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Abstract: In this work, we reported that the thermal kinetics, thermodynamics, and
decomposition mechanism of AP-based molecular perovskite energetic materials were
studied, and their thermal safety performance was estimated. Typical AP-based
molecular perovskite energetic materials (Hpydabco)[NH4(ClOy);] (DAP-4),
(Hypz)[NH4(CIO4)5](PAP-4), (Hompz)[NH4(ClO4);](PAP-M4), and
(Hohpz)[NH4(C1Oy4)3] (PAP-H4) were synthesized and characterized. These were
studied by differential scanning calorimetry (DSC). The results show all of the
obtained AP-based molecular perovskite energetic materials have higher thermal
decomposition temperatures, and the peak temperatures are more than 360 °C. And all
follow the random nucleation and growth model. Other thermodynamic parameters,
such as reaction enthalpy (AH), entropy change (AS), and Gibbs free energy (AG)
show that they are generally thermodynamically stable. Moreover, their adiabatic
induced temperatures were obtained, 7p,, of DAP-4, PAP-4, PAP-M4, and PAP-H4
are 246.6, 201.2, 194.5, and 217.5°C, respectively. The work offered an important and
in-depth understanding for the thermal decomposition characteristics of AP-based

molecular perovskite energetic materials and their potential applications.

Keywords : AP-based molecular perovskite energetic materials, DAP-4, Thermal

kinetics, thermal safety performance
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1. Introduction

In recent years, with the increase of the functional requirements of energetic
materials in the fields of civilian and military applications, energetic materials with
unique and excellent characteristics have attracted widespread attention all over the
world!-2. At present, the mainstream energetic materials are
cyclotetramethylenetetranitramine (HMX), hexanitrohexaazaisowurtzitane (CL-20),
and so on. But balancing contradictions between their safety and detonation
performance still existed. Due to poor thermal stability of ammonium nitrate
explosives, it is difficult to realize their multifunctional applications, although the
energy level of all is high. For example, the density of e-CL-20 is 2.04 g-cm™, which
has high explosion velocity of 9.66 km-s'!. It is considered as a promising energetic
material with the highest density and energy3. However, its impact sensitivity is 26.8
cm and even initial decomposition temperature is below 210 °C#>. And 1,3,5-triamino-
2.,4,6-trinitrobenzene (TATB) is one of the most insensitive explosives, its shock wave
sensitivity is 124 cm and impact sensitivity is more than 320 cm, and thermal
decomposition temperature is above 360 °C, which can be seen that it has excellent
thermal stability and safety®. However, it’s density is as low as 1.93 g-cm™ and the
detonation velocity is only 7.60 km-s! 7. To the best of our knowledge, for most
traditional high-energy compounds, the coexistence of good explosive performance
and thermal stability seem to be difficult. Therefore, it is very urgent and meaningful to
find a new structural energetic compound with outstanding advantages, and to explore
its application possibilities to meet the needs of practical application at the extreme and
complicated environment.

Chen’s group firstly reported that a class of novel high-energy-density materials
with molecular perovskite structure®, which showed excellent thermal stability and
detonation performance, as well as good cost advantage and production process®!2.
Among them, the most representative one is (H,dabco)[NH4(ClO4);] (DAP-4) among
AP-based molecular perovskite energy materials'3-1>, DAP-4 has a crystal density of
1.87 g-em?. The measured explosion heat value is 5.69 kJ-g'! and the measured

explosion velocity is higher than 8.5 km-s'!. The initial thermal decomposition
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temperature is 360 °C, and the thermal decomposition peak temperature is higher than
400 °C. Compared from the existing high heat resistant explosive hexanitrostilbene
(HNS), DAP-4 showed good stability and compatibility!6-26.

However, due to the short time of appearance, there is not enough understanding
of the properties of the substance and the nature of the substance itself, especially in
terms of thermal decomposition and thermal safety of energetic materials?’. As we all
know, the thermal behavior of energetic materials will directly affect its safe
production, storage and use. It is one of the most important properties of energetic
materials, and thermal analysis kinetics can quickly and easily evaluate the thermal
behavior of energetic materials?®-3¢, In the past few decades, CL-2037-3, HMX40-43, 1,1-
diamino-2,2-dinitroethene (FOX-7)*-4, Dihydroxylammonium 5,5'-bistetrazole-1,1"'-
diolate (TKX-50)*4°, and 2,6-Diamino-3,5-dinitropyrazine-1-oxide (LLM-105)%0-3!
are mainly studied to understand the intrinsic properties of their thermal decomposition
progresses of explosives. For example, Djalal Trache et.al investigated the effect of
porosity of ammonium perchlorate (AP) on thermodynamic and thermal properties of
ammonium perchlorate/polyvinyl chloride (PVC) composite propellant by using the
isoconversional methods32. Our group reported previously that a decoupling analysis of
the exothermic peak of TKX-50 was conducted and found that the decomposition
reaction in the first stage has autocatalytic performance®’, and suggested that it should
be avoided in an adiabatic environment and used in industrial production and storage
processes. It is necessary to avoid the storage of large amounts of TKX-50 and keep
the heat source away from the storage location. Therefore, it is very urgent to
systematically evaluate the thermal kinetics, thermodynamics, and decomposition
mechanism of AP-based molecular perovskite energetic materials.

In this work, four typical AP-based molecular perovskite energetic materials
(H2dabco)[NH4(C1O4)3] (DAP-4), (Hypz)[NH4(ClO4);] (PAP-4), (H;mpz)[NH4(ClO4);]
(PAP-M4), and (H,;hpz)[NH4(CIO4);] (PAP-H4) were selected to conduct a
comprehensive study of these kinds of compounds. Firstly, DSC data was collected to
study the kinetics, thermodynamics, and decomposition mechanism of four AP-based

molecular perovskite energetic materials. And, coupling QMS technique was used to
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verify their thermal decomposition mechanism. Finally, based on the thermal analysis
software AKTS, the specific heat capacity parameters and simulated their adiabatic
induction temperature (TMR,4) were assessed. This work offered a new understanding
of thermal decomposition characteristics of AP-based molecular perovskite energetic

materials.

© The Author(s) or their Institution(s)
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2. EXPERIMENTAL SECTION
2.1 Materials

Perchloric acid (70%) and raw powder ammonium perchlorate (AP) were
provided by  Shanxi  Jiangyang  Chemical = Technology @ Co.,  Ltd.
Triethylenediamine(dacbo), piperazine, homo-piperazine, 1-methylpiperazine, and
ethanol are provided by Shanghai Aladdin Biochemical Technology Co., Ltd.
Deionized water is made in our laboratory.

2.2 Preparation of DAP-4, PAP-4, PAP-M4, and PAP-H4

DAP-4, PAP-4, PAP-M4, and PAP-H4 were synthesized according to literature
methods!3. 2 ml HCIO4, 1 mmol dabco, and 1 mmol AP were added into 40 mL
deionized water, heating to 50°C and stirring for 30 mins, and then cool naturally. And
the solution was filtered. The filtered sample was dried in an oven to obtain the dried
DAP-4 samples.

3 ml HCIOy4, 2 mmol AP, and 2 mmol piperazine were added into 5 mL deionized
water, heating to 80°C and stirring for 30 mins, and then cool naturally. The filtered
sample was dried to obtain dried PAP-4 samples.

1.4 ml HCIO4, 2 mmol AP, and 2 mmol I-methylpiperazine (homopiperazine)
was add into 5 mL distilled water, heating and stirring for 30 mins, and then cool
naturally. After filtering and drying, PAP-M4 (PAP-H4) samples were obtained.

2.3. Sample characterization

The powder X-ray diffraction (XRD) patterns of the samples were obtained using
a DX-2700 diffractometer in the scanning angle range of 5-80°. DSC curves of the
samples were measured by DSC131 thermal analyzer (Setaram, California, France).
The samples were tested from 50 to 500 °C with heating rates of 5, 10, 15, and
20 °C-min’! under high-purity nitrogen. Use Netzsch STA449F3 (TG) to detect the
samples at a heating rate of 10°C min'! in a temperature range of 40-500°C and under
an argon flow of 80 ml min-!. At the same time, a quadrupole mass spectrum (QMS)
was recorded on the Netzsch QMS403C device.

2.4. Theoretical analysis

© The Author(s) or their Institution(s)
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When describing the reaction kinetics problem (1),3!-3?
AOSBE 1 ¢(g) ()
two commonly forms of equations are used, differential (2) and integral (3) form
= k(@) @)
G(a) =kt 3)

In the formula, t is the time, a is the reaction fraction of substance A at ¢. For the
DSC curve, a value is equal to H/H,, H,1s the reaction heat of the substance at ¢, which
is equivalent to the part of the area under the DSC curve, and H, is the total exothermic
heat of the substance reaction, which is equivalent to the total area of the DSC curve, k
is the reaction rate constant, and f(a) and G(a) are the kinetic mechanism functions in
the differential form and the integral form, respectively. The relationship between K
and reaction temperature is expressed by the Arrhenius Equation:

(-)
k=A4e " 4)

In this equation, A4 is the apparent exponential factor, E is the apparent activation

energy, and R is the molar gas constant.
In non-isothermal conditions,
T =Ty +pt ©)

Ty is the temperature at which the DSC curve deviates from the baseline, and f is
the constant heating rate, from Equation (2)-(5), the dynamic differential equation is
available.?3
(-)

da A
ar = pf(@e

(6)

Its integral form is:

© The Author(s) or their Institution(s)
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ada

G(a) = [ (@ (7

The kinetic analysis of solid-state reactions is challenging. In terms of kinetic
parameters, including activation energy (E,), pre-exponential factor (4) and kinetic
model (f(a)), each individual process should be determined as a whole complete kinetic
description of the reaction. There are a large number of analytical methods that can be
used to determine the kinetic parameters of discrete solid-state reactions>*->. For
example, Djalal Trache et al. used four isoconversion models (Kissinger—Akahira—
Sunose, Flynn—Wall-Ozawa, Trache—Abdelaziz—Siwani, and Vyazovkin) to accurately
evaluate the kinetics triplets33-3% 32 3657 And many scholars use the model matching
method to study energetic materials’ thermal dynamic3? 38-3°, In this paper, the model
matching method is used to conduct thermal analysis on the typical ammonium
perchlorate-based molecular perovskite energetic materials.
2.4.1 The Kissinger method

The Kissinger method is Equation (8) ¢0-61

Bi AR Er1
In (;) D — o (®)

1 Bi
Plot 7 from In (T 2) to get a straight line. Get E from the slope of the straight line and Ay from
pi

pi
the intercept.
2.4.2 The Flynn-Wall-Ozawa method

The F-W-O method avoids the choice of the reaction mechanism function and directly obtains
the activation energy, which is a prominent advantage of the F-W-O method. The integral form of

F-W-O method is represented by Equation (9) 2.

AE E
195 =18 () —2.315 — 045675 ©

Since each of the peak top temperatures T,,; of different f; is approximately equal to each a, /gf-
1/T can be used to determine the E value.
2.4.3 The Satava-Sestak method
The Satava-Sestak method is suitable for the study of non-isothermal solid-phase thermal

decomposition kinetics. Because the derivation is rigorous and the judgment is well-founded, the

© The Author(s) or their Institution(s)
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results obtained by this method are generally more reasonable. The Satava-Sestak method is

represented by Equation (10)%3.

ASES ES
lg6(a) =g (75) —2.315 - 0.45677; (10)

The G(«) in formula (10) is taken from the integral form of 30 given in the literature®*. For

AEy
fixed By, lg (W) is a constant, so lgG(a)-1/T can be used to determine each Es value and A4s value.

lgAs — lgA
The judgment conditions are 0<Es< 400 kJ-mol-!, |(Eo-Es/E0)|<0.1, and |(Tkk)|§0.2.

2.4.4. Thermodynamic analysis
Putting the heating rate data into Equation (11) and (12)°% 9, the thermal decomposition
extrapolation starting temperature 7,9, peak top temperature 7py, thermal ignition temperature 7,

and heat explosion temperature T}, can be obtained.

Teo orp0 = Te; or pi +bp; +Cﬁi2 +d,8i3 (11)
E — \JE* — 4ERT g or po
Tep orpb = 2R : (12)

And then put the obtained Es, as into Equation (13), (14), and (15) to get enthalpy
(4H), entropy (4S) and Gibbs free energy (4G)>°.

—E —AG —AG

Ae(ﬁ) = Ue(ﬁ) = k%Te(W) (13)
AG=AH —TAS (14)
AH =E —RT (15)

In the formula, T is the experimental temperature(K), R is the molar gas constant
(8.314 J mol! K1), 4 is the Planck constant (6.625x10-34]J s), kp is the Boltzmanm

constant, (1.3807x10-23J K-!) and v is the Einstein vibration frequency.

3.Result and Discussion

The powder XRD patterns of the AP-based molecular perovskite energetic
material samples are shown in Fig. 1, which are highly consistent with the simulated
powder XRD pattern (CCDC: 1528108, 1956805, 1956806, 1956807). The crystal

structures of samples were also shown as insert images.

© The Author(s) or their Institution(s)
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Fig. 1. P-XRD patterns of AP-based molecular perovskite energetic materials.
3.1 Thermal Decomposition of AP-based molecular perovskite energetic materials

The DSC curve at different heating rates and TG curve at 10k min"! of AP-based
molecular perovskite energetic materials are shown in Fig. 2 and Fig. 3. From the DSC
curve, we can see that each perovskite molecule has two peaks. And the first peak
corresponding to the TG curve has no significant mass loss, which revealed that phase
transition process appeared. For the second peak, the TG curve has a significant mass
loss, indicating that a thermal decomposition reaction has occurred. Table 1 lists the
experimental data of thermal analysis at this stage by DSC curves. It is obviously
found that AP-based molecular perovskite energetic materials have good thermal
stability.
3.2 Non-isothermal kinetics of AP-based molecular perovskite energetic materials
In Fig. 2, as the heating rate increases, the thermal decomposition curve shifts to higher
temperatures. The thermal decomposition kinetics of AP-based molecular perovskite
energetic materials were analyzed by Kissinger method and Ozawa method. The E;and
lgA; of DAP-4 calculated by Kissinger method are 205.4 kJ mol! and 15.7 min’,

respectively. The Kissinger method can roughly estimate the activation energy

© The Author(s) or their Institution(s)
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Fig. 2. DSC curves of (a) DAP-4, (b) PAP-4, (c)PAP-H4, and (d) PAP-M4 at different
heating rates.

of thermal decomposition with the peak value of the non-isothermal curve. And the
activation energy of DAP-4 calculated by the FWO method is 206 kJ-mol-!. Therefore,
the results are found to be credible. Table 2 shows the calculation results obtained by
DAP-4 and the other three ap-based analysis methods. The activation energy of PAP-
H4 is the highest at 218.2 kJ-mol-!, while the activation energy of PAP-M4 and PAP-4
are lower at 170.1 and 181.7 kJ-mol!, respectively.

In order to obtain the most probable mechanism function G(«) from the non-
isothermal DSC curves, the Satava-Sestak method of strict derivation and it was well
found that judgment is used. Since the reaction process @ (Supporting information
Table S1-S4) is easily affected by the noise of the baseline and the instrument, the «
fluctuates greatly between 0-0.1 and 0.9-1. The judgment condition |(Eo-Es/E0)|<0.1 is
changed to |(Eo-Es/E0)|<0.15, and add the conditions that the linear correlation

coefficient of the calculation result is greater than 0.99 and the standard deviation is

© The Author(s) or their Institution(s)
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Fig. 3. TG and DTG curves for the thermal decomposition of AP-based molecular
perovskite energetic materials at 10k-min-'.

less than 0.03. If G(a) meets the above conditions, it is inferred that G(a) can be
regarded as the probable mechanism function of thermal decomposition.

Table 3 shows the kinetic parameters calculated by the Satava—Sestak method for
the thermal decomposition of DAP-4. At that stage, by comparing the activation
energy values calculated by the FWO method and the Satava-Sestak method, and the
pre-exponential factors calculated by the Kissinger method and the Satava-Sestak
method, the most likely Mechanism Function is to determine Mechanism Function!% 28
47, But after calculating the correlation coefficient and the residual variance value, it is
found that only Mechanism Function 10, as shown in Table 3, meets the above
conditions. Therefore, we can conclude that the reaction mechanism of DAP-4

decomposition is random nucleation and subsequent growth reactions. Its Mechanism

Function is G(a) =[— In (1 — a)]® and f(a) = ;(1 —a)[—In(1—a)]’. And the Es and As
of thermal decomposition of DAP-4 are 232.9 kJ mol! and 1.0x10'® min!,

respectively.

© The Author(s) or their Institution(s)
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Table 1. Characteristic Parameters of DSC Experiments of AP-based molecular

perovskite energetic materials.

Thonser Tpeak Toser AHr
sample B (°C-min')

(°C) (°C) °C) g
DAP-4 5 361.2 387.5 395.8 3870.2
10 369.5 394.3 405.8 4066.7
15 377.0 403.9 412.6 3918.8
20 379.4 410.6 418.9 3322.6
PAP-4 5 338.8 360.6 370.5 2626.8
10 343.2 365.9 379.7 2514.9
15 350.5 378.7 392.0 2750.0
20 352.1 383.1 399.8 2621.5
PAP-H4 5 336.4 356.7 361.6 2621.2
10 341.8 362.9 369.7 2735.1
15 348.6 370.6 379.4 2750.2
20 351.1 376.7 389.5 2865.4
PAP-M4 5 340.0 357.8 362.1 2276.9
10 349.8 366.0 373.6 2321.2
15 358.1 376.2 383.8 1618.0
20 362.8 383.7 391.5 2386.0

Table 2. The activation energy of AP-based molecular perovskite energetic materials

by Kissinger and FWO method.

Sample Kissinger FWO
Ex(kJ'mol!)  IgAy R? Eo(kJ-mol ) IgA R?
DAP-4 205.4+4.8 15.7 0.9758 206+0.9 12.2 0.9782
PAP-M4 167.9+£3.2 133 0.98 170.1+£0.6 11.1 0.9823
PAP-H4 218.844.7 17.7 0.9781 218.2+0.8 13 0.9801
PAP-4 178.5+7.1 14.2 0.9562 181.7£1.2 11.4 0.9607

The thermal decomposition kinetic Mechanism Functions of PAP-4, PAP-M4 and

PAP-H4 were deduced by the same method. The results are shown in Table S5-S7 in

© The Author(s) or their Institution(s)
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Supporting Information, it is concluded that PAP-4, PAP-H4 and DAP-4 are consistent
with Mechanism Function 10, and PAP-M4 is consistent with Mechanism Function 11.
Table 3. Values of activation energy and pre-exponential factor obtained for the

thermal decomposition of DAP-4 from the Satava-Sestak method

Page 14 of 27

p=5 K'min"! p=10 K-min"! p=15 K'min"! =20 K-min"!
No.
Es(KJ/mol) LgAs r Es(KJ/mol) LgAs r Es(KJ/mol) LgAs r Es(KJ/mol) LgAs r
1 540.1 43.19 0.9908 513.1 40.37 0.9942 532.4 41.45 0.9948 538.3 41.57 0.9892
2 585.0 46.74 0.9963 555.1 43.64 0.9981 574.6 44.69 0.9985 582.6 44.95 0.9952
3 604.6 47.717 0.9980 573.7 44.57 0.9992 592.7 45.56 0.9995 602.0 4591 0.9972
4 645.3 51.26 0.9996 612.9 47.89 0.9995 630.4 48.71 0.9999 642.5 49.27 0.9993
5 161.3 12.24 0.9996 153.2 11.41 0.9995 157.6 11.61 0.9999 160.6 11.74 0.9993
6 153.9 11.70 0.9987 146.1 10.91 0.9996 150.7 11.13 0.9998 153.2 11.23 0.9980
7 500.2 38.79 0.9862 476.1 36.26 0.9910 494.3 37.27 0.9914 499.2 37.34 0.9842
8 463.2 35.59 0.9804 441.8 33.32 0.9867 458.8 34.27 0.9868 462.9 34.30 0.9780
9 356.5 28.50 0.9975 339.6 26.73 0.9947 346.2 26.93 0.9964 354.9 27.40 0.9979
10 237.7 18.74 0.9975 226.4 17.57 0.9947 230.8 17.69 0.9964 236.6 18.00 0.9979
11 178.3 13.89 0.9975 169.8 13.02 0.9947 173.1 13.11 0.9964 177.4 13.34 0.9979
12 118.8 9.10 0.9975 113.2 8.52 0.9947 115.4 8.58 0.9964 118.3 8.73 0.9979
13 1426.1 117.36 0.9975 1358.5 110.22 0.9947 1384.7 111.02 0.9964 1419.5 112.92 0.9979
14 89.1 6.74 0.9975 84.9 6.31 0.9947 86.5 6.36 0.9964 88.7 6.46 0.9979
15 713.1 58.02 0.9975 679.3 54.46 0.9947 692.4 54.86 0.9964 709.7 55.80 0.9979
16 1069.6 87.67 0.9975 1018.9 82.32 0.9947 1038.6 82.91 0.9964 1064.6 84.34 0.9979
17 307.8 24.05 0.9987 292.2 22.44 0.9996 301.4 2291 0.9998 306.5 23.11 0.9980
18 181.7 14.11 0.9376 174.8 13.35 0.9502 182.1 13.77 0.9510 182.6 13.68 0.9340
19 217.0 16.93 0.9652 207.3 15.91 0.9735 216.0 16.41 0.9745 217.1 16.35 0.9622
20 156.5 12.09 0.9116 151.4 11.51 0.9277 157.6 11.86 0.9282 157.8 11.77 0.9079
21 322.7 25.15 0.9996 306.5 23.47 0.9995 315.2 23.87 0.9999 321.2 24.15 0.9993
22 330.6 25.70 0.9997 314.2 23.99 0.9990 3225 24.36 0.9995 329.1 24.67 0.9995
23 270.0 21.15 0.9908 256.5 19.75 0.9942 266.2 20.28 0.9948 269.2 20.34 0.9892
24 405.0 32.14 0.9908 384.8 30.04 0.9942 399.3 30.84 0.9948 403.8 30.93 0.9892
25 135.0 10.28 0.9908 128.3 9.59 0.9942 133.1 9.85 0.9948 134.6 9.87 0.9892
26 90.0 6.73 0.9908 85.5 6.28 0.9942 88.7 6.44 0.9948 89.7 6.46 0.9892
27 67.5 4.99 0.9908 64.1 4.66 0.9942 66.6 4.78 0.9948 67.3 4.79 0.9892
28 220.0 17.88 0.7686 218.2 17.52 0.7233 200.4 15.84 0.7639 218.8 17.18 0.7751
29 490.1 39.88 0.9561 474.8 38.11 0.9339 466.6 36.95 0.9560 487.9 38.37 0.9596
30 110.0 8.69 0.7389 109.1 8.51 0.7233 100.2 7.69 0.7639 109.4 8.34 0.7751

It can be seen that the decomposition of AP-based molecular perovskite energetic

materials belongs to random nucleation and growth following model, and the

mechanism function of PAP-M4 belongs toG(a)=[—In(1—a)]* and f(a)

=21—-a)[—In(1— a)]%. Therefore, the activation energy and pre-exponential factor
of PAP-4 are 171.3 kJ-mol-! and 4.05%10'3 min’!, respectively. The Es and As of PAP-
H4 are 205.0 kJ-mol-! and 4.08x10'¢ min-!, respectively. The activation energy and
pre-exponential factor of PAP-M4 are 179.1 kJ'mol! and 2.08x10'"* min,

respectively.
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According to the mechanism of thermal decomposition, we also use coupled thermal
analysis technology TG-QMS to analyze the entire decomposition process. TG-QMS
proved to be an effective method to study the mechanism of thermal decomposition, it
can better understand thermal degradation and reaction mechanisms by measuring the
gas evolution curve of the decomposition products®. As shown in the Fig. 4, it can see
the formation of H,O, NO,, CO, in the decomposition reaction. Therefore, it can be
inferred that when AP-based molecular perovskite energetic materials receive external
heating, the protons in A-sites (H,dabco?', H,pz?*, H,mpz>*, and H,hpz>") are
activated, but the anion skeletons are maintained by the Coulomb forces. When the
temperature reaches a certain temperature, the external energy is greater than the
Coulomb force between ClOsand NH,*, the anion skeleton will be destroyed, and the
activated protons and ClO4 form a large amount of HC1O,4. At the same time, HC1Oy is
promoted by the electron flow at the A-sites and the lower activation energy of the
substance itself to promote reductive decomposition, the generated superoxide
radical ‘O, reacts with the organic fuel at the A-sites to generate H,O, NO,, CO,, etc.
Because of the unique molecular perovskite structure that combines the oxidizer and
the fuel, so that AP-based molecular perovskite energetic materials obtain a greater

exothermic energy.
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Fig. 4. the mass spectra for AP-based molecular perovskite energetic materials:
(a)DAP-4, (b) PAP-4, (c) PAP-M4, (d) PAP-H4 at a heating rate of 10 °C-min-'.
3.3 Thermodynamic parameters

Putting the heating rate data (Table 1) into equation (11) and (12), the thermal
decomposition extrapolation starting temperature 7,), peak top temperature 7p,
thermal ignition temperature 7.5, and heat explosion temperature 7,, of AP-based
molecular perovskite energetic materials can be obtained. And then put the obtained
Es, As, T, into equation (13)-(15) to get enthalpy (4H), entropy (4S) and Gibbs free
energy (4G) of AP-based molecular perovskite energetic materials, the results are
listed in Table 4. It is concluded from Table 4 that the 7.9, Tpg, Top, and T, of AP-
based molecular perovskite energetic materials are relatively high (300 °C-405 °C),
and the values enthalpy (4H), entropy (AS) and Gibbs free energy (AG) of AP-based
molecular perovskite energetic materials are all greater than 0, indicating that they are
generally thermodynamically stable.

Table 4. Thermodynamic parameters of AP-based molecular perovskite energetic

materials
AS AH AG
sample Teo(°C) Top(°C) Tpo(°C) Tp(°C)
Jmol'k)"  (kJmol')  (kJmol')
DAP-4 356.4 371.2 388.6 405.0 84.54 227.40 171.45
PAP-4 3459 365.7 378.6 400.6 14.03 165.88 156.74
PAP-H4 338.1 354.1 355.1 371.9 58.56 199.78 162.99
PAP-M4 330.8 348.8 356.1 376.9 8.86 162.8 157.25

3.4 Thermal safety prediction

The maximum reaction rate arrival time of the runaway reaction (TMg,q) is usually
used to determine the thermal safety of the material during storage or transportation®’.
In this thermal analysis test, the sample preparation method of the DSC131 EVO
differential scanning calorimeter is the crucible compression sample preparation. There
is only energy exchange with the outside world, no material exchange, which is
approximately equivalent to a closed environment. Through Equations (16)-(18)
reaction heat (4H,), heat capacity (c,) and reaction rate (o), TMR, of AP-based

molecular perovskite energetic materials can be obtained*’.

© The Author(s) or their Institution(s)
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H,
~ Ho
AH,
ATgq =
P
ar 1 da
dt — (pATaddt

(16)
(17)
(18)

The thermal analysis software AKTS derives the relationship between the initial

temperature of DAP-4 and the corresponding adiabatic induction time as shown in Fig.

5a. The specific heat capacity c, used for calculation is 1.226 J/-g7 k. As shown in

Figure 5a, the values of Tp,, Tpy, Tps and Tpy, of DAP-4 are 275.7, 267.2, 259 and

246.6°C, respectively. Generally, Tp,, is used as a reference for operating temperature,

the Ty, of PAP-4, PAP-M4 and PAP-H4 are 201.2, 194.5 and 217.5°C, respectively. It

can be seen that under adiabatic conditions, Tp,, is much lower than the thermal

decomposition temperature obtained in DSC. The Tp,, of the current excellent

energetic material TKX-50 is 168°C#’, which shows that the thermal safety of AP-

based molecular perovskite energetic materials is better.
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Fig. 5. The curves of critical onset temperature versus adiabatic induction time TMR 44

of (a) DAP-4, (b) PAP-4, (c) PAP-M4, and (d) PAP-H4.

4. Conclusion
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In summary, the thermal kinetics, thermodynamics, and decomposition
mechanism of four typical AP-based molecular perovskite energetic materials, DAP-4,
PAP-4, PAP-M4, and PAP-H4, were studied, and their thermal safety performance was
estimated. The decomposition temperatures were measured by DSC, and the activation
energy, the thermal decomposition extrapolation temperature, the thermal ignition
temperature and the thermal explosion temperature of the four substances were
calculated. The calculation shows that the thermal stabilities of AP-based molecular
perovskite energetic materials are very excellent, indicating that they have a very high
application prospect. And the dynamic mechanism of AP-based molecular perovskite
energetic materials was analyzed. They all follow the random nucleation and growth

model. The Mechanism Functions of DAP-4, PAP-4, and PAP-H4 are G(a) =[—In

1

(1—a) and f(a) = ;(1 —a)[—In (1 —a)]’. The Mechanism Function of PAP-M4

1

belongs toG(a)=[—In(1—a)]* and f(a)=2(1—a)[—In(1— a)]%. Coupled TG-
QMS was used to provide their decomposition mechanism. In addition to thermal
dynamic analysis, their thermal safety performance was also evaluated. The 7y, of
DAP-4, PAP-4, PAP-M4 and PAP-H4 are 246.6, 201.2, 194.5 and 217.5 °C,
respectively. It can be found that PAP-M4 and PAP-4 have the lower Tp,, and poor
stability, while DAP-4 and PAP-H4 have higher Tp,4 and are more stable under
adiabatic storage.

This work offered an important understanding of the decomposition of AP-based
molecular perovskite energetic materials, and had guiding significance for its safe
storage and subsequent applications.
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