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ABSTRACT

In this work, an addition-curable hybrid phenolic resin containing silicon and boron was synthesized via
the addition-condensation reaction between 4-hydroxyphenylboronic acid and formaldehyde to obtain
boron hybrid novolac resin (BN), which was followed by esterification with vinyltrimethoxysilane. Boron
and silicon were introduced into the phenolic resin skeleton by forming C-B-OH, B-O-C, B-O-Si, and Si-
0-Ph bonds, so the hybrid resin not only realized uniform molecular-level dispersion of hybrid elements
but also achieved addition curing via the presence of vinyl groups. The hybrid resin’s residual weight in
an N, atmosphere at 800°C was improved to 81.02%. The high residual weight arose from the formation
of a three-dimensional continuous oxide framework composed of B-O-B-0-Si-O-Si. In addition, we char-
acterized the pyrosis production of the materials with the combination of FT-IR, Raman, SEM/SEM-EDX,
XPS, and solid-state NMR spectroscopy to develop a detailed understanding of the synergistic effects of

boron-silicon modified phenolic resin.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Phenolic resin (PR), as an irreplaceable member of the ther-
moset family, has been widely used in thermal insulation, coatings,
adhesives and ablative materials owing to its excellent properties,
such as thermal stability, high char yield, high hardness, and flame
retardancy. However, with the growth of the aerospace industry,
the application of PR has been impeded by some of its inherent
qualities, including the formation of void caused by the release of
volatiles during curing and the reduced thermal stability at ele-
vated temperatures [1].

To overcome the formation of the voids, altering the curing
mechanism of PR by introducing curable groups is an extremely
efficient way to avoid volatiles during the curing process. The
modified PR can be cured at selective temperatures to achieve a
long shelf life. Nair's work [2,3] confirmed the strategy of addi-
tion curing by introducing propargyl and ethynyl phenyl groups
into phenolic systems. Based on Nair's synthesis strategy, Wang
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et al. [4-6] developed propargyl-containing dual-cure-mechanism
PR by changing the curing mechanism to addition curing. Al-
though addition curing could effectively avoid the formation of
voids during the curing process, the residual weight of the resin
at 800°C (Rgggec) was only 61%. Compared with traditional PR, the
propargyl-containing PR structure has no significant advantages in
terms of thermal stability.

Many elements such as B [7-9], Mo [10], Ti [11], Zr, and Si
[12], can be inserted into the PR by physical blending or cova-
lent attachment to improve their thermal stability. Si and B are
widely used due to their low costs and high reactivities. Wang
et al. [13] successfully introduced aryl boric acid into the PR skele-
ton by forming B-O-C bonds, and the char yield at 800°C was 76.4%
under a nitrogen atmosphere. They systematically studied the ef-
fects of boron on the pyrolysis behavior of PR, and the results
showed that the formation of B-O-C bonds reduced the content of
phenolic hydroxyl groups. The existence of fewer hydroxyl groups
led to a reduced the generation of free radicals, thereby decreasing
the possibility of being attacked by free radicals in the pyrolysis
stage. Moreover, the B,03 layer was found to enrich the surface
of the material and act as active oxygen and heat barriers dur-
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ing heat treatment from 450°C to 800°C. The enriched B,03 layer
provided a three-dimensional continuous oxide framework to en-
sure the configurational stability of the PR, endowing the boron-
containing PR with better thermal stability [7,9]. However, with
the increase in temperature, the damage of the boron oxide glass
protective layer caused by the volatilization of boron oxide is still
inevitable.

Due to the excellent comprehensive properties with organic and
inorganic characteristics, Si has become another popular element
that can be incorporated into the resin matrix to improve the heat
resistance of PR [14]. Haraguchi et al. [15,16] introduced silicon
alkoxide into PR by physical blending to enhance both the me-
chanical and thermal properties of PR. However, the phase separa-
tion due to the noticeable difference in solubility between PR and
polysiloxanes significantly deteriorated the modified resin perfor-
mance. Based on the esterification reaction between Ph-OH and Si-
0-CHj3 groups, Li et al. [17] successfully inserted a functionalizing
silane coupling agent into the phenolic skeleton, and they obtained
a silicon modified PR with a co-continuous structure. The results
showed that the hybrid resin with a co-continuous structure pos-
sessed good thermal stability and excellent flame retardance. In
general, compared with physical blending, hybrid resin synthesized
by covalent attachment possesses better dispersion properties and
the sizes of the phase region can be controlled more effectively.

Synergistic modification with boron and silicon has shown a
positive effect on improving the thermal stability of PR. In terms
of thermal stability, boron oxide, with a melting point of 450°C,
volatilizes significantly when the temperature increases to 800°C,
while the B-O-Si bonds that connect the boron-silicate glass net-
work are just beginning to form [18]. Therefore, the excellent over-
lap of the effective temperature ranges may be convincing ev-
idence of the synergistic effects of B and Si on improving the
thermal stability of PR. In the previous work of our research
group, methyltrimethoxysilane (MTMS) was first introduced into
PR through an esterification reaction between silicone and pheno-
lic hydroxyl groups, and then a boron and silicon elements syn-
ergistic hybrid resin was successfully obtained by co-curing of the
resin and boric acid. The char yield of this hybrid resin was im-
proved up to 73% in a nitrogen atmosphere [19]. Furthermore, the
results also revealed that boric acid could catalyze the hydroly-
sis of MTMS and promote the formation of a larger scale silicate
network, which was beneficial for improving the thermal stability
of the resin. Yun et al [20] reacted boric acid with phenolic hy-
droxyl groups to form B-O-C bonds, and the boric acid also served
as coupling agents to react with methyltriethoxysilane (MTES) via
the formation of B-O-Si bonds. The presence of B-O-C and B-O-
Si bonds dramatically improved the thermal stability of the hy-
brid resin, and the char yield was improved up to 76% at 800°C
in a nitrogen atmosphere. Their research results showed that syn-
ergistic modification with boron and silicon could effectively im-
prove the thermal stability of PR. However, during the curing and
pyrolysis procedure of the hybrid resin, no other detailed studies
have been conducted on the synergistic mechanism of boron and
silicon.

Based on the extensive literature described above, a combined
treatment of PR involving addition curing and synergistic modifica-
tion with boron and silicon has been rarely reported. In this work,
boron and silicon were successfully incorporated into the PR skele-
ton by forming C-B-OH, B-O-C, B-O-Si, and Si-O-Ph bonds, Fur-
thermore, addition curing was achieved via the presence of vinyl
groups carried by the vinyltrimethoxysilane (VTMS). The chemical
structure, curing behavior, pyrolysis mechanism, and surface mor-
phology of the hybrid resin were studied systematically. We per-
formed a detailed study on the synergistic effects of boron-silicon
modified PR with an improved thermal stability during the curing
and pyrolysis stage.
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2. Experimental
2.1. Materials

4-Hydroxyphenylboronic acid (4-HBS) was purchased from Al-
pha Chemical Co., Ltd, Shijiazhuang, China. Anhydrous ethanol, ox-
alic acid, 1,4-dioxane, formalin (37 wt% of formaldehyde in aque-
ous solution), and ethylic acid were purchased from Beijing Chem-
ical Factory, Beijing, China. Ethylene glycol diethyl ether and ethyl
acetate were obtained from the Tianjin Chemical Reagent Co.,
China. Vinyltrimethoxysiloxane (VTMS) with a high degree of pu-
rity (more than 99.0%) was purchased from TCI America (Port-
land, OR). Novolac resin was provided by Shengquan Group Co. Ltd,
Zhangqiu, China. All the reagents were used without further purifi-
cation.

2.2. Preparation of hybrid resin

2.2.1. Preparation of boron-silicon-containing novolac resin (BSN)

Boron containing novolac resin (BN) [21]| was synthesized by an
addition-condensation reaction between 4-HBS and formaldehyde
using oxalic acid as a catalyst. The 4-HBS (33.8 g, 0.2 mol) and for-
malin (14.41 g, 0.18 mol) were dissolved in 1,4-dioxane to a total
solution volume of 100 mL in a four-necked round-bottom flask.
The flask was equipped with an overhead stirrer, condenser, ther-
mometer, and dropping funnel. After the complete dissolution of
the monomer, the system was slowly heated using an oil bath and
reacted at 60°C after which 0.2 g of oxalic acid was added. The
temperature was increased to 95°C and held for about 8 h. After
the solvent was removed under a vacuum, the remaining mixture
was dissolved in ethyl acetate, followed by washing with deionized
water several times until the water layer was neutral. Raw BN was
obtained after the removal of ethyl acetate by rotary evaporation.
The product (36.5 g) was collected and dried in a vacuum at 120°C
for 48 h to ensure no water and ethyl acetate were observed.

BN (15.9 g) and ethylene glycol diethyl (50 g) were charged in
a 250 mL four-neck flask equipped with a mechanical stirrer, ther-
mometer, condenser, and dropping funnel. After the complete dis-
solution of BN, 0.32 g of ethylic acid was added with agitation,
followed by the addition of VTMS (15.5 g) within 30 min. After
this, the system was heated to 110°C and held for 6 h, then boron-
silicate containing hybrid resin (BSN) (22.5 g) was obtained after
the removal of ethylene glycol diethyl ether and unreacted VTMS
by rotary evaporation. The BSN samples with different contents of
VTMS (15.5, 10.38, 7.41 and 4.45 g) were named BSN100, BSN70,
BSN50 and BSN30, respectively.

2.2.2. Preparation of cured BSN and conventional phenolic resin

BSN was subsequently cured step-wise at (120°C/2 h, 140°C/2
h, 160°C/2 h, 180°C/2 h, 200°C/2 h, and 240°C/2 h) based on the
DSC analysis. As a comparison, conventional PR was also prepared.
Novolac resin (21.6 g) was dissolved in ethanol (40 mL). To this so-
lution, 2.95 g of hexamethylenetetramine was added. After the re-
moval of the ethanol by rotary evaporation, the resin was cured ac-
cording to the following procedure: 120°C/2 h, 140°C/2 h, 160°C/2
h, and 180°C/4 h.

2.3. Measurements

Fourier transform infrared spectroscopy (FT-IR) measurements
were performed on a Tensor 27 spectrometer by using KBr disks at
the ambient temperature. 'H-NMR, 'B-NMR, and 29Si-NMR spec-
tra were recorded on a Bruker Advance 400 MHz NMR spec-
trophotometer. Solid-state NMR experiments were performed on
a Bruker standard-bore 11.7 T (vO(1H) = 400 MHz) NMR spec-
trometer equipped with a Bruker Advance IIl console and with a
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Fig. 1. Synthesis route for boron-silicon-containing novolac resin (BSN):

Bruker 4 mm broad-band HX MAS probe. Simulations of all MAS
1B solid-state NMR spectra and 29Si solid-state NMR spectra were
performed in the solid line shape analysis (SOLA) module v2.2.4
included in the Bruker Topspin v4.0.1 software. Gel permeation
chromatography (GPC) analysis was performed using a Waters In-
strument (515 HPLC pump, 2410 refractive index detector) using
tetrahydrofuran as the eluent and polystyrene as the standard for
calibration. Differential scanning calorimetry (DSC) was performed
on a Mettler Toledo DSC 822e over the range from 30 to 400°C at a
heating rate of 10°C/min in nitrogen. Thermo gravimetric analysis
(TGA) was carried out from the ambient temperature to 900°C on
a NETZSCH STA 409PC at a heating rate of 10°C/min in nitrogen,
respectively. The surface morphology of the hybrids was observed
on a Hitachi S-4800 scanning electron microscope (SEM) at an ac-
celerating voltage of 10 kV. Energy dispersive X-ray spectroscopy
(EDX) was performed on an Oxford INCAx-sight 7593 system at-
taching to the SEM apparatus. X-ray photoelectron spectroscopy
(XPS) measurement was performed using an ESCALAB250XI instru-
ment. The Raman spectra were recorded on a Renishaw inVia plus
using the 633 nm excitation line of an Argon-ion laser. On-line
testing of gaseous products obtained during the thermal pyrolysis
was performed using a thermogravimetric analyzer (NETZSCH STA
409FC Germany) coupled with a Fourier transform infrared spec-
trometer (Bruker Tensor 27 Germany) and a mass spectrophotome-
ter (NETZSCH QMS 403 Germany). The X-ray diffraction (XRD) pat-
terns were recorded using a Rigaku D/MAX2400 with Cu Ko radi-
ation (A=0.154 nm, 40 kV and 40 mA) to examine the structural
evolution of the pyrolysis products.

3. Results and discussion
3.1. Synthesis and characterization of BSN

The synthesis of BSN was conducted in two steps (Fig. 1). First,
4-HBS was used as a monomer to react with formaldehyde to in-
corporate B, and the feeding ratio was set as 0.9 to obtain a boron-
containing novolac resin (BN). In this work, 4-HBS with three func-
tional groups, including two boron hydroxyl groups and one hy-
droxyl group, was selected both as a phenol source to react with
formaldehyde and a boron source to facilitate the formation of the
three-dimensional cross-linked structure by the B-O-B and B-O-C
bonds. Second, based on the esterification reaction between the
Si-O-R with the hydroxyl groups of 4-HBS, VTMS was attached to
the molecule of the as-obtained BN by forming Si-O-Ph and Si-O-B
bonds. Finally, the BSN was successfully obtained.

C.
H H 95 degree Celsius

acet!c acid

110 degree Celsms
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The chemical structures of the BSNs were examined by FT-IR
and NMR. Fig. 2a shows the FT-IR spectra of the BSN resin. The
characteristic absorption bands of the benzene ring were observed
at 1610-1596 cm~!, and the peak at 1232 cm~! corresponded to
the stretching vibration of the C-O structure of the phenolic hy-
droxyl groups. The Si-O-Ph signal [19] at 946 cm~! was formed
after the esterification reaction between BN and VTMS, confirm-
ing that the silicon source had been successfully introduced into
the resin skeleton though Si-O-C bonds. The peak at 1350 cm~!
corresponded to the stretching vibration of the B-O structure on
the B-O-C [13] structure in the 4-HBS. Meanwhile, the peak at
890 cm~! was attributed to the stretching vibrations of B-O in
the B-O-Si structure [18,22], which indicated that boron and sili-
con were simultaneously introduced into the hybrid resin via the
formation of B-O-C, Si-O-C, and Si-O-B bonds. Three sharp peaks at
1410 and 1010 cm~! could be attributed to the Si-CH=CH, [23,24].
The absorption peaks at 1440 and 1276 cm~! were attributed to
the stretching vibrations of B-C [25] in the Ph-B structure and Si-
CH in the Si-CH=CH, [24] structure. The peaks at 1000-1200 cm™!
were assigned to Si-O-Si absorptions. The 1114 cm~! band was as-
signed to the symmetric structure (cage-open cage), whereas the
1080 cm~! band was assigned to the random network structure
[26,27]. The splitting of the peak verified the different hydrolysis
degrees of the VTMS [28].

The 'H-NMR(DMSO-d6) spectrum of BSN100 is shown in
Fig. 2b. The broad peak at 3.5-4.0 ppm was assigned to the bridg-
ing -CH,- between the phenol rings, confirming that the addition-
condensation reaction occurred between 4-HBS and formaldehyde.
Chemical shifts between 9.36 and 9.18 ppm were assigned to the
hydroxyl hydrogens on the phenol ring. The signals at 8.0-7.8 ppm
corresponded to B-OH in the 4-HBS, and that at 7.4-6.5 ppm was
assigned to the aromatic protons. The broad peaks at 6.2-5.7 ppm
were attributed to the -CH=CH, in the VTMS structure, and those
at 3.60 and 3.17 ppm were assigned to the unreacted -Si-O-CH3 of
the VIMS (T1, T2, and T3) [29], The signal at 2.5-0.8 ppm corre-
sponded to the solvent peak.

1B and 29Si-NMR (Fig. 2c and d) were applied to confirm fur-
ther the chemical state of the boron and silicon in the BSN100
skeleton. The "B NMR (Fig. 2¢) measurements were carried out
to obtain environmental information of the B species in the BN. In
the "B NMR spectrum, the presence of a chemical shift at 29 ppm
(B1) are attributed to B-O-B and B-O-C structures. The 26 ppm (B2)
was attributed to the Si-O-B structure [25,30,31]. In the 2°Si-NMR
(Fig. 2d), three peaks appeared at -80.27 ppm (T3, intense peak), -
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Fig. 2. Structural characterization of BSNs: (a) Fourier-transform infrared spectroscopy (FT-IR) spectra, (b),'H-NMR (nuclear magnetic resonance) spectra, (c) ""B-NMR spectra,

and (d) 2°Si-NMR spectra.

71.49 ppm (T2, medium peak), and -59.33 ppm (T1, low peak) [32].
In all cases, T1, T2, and T3 were derived from silicon with three,
two, and one Si-O-Si bridges, respectively, and at least one organic
group.

In-situ 29Si-NMR spectroscopy was employed to obtain more
key information to elucidate the chemical reactions. We ex-
plore and develop a approach for performing in situ 29Si-NMR
spectroscopy to study complex reaction systems. As shown in
the Fig. 3a, by adjusting the flow rate of the peristaltic pump,
the reaction liquid is pumped into a specially designed nu-
clear magnetic tube in real-time, and the in-situ silicon spec-
trum (Fig. 3b) can be obtained through the cooperation of several
devices.

In the time evolution of the 29Si-NMR spectrum of the reaction
of BSN100, three peaks observed at -80.27 ppm (T3), -71.49 ppm
(T2), and -59.33 ppm (T1). After 6 h of the reaction, the intensity
of the T1 peak decreased sharply, and the intensities of the T2 and
T3 peaks began to increase at about 0-3 h. At this time, although
T2 began to slowly decrease, the T3 peak continued growing. The
intensities of all the peaks did not change significantly from 5.5
h to the end of the reaction. The results showed that during the
progress of the reaction, the T1 structure continued to transform
into the T2 and T3. The reaction began to slow at about 3 h and
ended after 5.5 h. No raw material peak (VTMS -52.1 ppm) was
found in the BSN resin system, demonstrating that all the VTMS
was involved in the second step of the well-designed reaction.

Table 1

Molecular weight of the BSNs determined by GPC.
System M, My Muw/Mn
BSN30BSN50 472529 613726 1.301.37
BSN70 565 825 1.46
BSN100 623 956 1.53

Thus, it can be confirmed that the NMR results were highly con-
sistent with those of FT-IR.

GPC was employed to determine the molecular distribution
characteristics of the BSNs, including the number average molecu-
lar weight (Mn), weight average molecular weight (Mw), and poly-
dispersity index (PI). As shown in the molecular distribution pro-
files (Fig. 4), the peak intensities attributed to the low and middle
molecular weight components continue to decrease and the high
molecular weight components increase with the increase in the
VTMS content. Table 1 presents the values of Mn, Mw and PI of
the BSNs. those values increased with the increased VTMS content,
revealing that the esterification reaction between the VTMS and PR
was carried out successfully.

Overall, the molecular structures of the BSNs were character-
ized by several spectra, including 'H-NMR, FT-IR, "'B-NMR, and
29Si-NMR spectra, and the results confirmed that addition-curable
boron-silicon containing hybrid resin was prepared successfully.
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Fig. 3. (a) In-situ 2°Si-NMR spectrogram acquisition device. (b) Time evolution of the 2°Si-NMR spectrum of the reaction of BSN100.

High Middle | Low
BSN100
BSN70
BSN50
|
BSN30
|
T T T I l T T T
10 15 20 25 30 35 40 45

Retention time (min)

Fig. 4. Gel permeation chromatography (GPC) curves of the BSNs.

3.2. Curing behavior of BSN

The curing behavior of the BSN was examined by DSC (Fig. 5a).
The DSC curves exhibited an exothermic peak at the temperature
range of 160°C -280°C with a peak value of about 235°C. Moreover,
with the increased content of VTMS, the exothermic peak became
sharper, revealing that a higher VTMS content led to a more vigor-
ous curing reaction. Based on the DSC results, a reasonable curing
procedure was designed as follows:

120°C, 1 h — 140°C, 1 h — 160°C, 2 h — 180°C, 2 h — 200°C,
2 h— 240°C, 2 h.

Although the exothermic peak was a simple singlet, the com-
plicated molecule structure of the BSN suggested that the exother-
mic peak could have been due to complex reactions. Therefore, a
more detailed FT-IR characterization at the different heating stages
was carried out to monitor the progress of the curing reactions,
and the detailed results are shown in Fig. 5b. There was almost no
change in the FT-IR spectrum during the curing process as the tem-
perature reached 160°C. As the curing reaction reached 180°C, the
decrease in the B-C signal (1440 cm~1) indicated that the binary
boron structure (HBS) transitioned into a trigonal boron structure
(boron oxide). The center of the infrared absorption peak of the
B-O bond vibrations shifted from 1350 to 1380 cm~!. The charac-
teristic peaks at 1350 cm~! and 1380 cm~! were reported in the
literature [13, 20] and interpreted as the stretching vibration of B-

0-C bonds in 4-HBS and boron oxide demonstrated a more heat-
resistant continuous B-O-B and B-O-C network gradually formed
at the elevated temperature. The absorption at 890 cm~! which
was attributed to the B-O-Si structure, maintained a strong signal
intensity after the heat treatment. However, after the curing tem-
perature exceeded 160°C, the intensity of the Si-O-Ph (946 cm™1)
signal became much weaker. The peaks at 1000-1200 cm~! are as-
signed to Si-O-Si absorption. The 1095 cm~! band was attributed
to the symmetric structure, whereas the 1079 cm~! band was as-
signed to the random network structure. Fundamentally, the dif-
ferent positions of the bands depended on the degree of cross-
linking and the physical structure of silica [26,27]. The splitting of
the Si-O-Si peak near 1100 cm~! gradually became a single peak
with a shoulder, suggesting that the improvement of the hydroly-
sis degree of the VTMS promoted a larger scale Si-O-Si network in
the presence of boric acid. Furthermore, the size of the absorption
peak of vinyl (1410 cm~') dramatically decreased, and an absorp-
tion peak at 1255 cm~! corresponding to the Si-CH,- stretching
vibration [33] began to appear. These results indicated that the ad-
dition of the curing reaction between the vinyl groups occurred
successfully.

1B solid NMR (Fig. 12a-1) measurements were carried out to
obtain environmental information of the B species in the cured
BSN, which could be used as a complementary tool to FT-IR. Peak
deconvolution of the B solid NMR spectrum of the cured BSN into
six peaks with chemical shifts at ca.24, 18, 15, 11, 2, 0, and -2.8
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Fig. 5. Studies of curing behavior of the BSNs:(a) differential scanning calorimetry (DSC) curve, and (b) FT-IR spectrum of the BSN resin.

ppm was performed. The presence of a chemical shift at 24 ppm
was assigned to B-O-Si in the 4-HBS, and the chemical shifts at
18, 15, and 11 ppm were ascribed to tri-coordinated boron. Fur-
thermore, the peaks at around 2, 0 and 2.8 ppm were accord-
ingly assigned to B (OH);(0Si);, B(OH),(0Si), and B(OSi), tetrahe-
dral framework. Normally, the !B isotropic chemical shift of trigo-
nal boron correlates with the number of hydroxyl groups on the B
atoms, and the peak at 18 ppm is often attributed to B(OH)s. Sites
B [3]° and B [3]¢ belong to the framework B(OSi)xOH3_y(x — 12y and
the B(OSi)3 structure [34-38]. The binary boron structure (4-HBS)
transitioned into a trigonal boron structure (boron oxide), consis-
tent with the FT-IR results. The trigonal boron structure and the B-
0-Si bonds that formed from the esterification reactions between
the B-OH and Si-O-CH3 [22] were beneficial for improving the
thermal resistance of the resin system.

The 2°Si NMR measurements have also been carried out to ob-
tain useful environmental information about the Si species in the
cured BSN. 29Si NMR of the cured BSN (Fig. 12b-1) showed three
peaks at -80.53, -71.49, and -60.00 ppm. Compared with Fig. 2d,
the percentage of the integral area of T3 units increased signifi-
cantly, indicating that the hydrolysis degree of VTMS.

A core-level XPS measurement was performed to determine the
chemical states of the elements on the surface of the cured BSN.
The carbon, oxygen, boron, and silicon peaks were detected from
the full scanned XPS spectrum of the cured BSN100 (Fig. 10a-1).
Fig. 10-b-1 represents a high-resolution B1s XPS spectrum. The
binding energy centered at 192.0, 192.9, 193.5, and 194.5 eV was
ascribed to B-O-C, B-0-B, B-0-Si, and B-OH bonds, respectively
[20] The main components of the Si2 peak (Fig. 11c-1) at 102.2
eV were attributed to the Si-O-B structure. Thus, the results ob-
tained by XPS and 29Si-NMR were in line with the results obtained
by FT-IR.

Based on the above analysis, we can convincingly distinguish
three main chemical reactions that occurred in the whole curing
process:

(i) the addition-curing of VTMS;
(ii) the formation of a larger-scale continuous B-O-B network;
(iii) the formation of a larger-scale continuous Si-O-Si network.

Boron, silicon, and carbon atoms have similar atomic radii and
electronegativities, making it possible for carbon and boron atoms
to replace silicon in the Si-O-Si structure. Furthermore, both B-O-B
(516 kJ/mol) [13] and Si-O-Si (446 k]/mol) [33] with intense bond
energies and excellent thermal stability, tended to form a three-

Table 2
TGA results for cured BSN resin and conventional PR.
Weight loss temperature (°C) Rgoo-c
Sample (%)
Tsy (°C)  Tiox (°C)  Tamax (°C)
PR 410.21 478.47 540.14 60.21
BSN30 375.35 500.62 576.21 69.53
BSN50 400.38 521.29 578.35 72.14
BSN70 411.37 532.27 593.46 76.34
BSN100  458.56 582.06 611.05 81.02

dimensional continuous oxide frameworks. By connecting B-O-C,
B-0O-Si, and Si-O-C bonds, the oxide framework and cured PR skele-
ton were firmly bonded together, endowing the hybrid resin with
excellent thermal stability. Based on the above discussion, and to
make this article more rigorous, the possible molecule structures
of the cured BSN are shown in Fig. 6.

3.3. Thermal properties of cured BSN

TGA was applied to evaluate the thermal properties of the cured
BSNs with different contents of VIMS during pyrolysis, especially
between 300°C and 700°C, and the DTG was used to character-
ize the maximum decomposition temperature and maximum de-
composition rate of the resin systems. The cured BSNs with dif-
ferent VTMS contents had extremely similar thermal decomposi-
tion behaviors. Thus, the cured BSN100 with the highest residual
weight was chosen to investigate the thermal properties and ther-
mal degradation behavior.

The corresponding data are shown in Table 2. Fig. 7a clearly
shows that the initial thermal degradation temperature (Tsy) of
the cured BSN100 was 458.56°C under an N, atmosphere, which
was increased by 11.1% compared to that of the PR, and the resid-
ual weight at 800°C (Rgggec) Was as high as 81%, which was 33.8%
higher than that of the PR. From the DTG curves (Fig. 7b), the max-
imum thermal decomposition temperature of BSN100 was 611.05°C
under an N, atmosphere, which was higher than that of PR. Mean-
while, the maximum decomposition rate of the BSN was 0.099%,
which was reduced by 41% compared with the value of the PR,
suggesting the excellent thermal stability of the BSN.

3.4. Thermal pyrolysis behavior of cured BSN

To more clearly investigate the reason that the BSN100 had
such excellent residual weight (81.02%), the TG-MS-FT-IR technique
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was applied to evaluate the detailed volatile products and gather
useful information to investigate the exact thermal pyrolysis reac-
tions along with the polymer stability under controlled conditions.

The two-dimensional FT-IR contour maps of the gaseous prod-
ucts of the BSN resin pyrolysis are shown in Fig. 8a and S1.
The detailed FT-IR diagram of the gaseous products at several
representative temperatures [39] is shown in Fig. 8b. In Fig. 8a
and b, the first thermal degradation stage between 200°C and
450°C was mainly attributed to the release of water, phenol,
and unreacted small molecule monomers. The peaks correspond-
ing to phenol (m/z = 94), boric anhydride (m/z 106), and
dimethoxy(vinyl)silanol (m/z = 134) in Fig. 8d-250°C are a good
illustration of this. In addition, the release of H,O indicated that
condensation reactions occurred among B-OH, Si-OH, and phenolic
hydroxyl groups, facilitating further intermolecular cross-linking.
As the temperature increased from 450 to 800°C, the appearance
of new peaks at mesitylene (m/z = 120), naphthalene (m/z = 128),
2,4,6-trimethyphenol (m/z= 136), O-xylene, P-xylene (m/z = 106)
and methanone (m/z = 209) in the Fig. 8d-600°C confirmed that

the cross-linked network of PR underwent an irreversible rear-
rangement and formed polyaromatic domains [40]. Simultaneously,
the infrared spectra at B-O (1350 cm~') and Si-O (1178 cm™!)
showed a dramatic change in the peak intensities. As shown in
Fig. 8c, B,O3 with a low melting point of 450°C was quickly re-
moved from the hybrid materials via the endothermic volatiliza-
tion process when the temperature reached 600°C. Therefore, B-O
(1350 cm~!) exhibited a powerful infrared absorption during py-
rolysis with the temperature reached 600°C. Meanwhile, the in-
tensities of the Si-O (1178 cm~!) vibrations showed a consider-
able increase at 600°C and dropped sharply as the temperature
increased to 1000°C. This result implicated that heat treatment
at 600°C caused significant breakage of the weak edge Si-O-Si
bonds, which led to the volatilization, degradation, and dissolu-
tion of small silicon-containing molecules. Nevertheless, a higher
temperature also enhanced the reactivity of silicate [41], which re-
sulted in a large-scale continuous Si-O-Si network with excellent
thermal stability. The network was rarely destroyed under the sus-
tained heat treatment from 600°C to 1000°C.
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After the above analysis, the following preliminary conclusions
about the thermal pyrolysis reactions along with the polymer sta-
bility can be drawn:

(i) The release of a large amount of water further enhanced the
condensation reaction among the B-OH, Si-OR, and Ph-OH,
facilitating the formation of further intermolecular cross-
linking structure.

(ii) Exposure at high temperatures (>600°C) promoted a deep-
seated rearrangement of the BSN carbon skeleton and pol-
yaromatic domains with excellent heat resistance.

Next, the structural characterization of the carbonization prod-
ucts of the BSN100 was carried out to verify the above conclusions.
FT-IR was been used to investigate the chemical structural changes

of the hybrid resin during pyrolysis. As shown in Fig. 9a, the num-
ber of characteristic absorption peaks of the sample decreased as
the temperature increased to 1200°C. The absorption peaks cen-
tered at around 1500-1300 cm~! and 1200-1000 cm~! correspond-
ing to the B-O-B and Si-O-Si structures, respectively, shifted to-
ward the characteristic peaks of inorganic boron oxide and sil-
ica oxide. These shifts indicate that an intermolecular cross-linking
structure formed by oxygen-containing groups promoted a larger-
scale cross-linked networks of B-O-B and Si-O-Si. Meanwhile, the
XRD pattern (Fig. 9b) showed a crystalline diffraction peak from
B,05 at 20 = 28.1°, which was consistent with the FT-IR results.
Furthermore, the band at 890 cm~! ascribed to the absorption of
Si-O-B bonds was always present during the heat treatment, indi-
cating that boron oxides and silicon oxides were not a simple phys-
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Fig. 10. X-ray photoelectron spectroscopy (XPS) spectra of the BSN100 at different te
spectrum.

ical mixture. Therefore, there were strong interactions between B-
0-B and Si-O-Si networks through the formation of Si-O-B bonds.
It was concluded that the formation of a higher degree of the B-
0-B-0-Si-0-Si continuous oxide framework during the thermal py-
rolysis endowed the hybrid resin with remarkable thermal stability
and was especially conducive to the high residual weight of BSN.
XRD and Raman spectroscopy were applied to determine the
structural characteristics of the carbonaceous material obtained at

Bingding energy (eV)

Bingding energy (V)

mperatures during pyrolysis stage: (a) a full-scan, (b) B1s-XPS spectrum, and (c) Si,-XPS

different temperatures. As shown in Fig. 9b and c, the average crys-
tallite dimensions L; (002), L, (100) and dgg, were calculated us-
ing the Scherrer and Bragg equations [42], and their values were
9.47A (L), 19.01A (Lg), and 3.88 A (dggy), respectively. In the Ra-
man spectra, the D-band (nearly 1358 cm~!) was mainly associated
with disordered carbon and amorphous carbon, and the G-band
(approximately 1580 cm~!) was assigned to the ordered graphitic
structures. The intensity ratio (Ig = Ip/Ig) of the D and G bands
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is associated with the order of carbon materials. The lower the Ig
value is, the higher the degree of the transformation from disor-
dered carbon to graphitic carbon is. As shown in Fig. 8d, the Iy
decreased from 3.2 to 1.9 as the temperature increased.

An extensive literature review was undertaken to understand
the carbon structure derived from the pyrolysis process of the
cured phenolic resin (CCPR). CCPR were gradually transformed into
a more heat-resistant, finite-sized, polyaromatic structure as the
temperature increasing [13,43,44]. The finite-sized stacks of pol-
yaromatic structures as the basic structural units (BSU) of CCPR
were stacked on top of each other to form a carbon skeleton.
The carbon skeleton and some inaccessible pores between the BSU
stacks constitute the basic structure of the CCPR [44]. The possible
structure of the CCPR is shown in Fig. 13a.

Based on the above discussion, we have characterized the pol-
yaromatic orderliness of the carbonized product structures during
pyrolysis; simultaneously, XPS was used to determine the various
combinations of boron and silicate of the surface on the carboniza-
tion production. The statistic obtained by fitting the XPS spectro-
gram (Fig. S2a) clearly shows that the contents of boron and oxy-
gen inside the carbonized product increased as the temperature in-
creased.

When the pyrolysis treatment was between 400°C and 800°C,
boron and oxygen were enriched constantly on the surface of the
carbonization. Furthermore, the result of the XRD obtained by the
same carbonization indicated the existence of B,0s. Jing et al. de-
scribed the B,03 layer enrichment of the surface of the mate-
rial, which acted as active oxygen and heat barriers during heat
treatment from 450°C to 800°C [13]. The preliminary results de-
scribed above were in agreement with previously reported results.
When the temperature increased further, the high temperature ag-
gravated the volatilization of B,03 located on the surfaces of the
materials. Meanwhile, the silicate with better heat resistance grad-
ually migrated to the surface of the material.

The corresponding Bys and Sip, high-resolution deconvoluted
XPS spectra were obtained to identify the elements on the sur-
faces of the carbonization products and determine their chemical
states and binding characteristics. In addition, the deconvoluted
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peaks could be compared to the core-level binding energy peaks
found in reference databases [20] and to provide percentage of
each species as a function of each element. As shown in Fig. 10b
and Fig. S2a, b, and c. the binding energy centered at 192.0, 192.9,
193.5, and 194.5 eV can be ascribed to B-O-C, B-O-B, B-O-Si, and
B-OH bonds, respectively. The disappearance of the peak belong-
ing to B-OH suggested that higher temperatures facilitated further
condensation reactions between the B-OH, Si-O-R, and Ph-OH and
enhanced the cross-linking density of the resin. The greater the
cross-linking density was, the better the heat resistance became.
Simultaneously, the increasing intensity of the peak ascribed to the
B-O-C structure attracted our interest. Previous literature [45, 46]
showed that at elevated temperatures, the terminal oxygen atoms
of glassy B,03 could be bonded to the chemically unstable carbon
atoms of graphite, which resulted in a marked reduction in the rate
of oxidation of the graphite in dry or moist air between 600°C and
1000°C. Meanwhile, the results discussed above showed that the
carbon structures in PR were gradually transformed into a more
heat-resistant ordered polyaromatic structure as the temperature
increased. The existence of the ordered polyaromatic structure pro-
moted the graphitization of the pyrolysis products [13]. Therefore,
the formation of the B-O-C structure may have been closely re-
lated to the ordered polyaromatic structure derived from the BSN.
At 1200°C, the chemical states of the B atoms inside the materials
were composed of B-O-C, B-O-Si and B-O-B structures, endowing
the resin with excellent thermal stability.

The results of the high-resolution Siy, [47] deconvoluted XPS
spectrum showed that when the temperature reached 400°C, the
decreased intensity of the C-Si-O signal indicated that the struc-
ture of the silicon atoms evolved from silicon units bearing three
oxygen atoms and one carbon atom (denoted as [SiO3C]) to sili-
con units bearing four atoms (denote as [SiO4]), which thereby in-
creased the possibility of formation of Si-O-Si structures and facil-
itated the formation of a further intermolecular cross-linked struc-
ture during the heat treatment. Moreover, the existence of the B-
0-Si structure not only was highly consistent with the results of
the FT-IR and B;s XPS spectrum but also indicated that the high
temperature improved the formation of a three-dimensional con-
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tinuous oxide framework composed of B-0-B-0-Si-O-Si, endowing
the hybrid resin with excellent thermal stability.

SEM was performed to investigate the morphology of the car-
bonization products of BSN at 800°C. As shown in Fig. 11a, the
hemispherical glass layer was discovered on the surface of the
carbonization matrix with a uniform distribution. The percentage
coverage area and mean diameter of the hemispherical glass layer
were determined using Image | software to be 36.8% and 130 nm,
respectively. Subsequently, the elemental composition and distri-
bution of the sample after thermal pyrolysis were determined by
SEM-EDX. The SEM-EDX line scan (Fig. 11c, d, e and Fig. S3) re-
vealed that Si, B, C, and O were uniformly distributed in the car-
bonization matrix and glass phase. In particular, Fig. S3 shows that
the signal intensity of the C atoms in the glass phase was al-
most nonexistent compared with that of the carbonization matrix,
which demonstrated that almost only B, Si, and O elements ex-
isted in the glass phase. In Fig. 10(a-4, b-4, and c-4), the bind-

1

ing energies centered at 192.9 and 193.5 eV were ascribed to B-
0-B and B-0-Si bonds, respectively. Furthermore, the main com-
ponents of the Sip, peak at 102.1 and103.2 eV were ascribed to
the Si-O-B and Si-O-Si bonds, respectively. In summary, the pro-
tective layer was confirmed to be borosilicate glass, which mainly
contained SiO, and B,03 linked by B-O-Si bonds. To explain the
thermal protection mechanism of the borosilicate protective layer
more clearly, the traditional PR was chosen as reference group.
Fig. 10b shows that boron-silicate glass not only acted as a heat
barrier to limit the heat transfer to the interior of the resin but
also lowered the surface temperature of the resin by ablation [48].
The pyrolysis gas produced by the ablation of the BSN could ef-
fectively interfere with the convective heat transfer from the hy-
perthermia environment to the material surface. In contrast, when
the glass protective layer was removed, due to the interaction of
the hyperthermal environment gas, chemical and physic erosion
tended to increase, which induced the formation of the rough
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surface of the resin, and finally led to the failure of the resin
matrix.

It is known that thermally stable borosilicate glasses (e.g. DU-
RAN and PYREX) contain at least 5% boron to achieve higher ther-
mal stability than general silica glasses [49]. Therefore, the forma-
tion of a hemispherical borosilicate glass protective layer undoubt-
edly played a vital role in enhancing the excellent thermal stabil-
ity of the resin. The reason the boron-silicon protective layer mi-
grated upward and enriched the resin surface was mainly because
the melting point and viscosity of borosilicate glass are relatively
low [34,50]. B,0O3 tends to combine with SiO, to form a low melt-
ing point eutectic mixture. Due to the reduction of melting point,
the eutectic mixture is easy to overheat at lower temperatures, re-
sulting in decreased viscosity and melt flow. Subsequently, driven
by the capillary force and increasing vapor pressure [51], the eu-
tectic mixture is forced out to enrich on the surface of the mate-
rial, which acts as a glass protective layer to limit the heat flux to
erode the interior of the resin matrix.

Based on the above discussions, we identified the elements and
their binding characteristics on the carbonized surface, which pro-
vided a preliminary understanding of the structural evolution dur-
ing the pyrolysis under heat treatment. Notably, the morphologies
of the materials obtained by SEM further deepened our insight
into the pyrolysis mechanism. However, both characterization tech-
niques (SEM, and XPS) used for the materials had a similar short-
coming: the sample location, the actual location where a charac-
teristic sample was obtained from the carbonization product, had a
specific impact on the characterization result, which increased the
randomness of the characterization results. The solid-state NMR
techniques was used as a supplementary tool to improve the XPS
and SEM results. Solid-state NMR spectroscopy serves as a valu-
able analysis tool to characterize chemical compositions in mate-
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rials science. Due to its unique ability to assign the observed be-
havior to specific sites in a molecule or the macrostructure of a
material, solid-state NMR techniques [38] can significantly reduce
the randomness caused by the sampling process.

The 1B solid-state NMR spectrum of the sample could be de-
convoluted into six peaks with chemical shifts at 24 (B [2]?), 18(B
[3]3), 15 (B [3]P), 11 (B [3]¢), 2 (B [4]?),0 (B [4]’), and -2.8 ppm (B
[4]P). The presence of a chemical shift at 24 ppm was accordingly
assigned to B-O-Si in the 4-HBS, and the chemical shifts at 18, 15,
and 11 ppm were ascribed to the B(OH);, B(OH),(0X);, and B(0OX)3
tri-coordinated framework, respectively, where the symbol X rep-
resents adjacent boron or silicon atoms. The peaks at around 2, 0,
and 2.8 ppm were assigned to the B(OH),(0Si),, B(OH);(0Si); and
B(0Si), tetrahedral framework, respectively. As shown in Fig. 12a
and Fig. S2d, the increasing intensity of the peak centered at 11
ppm (B [3]¢) indicated that the high temperature enhanced the
degree of cross-linking between the B-O-B and Si-O-Si networks.
Meanwhile, the emergence of peaks corresponding the tetrahe-
dral framework further suggested that the elevated temperature
drove the formation of the dual-phase of the Si-O-Si and B-O-B
networks.

The solid-state 29Si-NMR spectra recorded after different ther-
mal treatments from 240°C to 1200°C are shown in Fig. 12b and
Fig. S2e. Silicon atoms [41] bearing one hydroxyl group, (Si-O)3Si-
(OH) (called Q3), showed a chemical shift of 100 ppm. The Q3
types were located mainly at the boundary of the silicate net-
work and had high chemical reactivity. Silicon atoms without hy-
droxyl groups, (Si-0)4Si (called Q4), showed a chemical shift of
109 ppm. The cleavage of the C-Si bond caused by heat treatment
above 400°C indicated that a structural transformation from RSiO3
to Si04 occurred. The area of the Q3 and Q4 peaks are summarized
in Fig. S2e. The Q3/Qy4 ratio is a clear indication of the degree of sil-
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icon condensation. Therefore, in this work, the ratio can be used to
indicate the degree of cross-linking of the Si-O-Si network. The val-
ues of the Q3/Q4 ratio were 0.77 (800°C), 0.54 (1000°C), and 0.24
(1200°C), respectively, indicating that high temperature greatly en-
hances the reactivity of Si-OH to produce a three-dimensional,
more completely continuous cross-linked Si-O-Si network.

In general, the results of the above characterization provides a
new perspective on the structure property relationship of BSN and
clearly show that high temperatures increased the reactivity of sil-
icon and boron units inside the resin, such as the unreacted Si-
OH and B-OH located mainly at the boundary of the Si-O-Si and
B-0-B networks, respectively, with high chemical reactivities [52].
The high temperature enhanced the combination of the dual-phase
of the B-O-B and Si-O-Si networks to form a more extensive-scale
three-dimensional continuous Si-0-Si-O-B-O-B oxide framework.
Moreover, when the heat treatment temperature reached 800°C,
the appearance of the B-O-C signal peak indicated the formation
of covalent bonds between the Si-O-Si-O-B-0-B oxide framework
and ordered polyaromatic structure during the thermal pyrolysis.
The oxide framework and ordered polyaromatic structure played a
vital role in enhancing the thermal stability of the resin. The addi-
tion of boron units could reduce the reaction activation energy of
carbon during the graphitization and promoted the transformation
of the amorphous carbon structure to the ideal graphite structure
during the PR pyrolysis [13].Moreover, the terminal oxygen atom of
the glassy B,03 could be bonded to the chemically unstable car-
bon atoms of graphite, resulting in a marked reduction in the rate
of oxidation of the graphite, which enhanced the degree of graphi-
tization of the BSN resin and endowed the resin with better heat-
resistance.

The characterization results for boron and silicon were consis-
tent with the structural model proposed by Tricot et al [37]. In
this model (Fig. 13b) two components coexist in the boron-silicon
glass structure: a tetrahedral part and a ternary part. The tetra-
hedral part is based on silicate but also contains boron sites dis-
persed within the network, and ring and no-ring boron species to-
gether constitute the main body of the ternary part. Moreover, the
tetrahedral part of the network is connected to the ternary part
of the network through the B-O-Si unit. In summary, the possible
structure of the pyrolysis process of the cured BSN100 is shown in
Fig. 13c.

This work provides a deep understanding of the synergistic ef-
fects of boron-silicon modified PR with improved thermal stability,
which can be summarized as follows:

(i) Chemical synthesis and curing stage: First, boron units
acting as a catalyzer accelerated the hydrolysis reaction of
silicon units [53]. Second, boron units serving as coupling
agents participated in forming B-O-Si, B-O-C, and Si-O-C
structures. These structures made the continuous Si-O-Si
and B-0-B networks strongly bond to the aromatic PR skele-
ton, which were beneficial for improving the thermal stabil-
ity of the BSN.

(ii) Thermal pyrolysis stage: The emergence of the B-O-Si struc-
ture indicated that the combination was determined by the
chemical bonds rather than simple physical blending. The
presence of the Si-O-Si network hindered the fluidity of
B,05 and reduced the volatilization of B,O3 [54-56]. There-
fore, B,O3 could survive at higher temperatures, which in-
directly improved the mass retention rate of the BSN resin.
Furthermore, the B units were connected to form a B-O-B
network and bind to the boundary of the Si-O-Si network by
the formation of B-O-Si bonds. Such a B-O-Si bridge could
effectively prevent the formation of cyclic or cage siloxane
entities and lead to a larger-scale continuous Si-O-Si net-
work [18].
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4. Conclusions

In this work, an addition-curable hybrid PR containing silicon
and boron were successfully obtained. By introducing VTMS with
vinyl groups into the molecular structure of BSN, the hybrid resin
achieved addition curing through thermal polymerization of the
vinyl groups. Through the study of the curing and thermal pyrol-
ysis mechanism of the resin, the results showed that the forma-
tion of a B-O-B-0-Si-O-Si continuous oxide framework and heat-
resistant graphite structure endowed the hybrid resin with excel-
lent thermal stability. In addition, the hemispherical boron-silicate
glass protective layer was observed on the surface of the pyroly-
sis PR, which acted as an effective protective barrier limiting the
heat flux to the resin matrix interface. As a novel hybrid PR, the
BSN demonstrated its great potential in high-performance polymer
composites for aerospace and aviation applications.
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