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Abstract
NaClO4-based molecular perovskite (H2dabco)[Na(ClO4)3] combined with the inorganic oxidizer and organic fuel was prepared
by molecular assembly strategy. The high-yield samples were obtained by the one-pot reaction of NaClO4, HClO4, and
triethylenediamine (dabco). The thermal analysis results showed molecular perovskite (H2dabco)[Na(ClO4)3] with ABX3-type
closely ternary molecular stacking structure had a lower decomposition temperature (381.7 °C) and a higher heat release (2770
J/g) than NaClO4 (569.2 °C and 353 J/g). The apparent activation energy of thermal decomposition process was reduced by 25
kJ/mol from 184.8 kJ/mol of NaClO4 to 159.8 kJ/mol of (H2dabco)[Na(ClO4)3]. A synergistic catalysis thermal decomposition
mechanism was proposed. The H2dabco

2+ from the unique ternary molecular perovskite structure can be favorable for proton
excitation under thermal stimuli, and promote the formation of HClO4 and superoxide radical anions ·O2

− further, resulted in the
redox thermal decomposition reaction between oxidizer ClO4

− and fuel dabco more completely.
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Introduction

As a primary class of high-energy solid oxidizers, NaClO4 has
received much attention in the fields of the propellants, explo-
sives, and pyrotechnics [1–3]. Current studies mainly aimed at
increasing the thermal decomposition performance of NaClO4.
Reducing the thermal decomposition temperature, decreasing
the reaction activation energy, and enhancing the decomposi-
tion heat release are benefit for a shorter ignition delay time and
a higher burning rate [4–7]. It is significant to promote their
applications in modern military and industrial fields.

To date, main research works have been reported for the
decomposition energy release of NaClO4-based composites
by nano-metal and its oxides introduced [8–11]. But, many
inevitable disadvantages were brought, such as low heat

release, high thermal decomposition temperature, high igni-
tion threshold, high cost, and complicated fabrication process,
which limited its potential application on a deeper level se-
verely [12–15]. Therefore, development of high-performance
NaClO4-based energetic materials is urgent and necessary to
meet its requirements.

Molecular assembly structures with novel and unique prop-
erties have much attention and have many applications in the
scientific fields [16–25]. Especially in energetic materials,
combinedwith the high-energy inorganic oxidizer and organic
fuel at the molecular level, the molecular assembly strategy
was pioneered by Chen’s group [26]. The high-symmetry ter-
nary molecular perovskite with advanced properties can be
constructed by a facile and simple method. It is important to
study the thermal decomposition performance of NaClO4-
based molecular perovskite. And it is also essential to under-
stand their thermal decomposition behavior and thermody-
namics for the future applications.

In this work, NaClO4-based molecular perovskite
(H2dabco)[Na(ClO4)3] was prepared by molecular assembly
strategy. The chemical structure was characterized and the
thermal decomposition behavior and thermodynamics were
investigated. And the synergistic catalysis thermal decompo-
sition mechanism was proposed based on the unique ternary
organic-inorganic hybrid molecular perovskite structure.

* Hui Ren
renhui@bit.edu.cn

1 State Key Laboratory of Explosion Science and Technology, Beijing
Institute of Technology, Beijing 100081, China

2 School of Environment and Safety Engineering, North University of
China, Taiyuan 030051, China

Ionics
https://doi.org/10.1007/s11581-019-03301-0

http://crossmark.crossref.org/dialog/?doi=10.1007/s11581-019-03301-0&domain=pdf
https://orcid.org/0000-0003-3099-3990
mailto:renhui@bit.edu.cn


Experimental

Materials and method

NaClO4 microparticle materials and perchloric acid (H2O solu-
tion, 70%) were provided from Shanxi Jiangyang Chem. Eng.
Co., Ltd. Triethylenediamine (1,4-diazabicyclo[2.2.2]octane,
dabco) was provided by Shanghai Aladdin Biochemical
Technology Co., Ltd. Deionized water was made in laboratory.

0.1 mmol NaClO4, 0.1 mmol dabco, and 0.163 ml HClO4

solution were added into beaker with 20 ml deionized water,
and solid particles were dissolved completely at 25 °C for 1 h.
The matrix was transferred to the room to crystallize naturally.
After a week, the white crystal samples were collected by
filtration, washing, and drying. The yield of the product is
over 90%.

Characterization

X-ray diffraction (XRD) pattern of as-obtained sample was
collected on a Philips X’Pert Pro X-ray diffractometer
(PANalytical, Holland) by Cu-Kα radiation. Fourier trans-
form infrared (FT-IR) spectrums were obtained on a Thermo
Scientific Nicolet iS 50 spectrophotometer (Thermo
Scientific, USA). The thermal decomposition process were
detected by a STA449F3 thermogravimetric-differential scan-
ning calorimeter (Netzsch, Germany) with the different
heating rates (5, 10, 15, and 20 °C/min) in a N2 atmosphere
over the temperature ranged from 50 to 1000 °C.

Results and discussion

Figure 1a shows the XRD patterns of as-prepared NaClO4-
based molecular perovskite samples. The diffraction peaks at
12.57°, 21.75°, 28.21°, and 38.10° corresponded to the crystal
planes (200), (222), (420), and (600), respectively, which is in
great agreement with its simulated powder XRD pattern
(CCDC: 1528106). Other peaks were unapparent because of

the lower exposure probabilities of those crystal planes. From
the literatures [27, 28], the structure of (H2dabco)[Na(ClO4)3]
belongs to the ABX3-type molecular perovskite. Protonated
H2dabco

2+ cation was considered the A-site cation in this
system, Na+ cation as the B-site cation, and ClO4

− anion as
the X-bridges. Figure 1b shows the schematic of perovskite
structure. Each Na+ cation on the corners, face, and body
centers of the cubic perovskite structure is coordinated with
twelve oxygen atoms from six ClO4

− anions by noncovalent
bonds. And each ClO4

− anion can be considered X-bridges
ligand, resulted in the formation of the three-dimensional an-
ionic cage–like frameworks. Protonated H2dabco

2+ cations
are embedded and locked in three-dimensional anionic
cage–like frameworks to balance the overall charge. The
strong Coulomb interactions between anions and cations, hy-
drogen bonds and so on, lead to the high stability of ternary
organic-inorganic hybrid perovskite structure.

The FT-IR spectra of the samples are shown in Fig. 2. The
key groups of organic-inorganic hybrid molecular perovskite
(H2dabco)[Na(ClO4)3] located at 1070 cm−1 corresponded to
the oxidant group ClO4

− anions. The peaks at 1050, 891, and
847 cm−1 originated from skeletal motion of protonated
H2dabco

2+ cations. Compared with the component dabco,
the red shift of C-H vibrational bonds ranged from 3000 to
3300 cm−1 of protonated H2dabco

2+ occurred because of the
formation of hydrogen bonds from H atoms of protonated
H2dabco

2+ cations to O atoms of ClO4
− anions. Combined

with XRD and FT-IR results, the organic-inorganic hybrid
molecular perovskite (H2dabco)[Na(ClO4)3] can be fabricated
by molecular assembly strategy.

Figure 3 shows the thermal decomposition process of the
samples by DSC tested. In Fig. 3a, the main peaks of compo-
nent NaClO4 at 309.2, 472.3, 569.2, 801.0, and 814.0 °C can
be observed. The thermal decomposition of NaClO4 was di-
vided into two stages. In the first decomposition stage, the
endothermic peak at 309.2 and 472.3 °C is ascribed to the
crystallographic transition from orthorhombic to cubic and
melting process of NaClO4, respectively. The exothermic
peak at 569.2 °C corresponded to thermal decomposition of

Fig. 1 a XRD patterns and b
schematic [26] of perovskite
structure of
(H2dabco)[Na(ClO4)3]

Ionics



NaClO4. The heat release of primary thermal decomposition
stage is 353 J/g. And the second stage demonstrated melting
and decomposition processes of intermediate product NaCl.
For (H2dabco)[Na(ClO4)3], the main decomposition peaks ap-
peared at 207.9 and 381.7 °C can be ascribed to structure
change endothermic processes of ring skeleton of A-site pro-
tonated H2dabco

2+ cations and thermal decomposition of
(H2dabco)[Na(ClO4)3] [29] . Compared with the
monocomponent NaClO4, the exothermic peak temperature
(381.7 °C) of (H2dabco)[Na(ClO4)3] had been reduced greatly
by 187.5 °C. The decomposition heat had increased up to 2770
J/g, which was about as eight times as that of NaClO4. That
revealed hybrid molecular perovskite (H2dabco)[K(ClO4)3
combined with the inorganic oxidizer NaClO4 and organic fuel
dabco can produce more heat by reaction with each other.
Especially, during the decomposition process of NaClO4, phase
transition and melting required absorbing enough heat energy
from the system, which is not benefit for the improvement of
heat release. Integrated with oxidizer and fuel in a molecular
perovskite cell, low thermal decomposition temperature and

high heat release from the novel hybrid perovskite structure
can provide more ways towards the potential applications of
NaClO4.

The thermal decomposition dynamics of as-obtained sam-
ples were studied further by DSC. As shown in Fig. 4 a and b,
the DSC curves at the different heat rates were collected. The
kinetic parameters of thermal decomposition of samples were
calculated by the Kissinger equation in Fig. 4 [30]. The reaction
activation energy (Ea) of (H2dabco)[Na(ClO4)3] thermal de-
composition was calculated to be 159.8 kJ/mol, which
is lower than NaClO4 (184.8 kJ/mol). That revealed the
ternary organic-inorganic hybrid molecular perovskite
(H2dabco)[Na(ClO4)3] is easier to be activated under
the thermal stimuli.

Combined with the experiments and results, the synergistic
catalysis thermal decomposition mechanism was proposed
based on the unique ternary organic-inorganic hybrid molec-
ular perovskite structure. As shown in Fig. 5, Organic fuel
small molecule protonated H2dabco

2+ cations in the ternary
system can be activated easily at lower temperature, but were

Fig. 3 DSC curves of a NaClO4

and b (H2dabco)[Na(ClO4)3]

Fig. 2 FT-IR spectra of samples:
NaClO4, dabco, and
(H2dabco)[Na(ClO4)3]
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still locked in the three-dimensional anionic cage–like frame-
works rather than escaping due to the space hindered effect
[29].When heating energy becomes greater than the Coulomb
forces of anionic frameworks, the cage-like frameworks were
destroyed. And many activated protonated H2dabco

2+ cations
can render protons quickly and facilitate proton transfer from
H2dabco

2+ to ClO4
−, resulting in the formation of HClO4 as

well as superoxide radical anions ·O2
− further. The organic

fuel dabco will react with ·O2
− subsequently, resulted in the

redox thermal decomposition reaction between oxidizer
ClO4

− and fuel dabco more completely, and more decompo-
sition heat was released. Organic-inorganic hybrid molecular
perovskite (H2dabco)[Na(ClO4)3] combined with the high-
energy oxidizer and fuel can not only reduce the thermal de-
composition temperature and enhance the heat release, but
also decrease Ea of thermal decomposition, which offers a

Fig. 4 DSC curves of a NaClO4 and b (H2dabco)[Na(ClO4)3] at different heating rates. c Dependence of ln(β/Tp
2) versus 1/Tp. Scatter points are

experimental data and line denotes the linear fitting results

Fig. 5 Schematic of the thermal decomposition of (H2dabco)[Na(ClO4)3]

Ionics



potential application prospect in the explosives and propellant
fields.

Conclusions

In summary, the ternary organic-inorganic hybrid molecular
perovskite (H2dabco)[Na(ClO4)3] was prepared successfully
by the molecular assembly strategy. The yield of product is
over 90% by the facile one-pot reaction. And thermal analysis
results showed (H2dabco)[Na(ClO4)3] with hybrid molecular
perovskite structure had a lower decomposition temperature
(381.7 °C) than NaClO4 (569.2 °C). The high heat release
(2770 J/g) which is about seven times higher than the
monocomponent NaClO4 (353 J/g) was originated from the
molecular perovskite structure combinedwith the high-energy
oxidizer NaClO4 and fuel dabco. Moreover, the Ea of
(H2dabco)[Na(ClO4)3] (159.8 kJ/mol) becomes lower, com-
pared with NaClO4 (184.8 kJ/mol). The synergistic catalysis
thermal decomposition mechanism of (H2dabco)[Na(ClO4)3]
was proposed based on the unique hybrid molecular perov-
skite structure.
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