
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
21

/2
02

5 
3:

05
:0

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Synthesis of C60-
State Key Laboratory of Environment-friend

of Science and Technology, Mianyang 6210

rfpeng2006@163.com

† Electronic supplementary informa
https://doi.org/10.1039/d5ra01741f

Cite this: RSC Adv., 2025, 15, 23827

Received 11th March 2025
Accepted 2nd June 2025

DOI: 10.1039/d5ra01741f

rsc.li/rsc-advances

© 2025 The Author(s). Published by
CM-Cn and its effect on the
stabilization of nitrocellulose†

Haoxi Chu, Bo Jin, * Yang Zhao and Rufang Peng*

The fullerene derivative C60-CM-Cnwas synthesized via a two-step reaction using fullerene (C60), curcumin

(C21H18O5), and bromoalkanes (RBr) as raw materials. The structure of C60-CM-Cn was characterized by

nuclear magnetic resonance (1H and 13C NMR) and high-resolution mass spectrometry (HR MS). Thermal

analysis, including differential thermal analysis (DTA), vacuum stability tests (VST), thermogravimetric

analysis (TG), and methyl violet experiments, along with electron paramagnetic resonance spectroscopy,

was used to investigate the interaction mechanism between C60-CM-Cn and nitrocellulose (NC). The

results demonstrated that there is good compatibility between C60-CM-Cn and NC, C60-CM-Cn

extended the color change time of methyl violet paper by 28–47 min, reduced the gas released during

the thermal decomposition of NC by 0.7–1.69 mL g−1, and decreased the heat loss rate of NC by 9.8–

15.6%. Additionally, at a minimum concentration of 0.19 g L−1, C60-CM-Cn achieved a 50% removal rate

of nitrogen oxides (NOx). These findings indicate that C60-CM-Cn serves as an effective antioxidant for

the removal of nitrogen oxides from NC fibers, outperforming traditional stabilizers such as

diphenylamine (DPA) and C2 in improving NC stability.
1. Introduction

Solid propellants with nitrate compounds as the main compo-
nents have gained widespread use due to their high energy
content and reduced smoke signature.1,2 However, due to the
low dissociation energy of nitrate bonds, these compounds are
prone to decomposition, which may occur during storage and
transportation. And the decomposition process releases
nitrogen oxides and nitrogen oxygen radicals, which further
catalyze the decomposition of nitrate and generate excessive
heat, ultimately affecting the performance of solid fuels. To
extend the service life of solid propellants and pyrotechnic
explosives, small amounts of chemical stabilizers are added to
absorb the nitrogen oxides generated by nitrate decomposition,
thereby inhibiting autocatalytic decomposition.3–6

Traditional stabilizers are primarily classied into aniline and
phenylurea derivatives,7,8 such as diphenylamine (DPA), 2-nitro-
diphenylamine (2-NDPA), N-methyl-p-nitroaniline (MNA), N,N0-
diethyl-N,N0-diphenylurea (C1), N,N0-dimethyl-N,N0-diphenylurea
(C2), 1,1-diphenylurea (AKI), and 3-methyl-1,1-diphenylurea
(AKII). DPA, 2-NDPA, and MNA are chemically basic and can
absorb nitrogen-oxygen acid gases, chemically inhibiting the
autocatalytic decomposition of nitrocellulose and improving fuel
stability.9,10 However, the strong alkalinity of aniline-based
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the Royal Society of Chemistry
stabilizers can promote the saponication reaction of nitrate,
reducing the chemical stability of the propellant.11,12 Phenylurea-
based stabilizers, such as C1, C2, AKI, and AKII, reduce the
strength of amine-based stabilizers due to the strong electron-
withdrawing effect of the carbonyl group. This effect reduces
the alkalinity of the amine group, effectively inhibiting the
saponication of nitrate groups but also decreasing the scav-
enging ability for NOx.13,14 Moreover, traditional stabilizers
generally exhibit poor scavenging capacity for nitrogen and
oxygen radicals, making it critical to develop a chemical stabilizer
capable of absorbing both nitrogen oxides and free radicals.

Fullerenes, known as “free radical sponges”, possess unique
three-dimensional hollow structures, high antioxidant and acid
corrosion resistance, good thermal stability, and effective
scavenging abilities for various free radicals in the environ-
mental system. They also exhibit good compatibility with other
major components in propellants, making them ideal materials
for chemical stabilizers.15–18 It has been demonstrated that the
scavenging of various free radicals (e.g., hydroxyl and super-
oxide radicals) can be enhanced by introducing external groups
through chemical modication of fullerenes.19,20 Based on this,
a series of new fullerene cyclopropane and pyrrolidine deriva-
tives with dual-function stabilizers were synthesized by
combining fullerenes with traditional stabilizers at the molec-
ular level using functional derivatization methods such as
Bingel, Prato, and F–C reactions. These new derivatives were
evaluated for their ability to absorb free radicals, and the results
showed that the stabilization effect of fullerenes on NC was
signicantly better than that of DPA and C2.21–25
RSC Adv., 2025, 15, 23827–23835 | 23827
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However, research on fullerene stabilizers remains limited,
and there is no clear understanding of the conformational
relationship between small molecule structures and fullerenes.
Recent studies have shown that the natural compound curcu-
min can also serve as a stabilizer to inhibit the autocatalytic
degradation process that produces nitrous gas and free nitric
acid.26,27 To further study the molecular structure of fullerene
materials and their free radical scavenging capabilities, as well
as their stabilizing effect on NC, this study synthesized C60-CM-
Cn via a two-step reaction using fullerene, the natural small
molecule curcumin, and bromoalkanes as raw materials. The
inuence of the synthesized compound on NC and its potential
as a stabilizer for double base propellants were evaluated using
methods such as DTA, isothermal thermogravimetric analysis,
methyl violet test, and ESR.
2. Experimental
2.1. Synthetic procedures

2.1.1. Materials. C60 (99.5% purity) was obtained from
Puyang Yongxin Fullerene Technology Co., Ltd. Curcumin,
(analytical pure) was sourced from Shanghai Yi En Chemical
Technology Co., Ltd. Carbon tetrabromide (99%) was purchased
from Shanghai Merrill's Reagent. DPA, 3-methyl-1, 10-dipheny-
lurea, and 1, 8-diazabicyclo[5.4.0]undec-7-ene were examined
alongside potassium iodide (99%, Shanghai Aladdin Reagent).
Sodium nitroprusside, sodium diethyldithiocarbamate trihy-
drate, ethyl bromide, propyl bromide, butyl bromide, and
benzyl bromide were all obtained in analytical purity from
Shanghai Maclean's Biochemical Science and Technology.
Additional materials included 300–400 mesh silica gel, anhy-
drous ethanol, n-hexane, toluene, carbon disulde, methylene
Fig. 1 Synthetic routes for C60-CM-Cn.
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chloride, o-dichlorobenzene, ferrous sulfate heptahydrate, and
anhydrous potassium carbonate (all analytical grade from
Chengdu Kelon Chemical Reagent). Methyl violet test paper was
sourced from the Xi'an Institute of Modern Chemistry.

2.1.2. Synthetic procedures. The synthetic routes of
curcumin-derivatized small molecules and C60-CM-Cn are
shown in Fig. 1.

Curcumin (9.2 g, 0.025 mol), potassium carbonate (13.8 g,
0.10 mol), alkyl bromide (0.10 mol), and potassium iodide
(1.7 g, 0.01 mmol) were combined in 80 mL of ethanol. The
mixture was heated, condensed, and reuxed for 48 h to facil-
itate the reaction. Aerward, the mixture was ltered and
concentrated, yielding a brown solid product (curcumin-
derivatized small molecules 1a–d (ref. 28)). In a separate
process, 360 mg (0.5 mmol) of C60 was weighed into a 50 mL
single-necked round-bottom ask. To this, 10 mL of o-dichlo-
robenzene was added, and the mixture was sonicated until the
C60 fully dissolved. Next, 446 mg (1.5 mmol) of carbon tetra-
bromide, 150 mL of 1,8-diazabicyclo[5.4.0]undec-7-ene, and
500 mg of products 1a–d were introduced. The reaction was
stirred for an hour and a half at room temperature. Upon
completion, the product was puried via silica gel column
chromatography. The brown products 2a–d were collected
through gradient elution with toluene-dichloromethane,
resulting in reddish-brown solutions that were spun-dried to
yield the nal brown products. The structures of the products
were characterized using 1H NMR, 13C-NMR, and high-
resolution mass spectrometry (HRMS).
2.2. Equipment and conditions

2.2.1. Preparation of the NC stabilizers samples. 15 mg of
various stabilizers (DPA, C2, 2a–d) were dissolved in 10 mL of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Basic formulations of NC stabilizers samples

Samples Stabilizers

wt/%

NC/NG Stabilizers

S-1 None 100 0
S-2 DPA 97 3
S-3 C2 97 3
S-4 2a 97 3
S-5 2b 97 3
S-6 2c 97 3
S-7 2d 97 3
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carbon disulde. Subsequently, 485 mg of NC was added, and
the mixture was stirred with a glass rod until the solvent evap-
orated completely, ensuring uniform dispersion of the stabi-
lizers on the surface of the NC. This resulted in a homogeneous
sample mixture (stabilizer/NC). The mixed sample was then
vacuum dried at 45 °C for 48 h until it reached a constant
weight, producing the nal sample, as outlined in Table 1.

2.2.2. DTA test. For thermal decomposition performance
testing, a mixed sample of 1.50 mg pure NC and C60-CM Cn/NC
with a mass ratio of 1 : 1 was heated from 40 °C to 300 °C at
a rate of 10 °Cmin−1. The decomposition peak temperature was
recorded and compared to evaluate the compatibility of C60-CM
Cn with NC.

2.2.3. Methyl violet test. The methyl violet experiment was
conducted using the VDY00-01 device at 134.5 °C with a sample
mass of 300 mg. The time taken for the methyl violet test paper
to change from purple to orange-red was documented.
Fig. 2 1H NMR spectra of compound 2a.

© 2025 The Author(s). Published by the Royal Society of Chemistry
2.2.4. Vacuum stability test (VST). Gas volume release was
measured at 100 °C over a duration of 48 h with a sample mass
of 100 mg. The amount of gas released was recorded post-
experiment.

2.2.5. TG test. Under the experimental conditions of
a nitrogen-owing atmosphere (40 mLmin−1), a temperature of
134.5 °C, a constant temperature duration of 6 h, and a sample
mass of 3.2 mg, a weight loss experiment was conducted using
a 404 F1 differential scanning calorimeter (Netzsch). The weight
loss rate of the sample was recorded.

2.2.6. ESR test. The ESR test was performed using a Bruker-
EMXnano instrument with a sweep width of 150.0 G, a center
magnetic eld of 3373.05 G, and a sample g-factor of 2.0400.
The auxiliary reagents used were sodium nitroprusside (SNP) at
2 mM, FeSO4$(H2O)7 at 20 Mm, and sodium dieth-
yldithiocarbamate trihydrate (DETC) at 40 mM. Fullerene
derivatives were dissolved in CS2 to prepare solutions with
concentrations of 0.2, 0.4, 0.8, 1.6, and 3.2 mM.

3. Result and discussion
3.1. Structural characterization of fullerene derivatives

C60-CM-Cn (2a–d) was synthesized as described previously.
Compounds 2a–d were analyzed using 1H-NMR, 13C-NMR, and
HRMS (Fig. S1–S12†).

The 1H NMR spectrum of compound 2a displays a triple peak
at d 1.52 ppm for the six methyl protons in the ethyl branch
chain. It also shows two double peaks at d 4.22 ppm for the four
methylene protons, a single peak at d 4.01 ppm for the six
methoxyl protons, and four double peaks at d 6.95 ppm and
RSC Adv., 2025, 15, 23827–23835 | 23829
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d 8.16 ppm for the four protons on the double bond. The two
benzene rings show double peak at d 7.28 ppm, d 7.32 ppm and
d 7.36 ppm for their six protons, respectively.28–30 As depicted in
Fig. 2, the 13C NMR spectra indicate that the sp2-C peaks on the
fullerene carbon cage range from 140 to 150 ppm. The charac-
teristic peak for carbonyl carbon appears at 186.95 ppm, while
the sp3-C peak attached to the external group is found at
70.80 ppm. The peaks corresponding to carbon atoms attached
to the fullerene are at 46.78 ppm. The methoxyl carbon peak is
at 56.27 ppm, and the ethyl carbon peaks are at 10.40 ppm and
22.35 ppm. Characteristic peaks for three carbon atoms
attached to the external benzene ring are located at 110.91 ppm,
118.69 ppm, and 123.59 ppm. The carbon atoms connected to
the carbon chain on the benzene ring show peaks at
126.61 ppm, while the peaks for carbon atoms bonded to the
benzene ring and the two carbon atoms attached to the ethoxyl
ring are found at 152.27 ppm. Peaks for carbon atoms con-
nected to the double bond are detected at 137.40 ppm and
124.59 ppm.31 The HRMS result of 1142.17 matches the ex-
pected molecular weight, conrming the target structure
(Fig. S1–S3†).

The 1H NMR spectra of compound 2b reveal a triple peak at
d 1.05 ppm, indicating six methyl protons on the n-propyl group.
There are two double peaks at d 1.90 ppm and d 4.92 ppm for
eight methylene protons. A single peak at d 4.01 ppm corre-
sponds to six methoxyl protons, while four protons on the
double bond show peaks at d 6.93 ppm and d 8.28 ppm. The six
protons from the two benzene rings appears as two peaks at
d 7.22–7.24 ppm and d 7.30–7.32 ppm. The 13C NMR spectrum
presents a characteristic peak for sp2-C in the fullerene carbon
cage, located between 140–150 ppm. There is also a notable
carbonyl carbon peak at 186.13 ppm and a peak for fullerene
sp3-C linked to an external group at 74.26 ppm. Peaks for carbon
atoms attached to fullerenes are found at 31.59 ppm, while
methoxyl carbons appear at 56.45 ppm. The n-propyl carbon
peaks are observed at 10.38 ppm, 22.31 ppm, and 71.06 ppm.
There characteristic peaks for the carbons attached to the
external benzene ring are identied at 110.73 ppm, 112.39 ppm,
and 120.73 ppm. Additionally, peaks for the carbon atoms
attached to the carbon chain on the benzene ring are located at
126.68 ppm. Two carbon atoms connected to the oxygen on the
benzene ring are found at 152.40 ppm, and carbon atoms tied to
the double bond appear at 137.81 ppm and 125.02 ppm. The
HRMS result of 1170.20 aligns with the expected molecular
weight, conrming the target structure (Fig. S4–S6†).

The 1H NMR spectrum of compound 2c reveals a triple peak
at d 0.97 ppm, corresponding to six methyl protons on the butyl
group. Additionally, there are two double peaks at d 1.50 ppm
and d 1.85 ppm, representing 12 protons from the three meth-
ylene groups. A double peak at d 3.95 ppm indicates six
methoxyl protons, while the double bond protons show peaks at
d 6.92 ppm and d 8.28 ppm. The four protons in the double
bond also exhibit two double peaks at d 6.92 ppm and
d 8.16 ppm. The six protons on the two benzene rings are rep-
resented by three peaks at d 7.23 ppm, d 7.32 ppm, and
d 7.36 ppm. The 13C NMR spectrum displays characteristic
peaks of sp2-C within the fullerene carbon cage, found in the
23830 | RSC Adv., 2025, 15, 23827–23835
range of 140–150 ppm. The carbonyl carbon appears at
185.29 ppm, and the fullerene sp3-C connected to an external
group shows a peak at 75.79 ppm. Peaks for carbon atoms
attached to fullerenes are observed at 31.05 ppm. Methoxyl
carbon is identied at 56.31 ppm, while n-butyl carbon peaks
are seen at 13.84 ppm, 19.19 ppm, 26.93 ppm, and 68.86 ppm.
Peaks corresponding to three carbon atoms on the benzene ring
appear at 111.02 ppm, 112.43 ppm, and 118.73 ppm. Peaks for
carbon atoms on the benzene ring attached to the carbon chain
are found at 126.65 ppm. Two carbon atoms on the benzene
ring connected to oxygen show peaks at 152.37 ppm, and
double-bonded carbon atom are found at 137.43 ppm and
124.58 ppm. The HRMS result of 1198.23 matches the expected
molecular weight, conrming the target structure (Fig. S7–S9†).

The 1H NMR spectrum of compound 2d displayed a single
peak at d 5.21 ppm for the four methylene protons in the two
benzyl groups. There were also two multiplet peaks at d 7.36–
7.43 ppm for the ten protons on the benzene rings in the two
benzyl groups. A single peak appeared at d 3.95 ppm for the six
methoxyl protons, while two double peaks were noted at
d 6.96 ppm for four protons on the double bond and at
d 7.61 ppm for six methoxyl protons. The six protons from the
two benzene rings generated three peaks at d 7.01 ppm,
d 7.12 ppm, and d 7.26 ppm. The 13C NMR spectrum indicated
characteristic peaks of sp2-C in the fullerene carbon cage
occurring between 140–150 ppm. The carbonyl carbon appeared
at 186.84 ppm, while the characteristic peaks of the fullerene
sp3-C attached to the external group were around 70.92 ppm.
Peaks for carbon atoms bound to the fullerene ranged from
35.81 ppm, and methoxyl carbon appeared at 56.24 ppm. The
benzylic carbon was observed between 127 ppm to 128.99 ppm,
with another peak at 136.40 ppm and one at 57.33 ppm. The
three carbon atoms on the benzene ring were found at
111.14 ppm, 113.49 ppm, and 121.66 ppm. The carbon atom
linked to the carbon chain on the benzene ring appeared at
123.65 ppm, while the two carbon atoms attached to the oxygen
on the benzene ring were identied at 151.27 ppm. The char-
acteristic peaks for double-bonded carbons were recorded at
137.20 ppm and 129.66 ppm. The HRMS result of 1126.20 was
consistent with the expected molecular weight, aligning with
the target structure (Fig. S10–S12†).
3.2. Compatibility of C60-CM-Cn with NC

The compatibility of NC with various stabilizers was assessed
according to NATO standardization protocol STANAG 4147. The
experimental design takes the change in thermal decomposi-
tion characteristic peak temperature (Tp) of nitrocellulose
samples aer adding 50% mass fraction stabilizer as the core
judgment basis, and establishes the following compatibility
grading standards: when the temperature deviation is in the
range of 0–2 °C, it indicates that the stabilizer and nitrocellulose
are in a completely compatible state; when the offset is 3–5 °C, it
is determined to be partially compatible but slightly sensitive,
and long-term storage is not recommended; when the offset
range reaches 6–15 °C, it shows that the two are incompatible
and the system is sensitive; if the temperature deviation exceeds
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 DTA curves of the different stabilizer and NC mixtures.

Table 2 Compatibility data of NC for DTA peak temperature

Samples
Decomposition
temperature/°C DTp/°C Compatibility level

NC 192.7 — —
NC/DPA 191.4 1.3 Compatible
NC/C2 191.3 1.4 Compatible
NC/2a 191.8 0.9 Compatible
NC/2b 191.2 1.5 Compatible
NC/2c 192.1 0.6 Compatible
NC/2d 192.6 0.1 Compatible

Fig. 4 Color change of samples in methyl violet test at 134.5 °C.

Fig. 5 Outgassing volumes of vacuum stabilization effect test
samples.
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15 °C, it indicates that the two are completely incompatible.32–34

The compatibility of NC with C60, DPA, C2, and compounds 2a–
d was evaluated through the DTA method. As shown in Fig. 3,
the DTA curves for all samples featured a single decomposition
peak, and the temperature difference in the exothermic peak for
samples S1–S7 was only 2 °C. These results indicate good
compatibility of 2a–d with NC (Table 2).

3.3. Stabilization effect of C60-CM-Cn

3.3.1. Methyl violet test. The stabilizing effect of the
stabilizer was evaluated using the methyl violet test, where the
time for the methyl violet test paper to change from violet to
orange was measured. The nitrogen oxides produced by the
thermal decomposition of NC cause the test paper to change
color. The stabilizer absorbs these nitrogen oxide radicals,
reducing the autocatalytic decomposition rate of NC and
extending the color change time. Therefore, the discoloration
time of the methyl violet test paper reects the stabilizing effect
of the stabilizer. The discoloration process and the times for
each sample are shown in Fig. 3. The discoloration times for
samples S-1 to S-7 were 58, 70, 80, 88, 90, 106, and 94 min,
respectively. This indicates that the addition of fullerene
derivatives delayed the discoloration time by 31 to 47 min. The
order of discoloration times was S-6 > S-7 > S-5 > S-4 > S-3 > S-2 >
© 2025 The Author(s). Published by the Royal Society of Chemistry
S-1. Thus, the stabilizing ability of the stabilizers on NC follows
the order 2c > 2d > 2b > 2a > C2 > DPA. The experimental results
demonstrate that C60-CM-Cn exhibits better stabilizing perfor-
mance than both C2 and DPA (Fig. 4).

3.3.2. Vacuum stability test. The stabilizing effect of the
stabilizer in the sample is determined by measuring the volume
of gas produced by the decomposition of the sample per unit
mass under experimental conditions. Under identical condi-
tions, less gas released from the sample indicates a better
stabilizing effect. The formula to estimate gas volume under
standard conditions is:

VH = 2.69 × 10−3 P(V0 − VG)/T (1)

where, the volume of gas released by the sample under standard
conditions is expressed by VH, the sample pressure is expressed
RSC Adv., 2025, 15, 23827–23835 | 23831
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Fig. 6 (a) Weight loss curves and (b) final weight loss rate of the loss test samples.
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by P (Pa), the reactor volume is expressed by V0 (mL), the sample
volume is expressed by VG (mL), and the experimental temper-
ature is expressed by T (K). The detailed results are shown in
Fig. 5. The gas released by per unit mass of S-1–S-7 was 4.84,
4.48, 4.37, 4.16, 3.87, 3.24, and 3.78 mL g−1, respectively.
Therefore, the stabilizing ability of stabilizers on NC is 2c > 2d >
Fig. 7 The fullerene derivative C60-CM-Cn.

23832 | RSC Adv., 2025, 15, 23827–23835
2b > 2a > C2 > DPA, and the experimental results reveal that C60-
CM-Cn has better stabilizing performance than C2 and DPA.

3.3.3. TG test. The TG test was conducted to assess the
stabilization effect of the respective stabilizers by measuring the
mass loss of samples under experimental conditions. A higher
remaining weight rate indicates a more effective stabilizer.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 illustrates the weight retention curve and nal weight
residue for all samples. The weight loss rates for samples S-1
through S-7 were recorded as 17.1%, 13.9%, 13.7%, 7.3%,
5.7%, 1.5%, and 1.8%. Thus, the stabilization effects of these
samples exceed those of conventional stabilizers.
3.4. Stabilization effect mechanism

3.4.1. ESR test. To explore the stabilization mechanism of
NC using fullerene-based stabilizers, the absorption capacity of
compounds 2a–2d and C60 for NO radicals was investigated
using the ESR method. Samples lacking compounds 2a–2d and
C60 displayed signicantly stronger NO$ ESR signals compared
to those containing these compounds. Additionally, samples
with higher concentrations of compounds 2a–d and C60

exhibited lower NO$ ESR signal intensities than those with
lower concentrations. The radical scavenging abilities of the
various compounds were assessed by comparing the intensity of
their ESR absorption peaks under identical concentration
conditions.35 The test results for compounds 2a–d are displayed
in Fig. 7a–d. A high absorption intensity indicates a low capa-
bility to scavenge free radicals. The ESR curves for compounds
2a–2d and C60 at 3.2 mM L−1 are shown in Fig. 8a. The
Fig. 8 (a) The ESR curves of compounds 2a–2d and C60 at the 3.2 mM L−

2d and C60; (d) IC50 values of compounds 2a–2d and C60 for the NO$ s

© 2025 The Author(s). Published by the Royal Society of Chemistry
absorption peak intensities of 2a–d and C60 ranked as follows:
2c < 2d < 2b < 2a < C60 < blank samples. The equations for
estimation of NO scavenging rate of 2a-1d and C60 are as
follows:

X = (I0 − IC)/I0 (2)

where the NO$ clearance rate was expressed as X (%), the ESR
signal intensity of the blank sample was expressed as I0, and the
EPR signal intensity of NO$ aer the addition of compounds
2a–2d and C60 was expressed as IC. The NO$ scavenging rates of
2a–2d and C60 at these concentrations (0.2, 0.4, 0.8, 1.6, and
3.2 mM L−1) followed the order 2c > 2d > 2b > 2a > C60. As shown
in Fig. 8b and c. The IC50 (half-maximal inhibitive concentra-
tion) of compounds 2a–2d and C60 were calculated to compare
their ability to absorb NO$. The smaller the IC50 value of the
compound, the stronger the absorption capacity of NO$. As
shown in Fig. 8d, the IC50 values of compounds 2a–2d and C60

for the NO$ scavenging rates were 0.8802, 0.6180, 0.4119,
0.1901, and 0.3807 mM L−1, respectively. The IC50 values of
compounds 2a–2d and C60 for the NO$ scavenging rates had the
following order 2c < 2d < 2b < 2a < C60. Therefore, the ESR
results show that compounds 2a–d all have the ability to absorb
1 and blank sample; (b and c) NO$ scavenging rates of compounds 2a–
cavenging rates.

RSC Adv., 2025, 15, 23827–23835 | 23833
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Fig. 9 FT-IR spectra of products 2a before and after interaction with
NC.
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nitro radicals and are greater than C60, supporting the results of
the stabilizing effect test.

3.4.2. FT-IR test. The experiment takes compound 2a as an
example. Aer the stability of sample S-4 was demonstrated,
solvent was used to extract 2a aer interacting with NC for
infrared analysis, and compared with pure 2a. The FT-IR spectra
of compound 2a and nitrogen oxides absorbed from NC
decomposition are shown in Fig. 9. New strong 23NO2 vibra-
tional peaks were discovered at 1692 and 1256 cm−1. These
results indicate that fullerene derivative 2a interacts chemically
with acidic nitrogen oxides, inhibiting the self catalytic
decomposition of NC.
4. Conclusion

This paper reports the successful synthesis of four C60-CM-Cn

compounds through a binge reaction. The structures of these
compounds were conrmed using 1H NMR, 13C NMR, and
HRMS techniques. The compatibility and stabilizing effects of
the compounds in NC were evaluated using VST, methyl violet,
TG, DTA, and ESR test methods. The stabilizing effect results
demonstrated that 2c exhibited superior stabilization (2c > 2d >
2b > 2a) compared to C60 and conventional stabilizers. The C60-
CM-Cn compounds showed enhanced stabilization. To further
investigate the stabilization mechanism of fullerene pyrrolidine
derivatives on NC, w detailed characterization was conducted
using ESR tests. The ndings indicated that the ability to absorb
nitro radicals followed the order: 2c > 2d > 2b > 2a > C60. This
supports the stabilizing effect results, conrming that all four
C60-CM-Cn compounds possess a greater ability to absorb nitro
radicals than C60. Experiments have shown that the new
fullerene based stabilizer can extend the service life of solid
propellants, improve the safety level during use, and its
performance is superior to traditional stabilizers. Considering
the potential of new fullerene derivatives to replace traditional
23834 | RSC Adv., 2025, 15, 23827–23835
chemical stabilizers, we will continue to explore the practical
applications of these fullerene based stabilizers in the future.
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