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The development of novel combustion catalysts is critical for improving combustion performance of high-
energy solid propellants. In this work, a nickel-based Schiff base complex, N,N’'-bis(salicylidene)
ethylenediamino nickel [Ni(Salen)], as a candidate for the combustion catalyst of solid propellants, was
synthesized with high purity. The effects of Ni(Salen) on the thermal decomposition reaction of FOX-7,
which is closely related to its combustion properties in propellants, were systematically investigated and
the corresponding mechanisms were also evaluated through comparison and analysis. Under the action
of Ni(Salen), peak temperatures of the two decomposition processes of FOX-7 were reduced from 235.7

Received 3lst October 2019 and 296.3 °C to 233.7 and 268.7 °C, respectively. The investigations into the mechanisms revealed the
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1. Introduction

The investigation of high-performance solid propellant is crit-
ical for development of advanced solid rockets for both civil and
military applications.”” Recently, the research of solid propel-
lants with lower impact sensitivities has attracted great atten-
tion due to their favorable safety, which is essential for the novel
advanced solid rockets.** 1,1-Diamino-2,2-dinitroethylene
(FOX-7, C,H,04N,) (Fig. 1a) is a novel energetic material with
good thermal stability and low impact sensitivity, thus making
it the most promising candidate as the energetic component of
insensitive propellants.®*> The combustion performance of
solid propellants, including burning rates, pressure exponents
and temperature coefficient, are significant for the performance
of the corresponding solid rocket engines.**** The addition of
combustion catalysts is an effective approach to adjust the
combustion performance.**® Moreover, it is well-known that
the thermal decomposition properties of energetic compounds
are closely related to their combustion properties in propel-
lants.'”'® Many researchers have demonstrated that the lower
the decomposition temperatures of energetic materials would

“Xi'an Modern Chemistry Research Institute, Xi'an, Shaanxi 710065, China. E-mail:
zhaofqi@163.com

School of Chemical Engineering, Northwest University, Xi'an, Shaanxi 710069, China.
E-mail: xukz@nwu.edu.cn

T Electronic  supplementary  information available. See DOIL
10.1039/c9ra08973j

{ W. Z. Ma and Y. J. Yang contributed to this work.

(EST)

This journal is © The Royal Society of Chemistry 2020

in Ni(Salen) and FOX-7, which promotes the

decomposition of the remaining FOX-7. In addition, it was found that NiO, which was a decomposition
product of Ni(Salen), also played an important role in promoting the thermal decomposition of FOX-7.

lead to the higher the burning rates of propellants.” Therefore,
the thermal decomposition characteristics of FOX-7, including
its decomposition temperatures, activation energy and reaction
rates, are believed to have great influences on the combustion
properties of FOX-7-containing propellants.’”**** In addition,
the development of compounds that could adjust the thermal
decomposition behavior of FOX-7 is essential to optimize the
combustion properties of solid propellants with FOX-7 as an
energetic component.>* In the past two decades, the thermal
decomposition of FOX-7 has been extensively studied by taking
advantages of the catalytic activity of single-metal oxides and
composite oxides, including Fe,03,* CuO,* MnO,,*" V,0; (ref.
32) and CuFe,0,4."® Especially, CuFe,0, has been found to be
able to reduce the peak temperatures of two exothermic
decomposition steps of FOX-7 by 14.7 °C and 13.8 °C. Many
researches have indicated that in comparison with metal
oxides, metal complexes often possess better catalytic effects on
the thermal decomposition of energetic materials, including

ammonium perchlorate (AP, NH,ClO,), cyclo-
trimethylenetrinitramine (RDX, C3H¢NgO¢), and 1,3,5,7-
tetranitro-1,3,5,7-tetrazocane (HMX, C,HgNgOg)."**
&
Z
inner cavity )
o ¥ B

Fig. 1 The structure of FOX-7 (a) and Salen (b).
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The compounds based on the Schiff bases with various
structures, possess many interesting properties including
catalytic, magnetic and biological properties.*** Specifically,
they have been proved to have high catalytic activity in the
hydrogenation of cyclohexene reaction, carbene reaction, and
nitrogen cycle reaction.**?*° It is noticed that nitrogen cycle
reactions are involved in the thermal decomposition of FOX-7
and the combustion processes of propellants containing FOX-
72123 Therefore, the metal Schiff base compounds are
proposed to be potential catalysts for enhancing the decom-
position and combustion of FOX-7.

N,N'-Bis(salicylidene)ethylenediamino (Salen) is a widely
used Schiff base which has suitable inner cavity between its two
salicylaldehyde structures to accommodate metal ions to form
stable metal complexes (Fig. 1b).** Studies have shown that
nickel-based catalysts can effectively increase the high temper-
ature activity and selectivity of amino groups,*-° so it is fore-
seeable that nickel-based catalysts have important influences
on the thermal decomposition behavior of FOX-7. Moreover,
studies also have shown that nickel coordination compounds as
active ingredients have shown very good application prospects
in catalysis and phase stability.****

In this work, Ni(Salen) was synthesized and selected as
a candidate for combustion catalysts of solid propellants and its
effects on thermal decomposition of FOX-7 were investigated.

2. Experimental

Caution! FOX-7 is an energetic compound to be sensitive
towards impact and friction. When handling FOX-7 and its
mixtures with Ni(Salen), proper protective measures including
ear protection, Kevlar gloves, face shield, body armor, and
earthed equipment should be used.

2.1 Materials

All the chemicals used for the synthesis were commercially
available. Salicylaldehyde (C,Hg¢O,, 99.5%), ethylenediamine
(CHgN,, 99.9%), nickel chloride hexahydrate (NiCl,-(6H,O,
99%) and NaOH were purchased from Aladdin Inc. Distilled
water and ethanol (Xi'an Chemical Reagent Factory, 95%) were
used for the preparation of samples. FOX-7 was synthesized in
our institute (Xi'an Modern Chemistry Research Institute)
based on the literature and the purity is over 99%.°

2.2 Synthesis of Ni(Salen)

N,N'-Bis(salicylidene)ethylenediamino (Salen) was prepared
according to ref. 42. Salen (2.68 g, 0.01 mol) was dissolved in
ethanol (30 ml) and heated to 55 °C. NaOH solution (35 ml,
6 mol L") was gradually added to the Salen solution. Then,
ethanol solution of NiCl, (20 ml, 0.05 mol L™") was added
dropwise. After stirring for 2 h, the precipitates with blood red
color appeared. The precipitates were filtered, washed with
ethanol and water and dried to obtain the final product Ni(Sa-
len) complex. Yield: 82.5%. Elem. anal. (%). Caled for
C16H14N,NiO,: C, 59.13; H, 4.34; N, 8.62. Found: C, 59.73; H,
4.31; N, 8.54.
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Single crystals for the Ni(Salen) complex were obtained by
the solvent evaporation method at ambient temperature.

2.3 Characterization

Elemental analysis (C, H, N) was performed by the combustion
method on a Flash EA 1112 full-automatic trace element
analyzer, and the amount of each test was 7.00 mg. Its accuracy
is better than 0.5%.

Phase identification was conducted using powder X-ray
diffraction (XRD) on a PANalytical X'Pert Pro X-ray Diffractom-
eter with Cu Ko radiation (1 = 1.5418 A) at 40 kv and 40 mA. The
data were collected from 5° to 90° (26) in steps of 0.05° at
ambient temperature.

The vibrational characteristics of chemical bonds were
determined using a Bruker Tensor 27 Fourier Transform
Infrared (FT-IR) spectrometer. The spectra of the samples (as
KBr pellets with a KBr to sample mass ratio of approximately
30 : 1) were acquired in the range of 4000-400 cm™* in trans-
mission mode with a resolution of 2 em ™.

The morphology and the microstructures of the metal
complexes and the ligand were studied by field emission scan-
ning electron microscope (FESEM) of Zeiss SIGMA. The sample
is enlarged 1000 times to get high-definition picture.

The DSC experiments were performed using a DSC200 F3
apparatus (NETZSCH, Germany) under a nitrogen atmosphere
at a flow rate of 80 ml min~ ', and the heating rates were
10.0 °C min~ " from ambient temperature to 350 °C. In addition,
unless otherwise noted, the mass ratio of the mixture samples
for the DSC tests is 1:10 [Ni(Salen): FOX-7]. The TG/DTG
experiment was performed using SDT-Q600 apparatus (TA,
USA) under a nitrogen atmosphere at a flow rate of 100
ml min~', and the heating rate was 10.0 °C min~" from ambient
temperature to 500 °C.

X-ray photoelectron spectroscopy (XPS) analysis was con-
ducted on an ESCALAB 250 Xi XPS microprobe (Thermo
Scientific, UK). The sample was prepared by sprinkling powder
on a carbon tape attached to the sample holder. XPS spectra
were recorded using monochromatic Al-Koa (186.6 eV) X-ray
sources under an ultimate pressure of 5 x 10 '° mbar. All
data were calibrated using the adventitious C 1 s signal at
284.8 eV as a reference.

3. Results and discussion
3.1 Crystal and structure of Ni(Salen)

The XRD pattern of the as-prepared Ni(Salen) complexes was
obtained and compared with the pure Salen ligand (26 from 5°
to 80°). As shown in Fig. 2a, no diffraction peaks belonging to
Salen are observed on the XRD pattern of Ni(Salen), indicating
that there is no Salen left in the as-prepared sample. The new
peaks at 6.68°, 12.79°, 13.79°, 14.56°, 17.78°, 18.67°, 20.57°,
24.57°, and 27.12°detected on the pattern are attributed to
Ni(Salen), which fits well with the literature, confirming the
successful synthesis of this compound and its high purity.*>** In
addition, the high signal-to-noise ratio of the XRD pattern
suggests the good crystallinity of Ni(Salen).

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) XRD pattern and (b) FTIR spectrum of the Salen ligand and

Ni(Salen).

The single crystals of Ni(Salen) were also obtained and
characterized. X-ray single crystal diffraction studies show that
the as-synthesized Ni(Salen) crystallizes in an orthorhombic
system with the space group of Phca and contains eight mole-
cules per unit cell, which is consistent with the literature.**
Based on the structure derived from the X-ray single crystal
diffraction data, the X-ray powder diffraction pattern of Ni(Sa-
len) is achieved via calculation, and the measured pattern is
found to be in good agreement with the simulated pattern
(Fig. 2a). This result further confirms the preparation of high-
purity Ni(Salen) samples.

The structural characteristics of Ni(Salen) were further
investigated by using FTIR. As shown in Fig. 2b, two stretching
vibrational absorption bands of the bridged carbon-nitrogen
double bond (1462.5 cm™ ") and the carbon-nitrogen single
bond (1624.6 cm ™ ') are detected both on the spectra of Salen
and Ni(Salen), indicating that the bridging ethyl did not
participate in the coordination. On the other side, the two
absorption peaks belonging to the phenolic hydroxyl group at
1019.8 ecm™ ' and 1039.0 cm™' in Salen merge into to one
(1025.9 cm™") in the complex, and this is attributed to the
coordination of ~OH with the Ni*" ion. Moreover, the absorp-
tion peaks appearing at 666.2, 631.5, and 599.3 cm ' are
attributed to the Ni-O coordination bonds, which suggests that
the transition metal in the complex is coordinated with the
phenolic hydroxyl group. The coordination structure derived
from the above FTIR characteristics is in good coincidence with
the crystal structure reported in the literature.*® In addition, it is
noticed that, three absorption bands belonging to the benzene
ring (1611.9, 1577.2, 1497.3 cm™ ') are observed on the Salen
spectrum, whereas only two bands (1597.8, 1535.5 cm™ ') are
present on the spectrum of Ni(Salen). The reason for the
phenomenon is that, the electron donor capacity of oxygen

This journal is © The Royal Society of Chemistry 2020
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atoms of the phenolic hydroxyl group to the benzene ring is
increased due to the existence of Ni, thus leading to the changes
in the position and number of absorption peaks of the carbon
frame.

3.2 Effects of Ni(Salen) on thermal decomposition of FOX-7

The thermal behaviors of FOX-7 and Ni(Salen) were also recor-
ded for comparison. As shown in Fig. 3a, the thermal decom-
position curve of FOX-7 showed an endothermic peak at
115.9 °C due to its phase transition. Upon further heating, the
pristine FOX-7 decomposes via two stages, i.e. the relatively slow
exothermic decomposition with peak temperature (7,) at
235.7 °C and the intensive exothermic decomposition with T}, at
296.3 °C. According to the literature,'®" the first-stage decom-
position of FOX-7 is the denitrification process, and the second
one is the formation of HONO due to the break of the second
nitro, which causes the entire molecule to completely decom-
pose. The as-prepared Ni(Salen), it is interesting to find that no
significant thermal effects appear during thermal decomposi-
tion except for an endothermic peak at 126.5 °C belonging to
phase transition. As for the FOX-7/Ni(Salen) mixture (Ni(Sa-
len) : FOX-7 =1 : 10), FOX-7 in the mixture still shows two-stage
thermal decomposition behavior, suggesting that the decom-
position mechanism of FOX-7 may not be altered. The peak
temperatures for the first and second decomposition stages are
determined to be 233.7 °C and 268.7 °C for the mixture,
respectively. In comparison with the pure FOX-7, the peak
temperatures of the FOX-7 in mixture were decreased by 2 °C
and 27.8 °C for the first and second stages, respectively. Obvi-
ously, Ni(Salen) is very effective in promoting the thermal

(a) 296.3°C

Exo—

235.7°C

FOX-7 S N L

Ni(Salen)
o 268.7°C
Ni(Salen)FOX-7 _ 2337°C
T T T T
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T/°C
(b) ——Ni(Salen)/FOX-7
- - - Fit Peakl
} — - = Fit Peak2
268.7°C
]
=
=

T T T T T
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Fig. 3 (a) DSC curves of FOX-7, Ni(Salen) and FOX-7/Ni(Salen)
mixtures; (b) DSC curves of FOX-7/Ni(Salen) mixtures from 180 to
340 °C.
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decomposition of FOX-7, especially the second-stage decom-
position. In addition, it is noticed that in the existence of
Ni(Salen), the second thermal-decomposition stage of FOX-7
initiates at about 245.31 °C at which the first one has not
been finished (Fig. 3b).

TG tests were also performed to further understand the
decomposition processes of FOX-7/Ni(Salen) mixtures (Ni(Sa-
len) : FOX-7 = 1:10). As shown in Fig. 4, upon heating, two-
stage mass-loss behavior is observed for the pristine FOX-7,
which fits well with the DSC results, confirming the two
exothermic stages of decomposition reactions. For the Ni(Sa-
len), although no obvious thermal effects were detected in the
DSC measurement, its decomposition is found to initiate at
about 300 °C and peaked at 373.3 °C with a mass loss of 38.12%.
It is noticed that the thermal-stability of Ni(Salen) is higher than
that of FOX-7. As for the FOX-7/Ni(Salen) mixture, the decom-
position initiates at 211.6 °C, and the two-stage decomposition
behavior is also detected. The peak temperatures were deter-
mined to be 233.7 °C and 268.7 °C for the first and second
reaction stage, respectively. It should be noted that no mass
losses exist at temperatures higher than 300 °C, indicating that
there are interactions between FOX-7 and Ni(Salen) in the
thermal decomposition of the mixture, and all the Ni(Salen) is
consumed in the interactions. Therefore, the reactions occur-
ring in the temperature range of 200-300 °C should be attrib-
uted to the interactions between FOX-7 and Ni(Salen), which is
responsible for the enhancement of FOX-7 decomposition.

3.3 Mechanisms of the promoted FOX-7 decomposition

The effects of Salen ligand and Ni** in Ni(Salen) on the
decomposition of FOX-7 were both examined to disclose the
role of Ni(Salen) during thermal decomposition of the FOX-7/
Ni(Salen) system. The as-prepared Salen was mixed uniformly
with FOX-7 at different mass ratios (Salen : FOX-7 =1:10,1: 5,
1:1, 2:1), and then subjected to DSC thermal analysis. The
results are shown in Fig. 5. For the mixture at the mass ratio of
1:10, two exothermic events peaked at 233.8 °C and 273.5 °C
are observed, which indicates that the Salen ligand is effective
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Fig. 4 TG-DTG curves of FOX-7 (a), FOX-7/Ni(Salen) mixture (b) and
the Ni(Salen) (c).
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Fig. 5 DSC curves of FOX-7/Salen mixture at different mass ratios,
FOX-7 and Salen ligand.

in promoting the second-stage decomposition of FOX-7. For the
mixture with a mass ratio of 1:5, although similar thermal
behavior is observed, a new exothermic peak at 212.3 °C appears
on the DSC curve in comparison with the sample with a mass
ratio of 1:10. Upon further increase of the ratio to 1: 1, the
peaks near 234 °C and 275 °C become weaker, whereas the peak
at 211.5 °C is evidently enhanced. Moreover, at a higher mass
ratio of 2 : 1, only the exothermic peak at 211.7 °C was detected.
The peak near 211 °C is attributed to the interactions between
FOX-7 and the ligand Salen. On the other side, the two peaks
near 234 °C and 275 °C may originate from the enhanced FOX-7
decomposition. In addition, based on the interaction charac-
teristics stated above, it is proposed that the reaction products
between Salen and FOX-7 would promote the thermal decom-
position of the remaining FOX-7 and lead to reduced decom-
position temperatures. Therefore, Salen as a precursor of an
organic active material can promote the second-stage thermal
decomposition process of FOX-7, which can evidently influence
the decomposition of FOX-7.

A comparison was made between the decomposition
behavior of the FOX-7/Ni(Salen) system and the FOX-7/Salen
system both with mass ratios of 10: 1. As shown in Fig. 6,
interestingly, it is noticed that the peak temperatures of the

296.3°C
M
— =
=
g
=
wn
=
2
= 235.5°C
FOX-7 VA
v 233.8°C
FOX-7/Salen 273.5°C
- 233.7°C .
FOX-7/Ni(Salen) i AN
T T
100 200 300

T/°C

Fig. 6 Different promotion effects of Salen and Ni(Salen) on FOX-7
decomposition.
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first-step decomposition are close for both systems. However,
for the FOX-7/Ni(Salen) system, the second-step decomposition
is peaked at lower temperature than the FOX-7/Salen system.
Considering the same contents of the additives and the higher
content of Salen ligand in the FOX-7/Salen system, apparently,
Ni(Salen) possesses higher activity than Salen in promoting the
second-step decomposition of FOX-7. There are two possible
reasons behind this: first, Ni** is also active in enhancing the
second decomposition step of FOX-7; second, the existence of
Ni** results in the alteration of the electronic structures of the
Salen ligand, thus enhancing activity.

On the other hand, for the purpose of understanding the role
of Ni*" in Ni(Salen), nano Ni and nano NiO were added to FOX-
7, and the thermal decomposition behavior of the mixtures (Ni/
NiO : FOX-7 = 1 : 10) were recorded. The selection of nano Ni
and nano NiO is because according to the literatures,* nano
metal or nano metal oxide particles form in the decomposition
of metal complexes. As shown in Fig. 7, when compared with
the pure FOX-7, the DSC result of the FOX-7/Ni mixture indi-
cates that the metallic Ni shows no effects on the decomposition
of FOX-7. On the other hand, upon the addition of NiO, the peak
temperatures of both the first and second decomposition stages
are decreased, confirming that Ni** is able to promote the both
decomposition processes of FOX-7 significantly. Therefore, NiO
as the decomposition product of Ni (Salen), can significantly
promote the two decomposition stages of FOX-7 compared with
Ni. For the first step, the peak temperature is decreased by
6.3 °C from 235.7 °C to 229.4 °C. As for the second decompo-
sition step, the peak temperature is reduced by 4.7 °C from
296.3 °C to 291.6 °C. On the basis of the above results, it is
proposed that Ni** is responsible for the enhanced first-step
decomposition of the FOX-7/Ni(Salen) system. As for the
second step, on the other hand, both Ni*" and the ligand Salen
contribute to decreasing the decomposition temperatures.

The FOX-7/Ni(Salen) system (Ni(Salen) : FOX-7 = 1 : 10) was
heated to 233 °C and 320 °C and held until the reaction was
completed, thus the decomposition products of the first and
second step were obtained. The products were subjected to XPS
measurements to determine the chemical states of Ni. As
exhibited in Fig. 8, for the products of the first decomposition

291.6°C
=]
=]
=
3 229.4°C
E nano NiO/FOX-7
£ 296.3°C
£ 234.9°C
= | nano Ni /FOX-7
296.3°C
235.7°C
FOX-7 2N
~— T T T T
100 150 200 250 300
T/°C

Fig. 7 Different promotion effects of nano NiO and nano Ni on FOX-7
decomposition.
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step, the fitted peaks at 853.71 and 870.04 eV are assigned to
NiO, and the peaks with binding energy of 857.18 and 874.55 eV
are assigned to Ni. In addition, two satellite peaks belonging to
NiO were also detected at 860.87 and 878.17 eV. The areas of the
peaks assigned to Ni and NiO were also calculated to achieve
their contents (listed in Table 1). It is found that the products of
the first decomposition step contain 80.71% of NiO and 19.29%
of metallic Ni. As for the products obtained at 320 °C, the
chemical states of Ni are different. The peaks at 852.38 and
869.62 eV belong to NiO, and the peaks with binding energies of
853.8 and 871.1 €V are assigned to Ni. The peaks with binding
energy of 859.3 and 876.5 eV were also attributed to two vibra-
tional companion peaks of Ni (denoted as “Sat”). The calcula-
tion indicates that there are 72.04% of Ni and 27.96% of NiO in
the products obtained at 320 °C. On the XRD pattern of the
products collected at 320 °C, only the diffraction peaks
belonging to metallic Ni are observed, indicating its good
crystallinity (Fig. 9). In addition, since no peaks of NiO are
present on the pattern, it is proposed to be amorphous.

Based on the above investigations into the mechanismes, it is
believed that in the FOX-7/Ni(Salen) system, upon heating, the
interactions between FOX-7 and Ni(Salen) occur first, leading to
the formation of NiO and an organic intermediates, which is
also generated from the interactions between FOX-7 and Salen.
Both the intermediates and NiO contribute to the decreased
decomposition temperatures of FOX-7. The favorable thermal

Intensity (a.u.)

— T T T T — T T T T T LI
845 850 855 860 865 870 875 880
Binding Energy (eV)

Intensity (a.u.)

T T T T
865 870 875 880
Binding Energy (eV)

T T
855 860

T
850

885

Fig. 8 XPS results of the decomposition products of the FOX-7/
Ni(Salen) system collected at 233 °C (a) and 320 °C (b).
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Table 1 Niand NiO contents of the products collected at 233 °C and
320 °C based on the XPS results

Temperature/°C Ni content/% NiO content/%
233 19.29 80.71
320 72.04 27.96

-~

!

g

Z

"2 | Mixwre products at 320°C M JL A TN

ol an Wi umner

=

=

Ni:JCPD NO.45-1027 | | | |
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A L : .
10 20 30 40 _50 60 70 80 90
20 (%)

Fig. 9 XRD curves of FOX-7 and Ni(Salen) mixture products heated to
320 °C.

decomposition properties of FOX-7/Ni(Salen) system indicate
that the organic ligands with catalytic activity such as Schiff
bases are promising for being used to develop novel high-
performance combustion catalysts.

4. Conclusions

A compound based on the Schiff base (Salen) was studied as
a potential combustion catalyst for insensitive solid propellants
containing FOX-7. The addition of Ni(Salen) can significantly
change the thermal decomposition processes of FOX-7 and
decrease the peak temperatures of the two-stage exothermic
decomposition of FOX-7 by 2 °C and 27.6 °C, respectively. The
two-step separate decomposition processes are converted into
a one-step continuous intense exothermic process, which is
advantageous for improving the combustion performance of
the FOX-7-containing propellant. The mechanism analysis of
the FOX-7/Ni (Salen) system showed that the interactions
between FOX-7 and Ni (Salen) first formed NiO and organic
intermediates during the heating process. Both the intermedi-
ates and NiO contribute to reducing the decomposition peak
temperature and improving thermal decomposition perfor-
mance of FOX-7, which indicates that the catalytically active
organic ligands such as Schiff bases are expected to become the
development direction of new-type high-performance combus-
tion catalysts.
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