4 (191.2
kJ mol™1). The synergistic catalysis thermal decomposition mechanism
of (Hadabco) [K(ClO4)3] towards improving thermal decomposition and
heat energy release was proposed. This work provides a deeper under-
standing towards further applications of KClO4-based molecular
perovskite in advanced explosives and propellants.
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