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A novel silicone resin (SR-OH) containing phenolic hydroxyl (Ph–OH) groups was designed and synthesized

via co-hydrolysis/condensation and catalytic hydrogenation. During the curing process, the cross-linking

degree of the resin was further increased by the Si–O–Ph bonds formed by the reaction of the Ph–OH

and terminal Si–OH groups. Thermogravimetric analysis (TGA) showed that the cured resin product

exhibited excellent thermal and thermo-oxidative stability, which was much higher than that of a typical

methyl phenyl silicone resin (SR-Ph). The temperature at which 5% weight loss occurs (Td5) was up to

606 �C (nitrogen) and 542 �C (air), and its char yield at 800 �C was 91.1% and 85.3% in nitrogen and air,

respectively. The significant improvement in thermal stability was mainly attributed to the formation of

Si–O–Ph bonds which not only increases the cross-linking degree of the resin but also significantly

prevents degradation by the ‘back-biting’ and oxidative cleavage.
1. Introduction

In recent decades, the wide application of resin-based materials
has contributed to the rapid development of aerospace, elec-
tronics and other technological industries. Thermosetting
resins exhibit unique advantages in mechanical and electrical
properties, thermal stability, and strength-to-mass ratio due to
their inherent molecular structure and composition.1–5 With the
advancement and development of technology, thermosetting
resin materials play an important role in materials used in
extreme environmental conditions. For example, high-
temperature resistant resins are used as coatings,6 adhesives7,8

and matrix components9 to protect aircra fuselage against
thermal shock caused by atmospheric friction, and to ensure
long-term and stable operation of engines and electronic
equipment at high-temperature. Among thermosetting poly-
meric materials, polyimide,10–12 bismaleimide,13–15 phthaloni-
trile16,17 and silicone resins have become important paragons in
the eld of high-temperature resistance due to their excellent
thermal stability. Since the bond energy of the Si–O bond
(460.5 kJ mol�1) is much higher than that of the C–C
, Qilu University of Technology (Shandong
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(304.0 kJ mol�1) and C–O (358.0 kJ mol�1) bonds, silicone resins
show improved thermal stability compared to other resins
mentioned above with C–C and C–O bonds as the frame-
work.18,19 In addition, the unique semi-inorganic molecular
structure of silicone resins also gives it excellent electrical
insulation, weather resistance and good hydrophobicity, which
makes it suitable for use in aerospace, electronic technologies,
thermal protection and ablation resistance. However, the
development in these areas puts forward a higher demand for
heat-resistant silicone resins. To be suitable for harsher envi-
ronments and expand their applications, increasing efforts have
been made to further improve the thermal stability of silicone
resins.

The addition of inorganic llers (such as SiO2,20 Al2O3,21,22

graphene23 and carbon nanotubes24) is a simple and practical
method to improve the thermal stability of silicone resins.
However, the agglomeration of inorganic particles in the resin
matrix may lead to inhomogeneous dispersion and phase
separation. In addition, the methyl group in silicone resins has
been replaced by a phenyl group to improve its thermal
stability.19,25,26 The introduction of functional groups into the
aromatic ring that participates in the cross-linking reaction has
been a successful method to improve the degree of cross-
linking. Huang et al.27 introduced triuorovinyl ether (TFVE)
groups into the silane monomer and enhanced the cross-
linking through the [2 + 2] ring polymerization of TFVE to
improve the thermal stability of the silicone resin. Although
increasing the content of TFVE could effectively increase Td5
and Td10, the nal char yield (800 �C) decreased signicantly.
RSC Adv., 2021, 11, 30971–30979 | 30971
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The degradation of silicone resins is mainly attributed to the
breaking and rearrangement of Si–O–Si bonds and the oxidative
degradation of the side groups at high temperatures. The ‘back-
biting’ reaction initiated by terminal Si–OH can cause the sili-
cone resin to undergo ‘unlocking’ degradation and produce low
molecular weight rings.28,29 For silicone resins containing
phenyl, the terminal Si–OH also promotes the breakage of the
Si–Ph bond, leading to branching of the main chain.30 The
amount of Si–OH groups in silicone resin can be effectively
reduced by using mono-functional siloxane25,31 (such as hex-
amethyldisiloxane and 1,1,3,3-tetramethyl divinyl disiloxane) as
an end-capping agent. In addition, POSS32,33 and poly-
silazanes34,35 have been reported to react with Si–OH to reduce
the ‘back-biting’ effect. However, the improvement in the heat
resistance of the silicone resin by these methods has been met
with limited success.

There is a current need for the design and synthesis of novel
silicone resins with a high-temperature resistant threshold.
According to previous reports, Si–O–C groups and phenol
groups can directly undergo transesterication under thermal
conditions. Li36 and Yun37 prepared silicone/phenolic resins
containing a Si–O–Ph structure through the transesterication
reaction of methyltrimethoxysilane or methyltriethoxysilane
oligomers with the phenolic resin. The results showed that the
formation of Si–O–Ph groups effectively protected the phenolic
hydroxyl group from oxidation, improving its stability to
thermal oxidation. Gao et al.38 reported that at temperatures
higher than 200 �C, the Si–O–CH2–CH3 in the benzoxazine
containing silicon formed a reversible Si–O–Ph bond with the
phenol group increasing the cross-linking degree of the resin
and thus its thermal stability. However, these methods are only
applicable to the preparation of hybrid resin materials, and
excessive organic components in the hybrid resin limit its
thermal threshold. Taking into account the chemical properties
of Si–O–C and Si–OH, we envisioned that Si–O–Ph structures
may also be formed by condensation of Si–OH with Ph–OH
groups. Therefore, the introduction of Ph–OH groups into the
silicone resin may be a feasible solution to improve its thermal
stability. In our work, a silicone resin (SR-OH) containing Ph–
OH groups was successfully synthesized via co-hydrolysis/
condensation and catalytic hydrogenation. As additional
active points, Ph–OH groups interacted with terminal Si–OH
groups to give Si–O–Ph cross-linked polymeric material. The
formation of the Si–O–Ph structure is effective in increasing the
degree of resin cross-linking and reducing the content of
terminal hydroxyl groups. The curing behavior of the resin was
studied, and the effect of the installation of Ph–OH groups on
the thermal properties of the resin was characterized in detail.

2. Experimental
2.1 Materials

1-Bromo-4-(phenylmethoxy)benzene was purchased from Jiud-
ing Chemistry Co., Ltd (Shanghai, China). Methyltriethox-
ysilane (MTES) and palladium on activated carbon (10% Pd)
were obtained from Shanghai Macklin Biochemical Co., Ltd.
Diethoxymethylphenylsilane (DEMPS) was purchased from
30972 | RSC Adv., 2021, 11, 30971–30979
Shanghai Aladdin Biochemical Technology Co., Ltd (Shanghai,
China). Tetrahydrofuran (THF) was dried and distilled with
sodium-diphenylketone for use. Other reaction reagents were
commercial available. Unless otherwise specied, all chemical
reagents were used without further purication.
2.2 Synthesis of 1-(phenylmethoxy)-4-(diethoxymethylsilyl)-
benzene (SBn)

Magnesium (4.43 g, 0.18 mol), methyltriethoxysilane (32.52 g,
0.18 mol), THF (80 mL) and a small amount of iodine crystals
were added to a 250 mL three-neck ask equipped with
magnetic agitator, condenser and dropping funnel. Themixture
solution was heated to 75 �C under a nitrogen atmosphere.
Followed THF (120 mL) solution of 1-bromo-4-(phenylmethoxy)-
benzene (40.00 g, 0.15 mol) was added dropwise into reaction
system over 2 h. Aer 12 h of stirring, THF was removed and n-
hexane (400 mL) was added. The resulting mixture was ltered
to obtain a ltrate. Then the solvent was removed and crude
product was puried by vacuum distillation to afford a colorless
liquid (26.89 g, 54.21%). FT-IR (KBr, cm�1): 1502, 1562, 1596
(aromatic rings), 1246 (Ar–O–C), 1081, 1105 (Si–O). 1H NMR (400
MHz, CDCl3, ppm): 0.36 (s, 3H, Si–CH3), 1.26 (t, 6H, O–CH2–

CH3), 3.83 (m, 4H, Si–O–CH2–), 5.10 (s, 2H, O–CH2–Ph), 7.00–
7.60 (9H, H of aromatic rings). 13C NMR (400 MHz, CDCl3,
ppm): �3.88 (Si–CH3), 18.52 (O–CH2–CH3), 58.53 (Si–O–CH2–),
69.74 (O–CH2–Ph), 114.61, 126.37, 127.55, 128.04, 128.67,
135.80, 137.10, 160.56 (12C, C of aromatic rings). HR-MS (ESI,
m/z): calculated for [C18H24O3Si + H]+ 317.1568, found 317.1566.
2.3 Synthesis of the silicone resin containing benzyl groups
(SR-Bn)

The silicone resin containing benzyl (SR-Bn) was synthesized by
co-hydrolysis of SBn and MTES. Firstly, SBn (4.75 g, 15 mmol)
and MTES (2.67 g, 15 mmol) were dissolved in THF (30 mL),
then hydrochloric acid solution (6.75 g, pH ¼ 1) was added
while stirring, and the reaction was carried out at room
temperature for 24 hours and 60 �C for another 24 hours.
Subsequently, THF was removed and the product was extracted
with ethyl acetate, washed with water, and dried with anhydrous
calcium chloride for 24 hours. Finally, ethyl acetate was
removed and the viscous silicone precursor was obtained.

A typical methyl phenyl silicone resin (SR-Ph) was synthe-
sized from DEMPS and MTES in a 1 : 1 molar ratio, using the
same co-hydrolysis/condensation method as SR-Bn.
2.4 Synthesis of the silicone resin containing phenol groups
(SR-OH)

A THF (150 mL) solution containing SR-Bn (5.00 g) and 10%
palladium on carbon (300 mg) was placed in a 500 mL round-
bottom ask equipped with tee valve and connected to
a hydrogen gas bag. This was placed under an atmosphere of
hydrogen and allowed to react with stirring for 72 h at room
temperature. The catalyst (Pd/C) was removed by ltration, and
the solvent was removed by rotary evaporator to afford
a yellowish viscous silicone resin.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.5 Curing of the silicone resins

The synthesized silicone resins were cured by direct heating.
Each silicone resin was transferred into a mold and cured at
90 �C for 2 hours, followed by cured at 120 �C, 150 �C, 180 �C,
210 �C, 240 �C, 270 �C, 300 �C and 350 �C for 1 hour respectively
to obtain the cured silicone resin material.
2.6 Thermal treatment of SR-OH cured at 350 �C

The SR-OH samples cured at 350 �C were transferred into an
alumina crucible and placed in a tubular furnace, where they
underwent thermal treatment at different temperatures (400 �C,
500 �C, 550 �C, 600 �C, 700 �C and 800 �C) for 1 h under nitrogen
and air.
2.7 Characterization

Fourier transform infrared (FT-IR) spectra were measured using
a Nicolet iS20 spectrometer with KBr pellets at a resolution of
2 cm�1 from 4000 to 400 cm�1.

Proton nuclear magnetic resonance (1H NMR) and 29Si
nuclear magnetic resonance (29Si NMR) spectra were recorded
on a Bruker AVANCE II 400 spectrometer using CDCl3 and
(CD3)2SO as solvents and (CH3)4Si as internal reference. 13C
nuclear magnetic resonance (13C NMR) spectrum was obtained
on a Bruker 400M spectrometer using CDCl3 as solvent. Solid-
state 29Si NMR spectra were obtained on an Agilent 600 M
spectrometer.

High resolution mass spectrum (HR-MS) was measured on
a Q Exactive Focus mass spectrometer (Thermo Fisher Scien-
tic, USA) using acetonitrile as solvent.

The molecular weight of the resin was recorded using a gel
permeation chromatography (GPC) (WH2-07, WYATT, USA) at
a ow rate of 1.00 mL min�1 with DMF as the solvent.

Different scanning calorimetry (DSC) curves were obtained
on a DSC Q10 instrument (TA Instruments, USA) with a heating
rate of 10 �C min�1 under a nitrogen ow rate of 50 mL min�1.
Scheme 1 Synthetic routes of the silane monomer (SBn) and three silic

© 2021 The Author(s). Published by the Royal Society of Chemistry
Thermogravimetric analysis (TGA) was performed using an
HCT-4 synchronous thermal analyzer (Hengjiu, China) at a heating
rate of 10 �C min�1 under a gas ow rate of 50 mL min�1.

2.8 TGA-FTIR analysis

TGA-FTIR technique was used to identify the composition of
gaseous products during degradation. A powder sample of
approximately 5 mg was added to a suitable ceramic crucible
and placed in a specic location on the NETZSCH STA 449 F5
Jupiter Thermogravimetric analyzer. The temperature was
gradually increased from 50 �C to 800 �C at a heating rate of
10 �C min�1 under a nitrogen ow rate of 50 mL min�1. The
volatile decomposition products generated in the process of
thermal gravimetric loss were introduced into the optical
path of the Nicolet iS10 FT-IR spectrometer through the
pipeline and gas pool by purging gas. Continuous FT-IR
spectra with a detection range from 4000 to 400 cm�1 were
obtained.

3. Results and discussion
3.1 Structural characterization of the monomer and silicone
resins

The synthetic routes of the silane monomer and the three sili-
cone resins are shown in Scheme 1. The structures were
preliminarily characterized by FT-IR spectra, as shown in Fig. 1.
The SR-Bn was synthesized by the co-hydrolysis/condensation
reaction of SBn and MTES in a 1 : 1 molar ratio. The molec-
ular weight of SR-Bn was obtained by GPC, and the results
showed that its number-averaged molecular weight and weight-
averaged molecular weight were 1882 and 2012 g mol�1,
respectively. According to the FT-IR spectrum of SR-Bn, the
disappearance of the characteristic peak for Si–O–CH2–CH3

group at 940 cm�1 and the appearance of the characteristic
absorption peak for Si–OH group around 3400 cm�1 revealed
the occurrence of hydrolysis reaction. The broad peak at 1000–
one resins (SR-Bn, SR-OH and SR-Ph).

RSC Adv., 2021, 11, 30971–30979 | 30973
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Fig. 2 1H NMR spectra of SBn, SR-Bn, SR-OH and SR-Ph. (SBn, SR-Bn
and SR-Ph: CDCl3 as solvent; SR-OH: DMSO as solvent; *: ethyl
acetate).

Fig. 1 FT-IR spectra of SBn, SR-Bn, SR-OH and SR-Ph.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

0/
3/

20
24

 7
:5

5:
27

 P
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
1100 cm�1 corresponds to the Si–O–Si group, indicating
condensation between the Si–OH groups. SR-OH was synthe-
sized by catalytic hydrogenation of SR-Bn. In the FT-IR spec-
trum of SR-OH, the absorption peak around 3400 cm�1 was
signicantly more pronounced compared with that in SR-Bn. In
Table 1 Details for the synthesis of the silicone resins

Sample no. R/Si

Monomer

SBn/mmol MTES/mm

SR-Ph 1.50 — 15
SR-Bn 1.50 15 15
SR-OH 1.50 15 15

a Calculated from the 1 H NMR spectra. R: the sum of the side groups dir

30974 | RSC Adv., 2021, 11, 30971–30979
addition, the characteristic peak of the Ar–O–C functional group
was absent at 1246 cm�1. These changes conrmed the depro-
tection of the benzyl group and the presence of the phenolic
hydroxyl group. The characteristic absorption peaks from Si–
OH at 3400 cm�1, Si–O–Si at 1000–1100 cm�1, benzene ring at
1500–1600 cm�1, and Si–CH3 at 1428 cm�1 and 1260 cm�1 were
also found in the FT-IR spectrum of SR-Ph, which indicated that
the hydrolysis and condensation reactions had occurred.

The structures of the silane monomer and three silicone
resins were further conrmed by 1H NMR, as shown in Fig. 2. In
the 1H NMR spectrum of SBn, the peaks from 7.01 ppm to
7.61 ppm correspond to the C–H protons on the aromatic rings.
The methylene peak in Ar–O–CH2– appears at 5.10 ppm. The
resonance signals of methylene and methyl in Si–O–CH2–CH3

arise at 3.83 ppm and 1.26 ppm, respectively. The signal at
0.36 ppm belongs to the methyl group directly attached to the
silicon atom. From the 1H NMR spectrum of SR-Bn, the absence
of resonance signals at 1.26 ppm and 3.83 ppm indicates that
the ethoxy groups in both monomers have been hydrolyzed
completely. According to the 1H NMR spectrum of the SR-OH,
the methylene peak of the Ar–O–CH2 group was absent at
5.10 ppm, indicating deprotection of the benzyl group aer
catalytic hydrogenation. In addition, the resonance peak of the
phenolic hydroxyl appeared at 9.5 ppm. In the spectrum of SR-
Ph, the proton peaks on both the benzene ring (7.00–8.00 ppm)
and Si–CH3 (around 0.36 ppm) are present. Furthermore, the
actual ratio of R andMe calculated by 1H NMR data were close to
the theoretical values (Table 1), which further indicated
successful synthesis of the monomer and the three silicone
resins.

3.2 Curing behavior of silicone resins

Scheme 2 illustrates the curing process of SR-OH. To study the
structural changes of SR-OH during the curing process, the FT-
IR spectra of the samples cured at different temperatures were
analyzed and are shown in Fig. 3. Upon increasing the cured
temperature from 90 �C to 150 �C, the intensity of the peak at
3400 cm�1 decreased, indicating further cross-linking between
the terminal Si–OH. A new peak at 936 cm�1 corresponding to
Si–O–Ph bond appeared at 150 �C, indicating the condensation
reaction of Si–OH and Ph–OH groups at this temperature. The
temperature was increased from 150 �C to 350 �C and the
reaction was monitored by FT-IR. The intensity of the peak at
3400 cm�1 further decreased, with a gradual increase of a peak
at 936 cm�1 corresponding to Si–O–Ph, indicating the increased
amount of formation of Si–O–Ph bonds. In order to further
R/Me

ol DEMPS/mmol Designed Founda

15 1.50 1.48
— 1.50 1.48
— 1.50 1.53

ectly connected to the silicon atom in the product.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FT-IR spectra of the SR-OH at different temperatures during
the curing process.

Fig. 4 Solid-state 29Si NMR spectra of SR-OH samples cured at 270 �C
and 350 �C.

Scheme 2 The curing process of the silicone resin containing phenolic hydroxyl groups.
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conrm the formation of the Si–O–Ph structure, the solid-state
29Si NMR spectra of the samples cured at 270 �C and 350 �C
were obtained. As shown in Fig. 4, the peak at �36.37 ppm
corresponded to the PhCH3Si(O–Si)2 structure, and the peak at
�69.31 ppm can be attributed to the Si–O–Ph and CH3Si(O–Si)3
structures, based on analyses from previous literature
reports.36,37 Compared with the sample cured at 270 �C, the peak
at �69.31 ppm for the sample cured at 350 �C was stronger,
further indicating that the higher curing temperature increased
the amount of formation of Si–O–Ph bonds.

In addition, DSC curves of the three resins were obtained
and the results are shown in Fig. 5. Compared with the other
© 2021 The Author(s). Published by the Royal Society of Chemistry
two silicone resins, the SR-OH resin shows a stronger
exothermic peak. During the curing process, the initial
exothermic temperature of SR-OH was about 150 �C, which is
consistent with the temperature of initial formation of Si–O–Ph
bond in the FT-IR spectra (Fig. 3).

3.3 Thermal performance of silicone resins

The TGA and DTG curves of different silicone resins in nitrogen
are shown in Fig. 6, and further characterization is provided in
Table 2. SR-OH270, SR-OH300 and SR-OH350 resin products
were obtained at 270 �C, 300 �C and 350 �C, respectively.
According to Fig. 6 and Table 2, the 5% weight-loss temperature
RSC Adv., 2021, 11, 30971–30979 | 30975
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Fig. 5 DSC curves of the three silicone resins.

Fig. 6 TG and DTG curves of the three cured silicone resins in
nitrogen.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

0/
3/

20
24

 7
:5

5:
27

 P
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
(Td5), 10% weight-loss temperature (Td10) and char yield at
800 �C (Y800) of the SR-OH increased with curing temperature.
Moreover, the DTG curves indicate that as the curing tempera-
ture increased, the degradation peak at around 400 �C gradually
disappeared (Fig. 6). In order to study the degradation of the
Table 2 Thermal performance parameters from TGA curves obtained
in nitrogen and air

Nitrogen Air

Td5/�C Td10/�C
Char yield at
800 �C/% Td5/�C Td10/�C

Char yield at
800 �C/%

SR-Ph350 455 490 76.1 445 510 61.4
SR-Bn350 465 520 75.6 426 467 53.6
SR-OH270 552 637 87.1 511 579 79.5
SR-OH300 569 684 88.0 532 612 81.6
SR-OH350 606 — 91.1 542 627 85.3

30976 | RSC Adv., 2021, 11, 30971–30979
resin at this stage, TGA-FTIR was used to analyze the degrada-
tion products of SR-OH cured at different temperatures. Fig. 7
shows the FT-IR spectra of the thermal decomposition volatiles
of SR-OH270, SR-OH300 and SR-OH350 samples in nitrogen.
The results show that the thermal decomposition volatile of the
three samples at temperatures lower than 500 �C was mainly
water. This indicated that the difference in the thermal stability
of SR-OH cured at different temperatures at this stage was
mainly due to further dehydration and condensation of residual
–OH at high temperatures. The high curing temperature could
reduce the residual amount of –OH in the silicone resin so that
its thermal stability at this stage was signicantly improved with
the increase of the curing temperature. Previous studies have
shown that Si–OH groups in the silicone resin could cause its
degradation through a series of reactions, such as in the ‘back-
biting’ reaction.28,29 But for SR-Bn and SR-Ph, even aer curing
at 350 �C, their thermal stability was also much lower than that
of SR-OH, indicating that high temperature alone cannot
eliminate Si–OH groups in the silicone resin. Therefore, we
attribute the improved thermal stability observed in SR-OH
mainly due to the phenolic hydroxyl groups. The phenol
groups reacted with residual Si–OH groups at high tempera-
tures to form Si–O–Ph bonds, eliminating the effect of the Si–
OH groups on resin degradation and increased the degree of
cross-linking. Aer curing at 350 �C, the Td5 and char yield of
SR-OH increased to 606 �C and 91.1%, respectively, showing
excellent thermal stability. This is much higher than most sili-
cone resins that have been previously reported, indicating that
this type of silicone resin has potential applications in high-
temperature-resistant materials and ceramic precursors.

In order to further investigate the degradation process, the
SR-OH resins treated at different temperatures were analyzed by
FT-IR (Fig. 8). The results showed that the spectrum of SR-
OH500 was similar to the cured sample, indicating that there
were no signicant changes in the structure of SR-OH at this
stage. This was consistent with the discussion in the previous
section. The characteristic peak of Si–O–Ph at 936 cm�1

decreased when the temperature reached 550 �C. Meanwhile,
the characteristic peak at around 3088 cm�1 corresponding to
the aromatic rings appeared in the FT-IR spectra of the thermal
decomposition volatiles at 550 �C. Both results demonstrate
cleavage of the Si–O–Ph at this temperature. When the
temperature reached 600 �C, the characteristic peak of Si–O–Ph
disappeared. Correspondingly, the absorption peak intensity at
3088 cm�1 reached the maxima as shown in Fig. 7. New char-
acteristic peaks at 3015 cm�1 and 1304 cm�1 belonging to
methane were also present between 500 �C and 800 �C, which
indicated the cleavage of Si–CH3 at this stage.39,40 Additionally,
the amount of the thermal decomposition volatiles decreased
signicantly with increasing curing temperature. In the degra-
dation process, no obvious characteristic peaks of the
compounds with Si–O–Si structure were detected in the FT-IR
spectra of the thermal decomposition volatiles. This indicated
that the Si–O–Si structure was less damaged in the degradation
process of SR-OH, maintaining a high char yield at 800 �C.
According to the above analysis, a reasonable explanation is
that the consumption of Si–OHmakes it difficult for the resin to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 FT-IR spectra of degradation products for (a and b) SR-OH270, (c and d) SR-OH300 and (e and f) SR-OH350 from TGA.
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undergo a ‘back-biting’ reaction at high temperature, which
avoids the branching and fracture of Si–O–Si main chain. The
relatively stable and complete Si–O–Si network limits the frac-
ture and departure of side groups to a certain extent. These
results demonstrate that the formation of Si–O–Ph could
signicantly improve the thermal stability of the silicone resin.

The TGA and DTG curves of different silicone resins in air are
shown in Fig. 9, and further information is provided in Table 2.
As the curing temperature increased from 270 �C to 350 �C, the
Td5 of SR-OH increased from 511 �C to 542 �C and Td10
increased from 579 �C to 627 �C, showing excellent thermo-
oxidative stability. In order to study the degradation process
© 2021 The Author(s). Published by the Royal Society of Chemistry
of SR-OH, the SR-OH350 resin was heated at different temper-
atures in air, and the FT-IR spectra of its residues are shown in
Fig. 10. At temperatures below 500 �C, the FT-IR spectra of the
residues for SR-OH350 in nitrogen (Fig. 8) and air (Fig. 10)
atmosphere are similar, indicating that the degradation of SR-
OH was not affected by the presence of oxygen below 500 �C.
At this temperature, it was difficult for oxygen to diffuse and
dissolve into the resin due to the relatively complete cross-
linked structure. Therefore, the degradation observed during
the second stage (450–650 �C) was attributed to the cleavage of
all Si–O–Ph bonds and a small amount of Si–CH3, rather than
oxidative degradation. Aer heating SR-OH350 to 550 �C, the
RSC Adv., 2021, 11, 30971–30979 | 30977
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Fig. 8 FT-IR spectra of SR-OH350 and its degradation residues at
400 �C, 500 �C, 550 �C, 600 �C, 700 �C and 800 �C in nitrogen.

Fig. 9 TG-DTG curves of the three cured silicone resins in air.

Fig. 10 FT-IR spectra of SR-OH350 and its degradation residues at
400 �C, 500 �C, 550 �C, 600 �C, 700 �C and 800 �C in air.
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FT-IR spectrum shows almost complete cleavage of the Si–O–Ph
bond. As the cross-linking structure was ruptured, oxygen
diffused into the resin and the substituents in the resin began
to undergo oxidative degradation. The observed DTG curve
peaks in the range of 650–800 �C are mainly caused by oxidative
degradation. As the curing temperature increased, the degra-
dation peak at this stage was signicantly reduced. This could
be attributed to the lack of diffused oxygen by the high-cross-
linked structure and reduced content of residual –OH groups
in the resin, thus signicantly preventing oxidative degradation.
When the heating temperature rose to 700 �C, the characteristic
peak of Si–CH3 at 1260 cm�1 was absent (Fig. 10), indicating
that most of the Si–CH3 cleaved at 600–700 �C. These results
suggest that the thermal degradation of SR-OH350 in the third
stage was mainly due to the oxidation of Si–CH3. In summary,
the formation of Si–O–Ph bonds plays an important role in
improving the thermo-oxidative stability of silicone resins.
Therefore, the thermo-oxidative stability of the other two resins
30978 | RSC Adv., 2021, 11, 30971–30979
(SR-Bn350 and SR-Ph350) is far inferior to that of SR-OH350. As
shown in Table 2, the Y800 of SR-OH350 in air was up to 85.3%,
which is suitable for use in ablative resistant materials with
potential applications in ame retardants and thermal
insulation.
4. Conclusion

In summary, a high temperature resistant silicone resin was
successfully synthesized by introducing phenolic hydroxyl
groups into the molecular chain. The resin exhibited excellent
thermal stability due to the formation of Si–O–Ph bonds during
the curing process. Aer the curation reached completion at
350 �C, the Td5 and Y800 of SR-OH were as high as 606 �C and
91.1% in nitrogen. Even in the presence of oxygen, the Y800 of
SR-OH at the same curing condition remained high (85.3%),
which is only 5.8% lower than in an inert atmosphere. The high
char yield of this resin makes it suitable for potential applica-
tions as a matrix component in high-performance ame-
retardant materials and ablation-resistant materials. This
study provides a novel strategy for signicantly improving the
thermal and thermo-oxidative stability of silicone resins.
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