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a b s t r a c t 

Phenylboronic acid (PBA) modified phenolic resin (PBPR) is one of the most important phenolic resins 

(PR) due to its good processability and high char yield. However, the pyrolysis mechanisms of PR and 

PBPR still remain poorly understood, which imposes limits on the synthesis, development and applica- 

tion of these materials. In this work, the pyrolysis process of PBPR has been studied through novolac 

resin (NR) and PBA crosslinked NR (PBNR) at high temperatures, and the reasons for the high char yield 

of PBPR were explored, as well. According to the results, the pyrolysis of NR begins with the cleavage re- 

action of the covalent single bonds in the molecular backbone. The release of volatile organic compounds 

(VOCs) such as monophenols and bisphenols formed by the cleavage of C—C single bonds is the major 

cause of the decreased char yield of NR at elevated temperatures. Meanwhile, increasing NR molecular 

weight and crosslinking NR could reduce the formation probability of VOCs, which is beneficial to ob- 

taining the high char yield resin. In PBPR, the boronic ester linkages make the formation of VOCs more 

difficult and contribute to the high char yield of resin. The present work provides guiding significance for 

deeply understanding the pyrolysis mechanism of PR and PBPR to ensure their high thermal stability and 

char yield at high temperatures. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Being one of the most important thermosetting resins, pheno- 

ic resin (PR) is widely used in advanced composite materials. PR 

s especially commonly applied as the matrix resin for ablation- 

esistant composites or precursors for C/C composites for thermal 

rotection systems due to its good processability and high char 

ield [1] . However, the rapid development of related technolo- 

ies in the aerospace field has put forward stringent demands for 

blation-resistant materials [2] . To effectively improve the ablative 

erformance of PR, it is crucial to understand the detailed mecha- 

ism during the pyrolysis process. According to the reported stud- 

es on the pyrolysis process of PR [3–5] , two representative pyroly- 

is mechanisms have been proposed. One is the three-stage pyroly- 

is mechanism of PR, which can be described by a sequence of the 

ollowing steps [6] . First, the additional crosslinking points arise 

ue to the condensation reactions between the functional groups 

f the cured PR. Second, some crosslinking points of cured PR are 
∗ Corresponding author. 
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roken, leading to the evolution of methane, hydrogen, and carbon 

onoxide. Third, dehydrogenation of benzene leads to the release 

f hydrogen. Another mechanism proposed by Jackson et al. [7] im- 

lies that pyrolysis of PR is an oxidative degradation process even 

hough occurring in an inert environment, and the pyrolysis prod- 

cts provide the source of oxygen. Regardless of relative complete- 

ess, both the theories contradict each other on whether carbonyl 

nd hydrogen form during pyrolysis. 

Various attempts have been made to modify the PR to improve 

ts thermal stability, such as introducing boron (B) [8–10] , phos- 

horus (P) [ 11 , 12 ], silicon (Si) [13–15] , or other chemical elements.

mong them, the boric acid modified PR (BPR) is one of the most 

mportant products due to its good thermal stability, especially 

igh thermal decomposition temperature and elevated char yield 

16] . BPR was first reported by Sporzynski et al. [17] in 1951, the

hermal decomposition temperature at 10% weight loss (T 10% ) of 

esin from 285 to 345 °C and achieve 71% of the char yield at 

00 °C (R 800 °C ) in nitrogen atmosphere [18] . However, the applica- 

ion of BPR is still greatly limited because of its poor processability 

nd mechanical property. Even though the structure and proper- 

ies of BPR have been thoroughly described [ 19 , 20 ], the underlying 

easons for its excellent thermal stability have not yet been fully 

xplained. Based on the study of hyperbranched polyborate and its 

https://doi.org/10.1016/j.polymdegradstab.2021.109672
http://www.ScienceDirect.com
http://www.elsevier.com/locate/polymdegradstab
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Fig. 1. The possible crosslinking structure of PBPR. 
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odified PR [21–23] , we developed the phenylboronic acid (PBA) 

odified PR (PBPR) [ 24 , 25 ] with the processability similar to that

f PR, whereas its thermal stability and mechanical properties of 

he composite material were far superior to those of BPR. These 

re due to the specific crosslinking structure of PBPR (see in Fig. 1 ),

aking it a more promising ablative resin. The amount of boronic 

ster linkages in PBPR is not enough to form the three-dimensional 

rosslinking network, so the crosslinking structure of PBPR is still 

ormed by methylene-linked phenols, and boronic ester only blocks 

he phenolic hydroxyl group. Therefore, the crosslinking structure 

f PBPR can be regarded as the boronic ester linkages formed in 

he cured PR. 

Although the various opinions that have been put forward could 

e used to understand the excellent thermal stability of BPR, the 

yrolysis mechanisms of PR and PBPR remain poorly understood. 

p to now, four essential viewpoints have been proposed to elu- 

idate the reason for the high char yield of PBPR. Firstly, the high 

har yield of PBPR is due to the high bond dissociation energy of 

—O bond (774 kJ/mol) [26] . However, the high bond dissociation 

nergy of the B—O bond cannot influence the bonding strengths 

f nearby covalent bonds in the PBPR crosslinking network, such 

s the C—H and C—C bonds of methylene and the O—H of phe- 

ol. Secondly, the activity of the phenolic hydroxyl groups will 

e reduced due to the esterification of the boron hydroxyl groups 

 27 , 28 ]. Because phenolic hydroxyl groups are the active sites of 

hermal instability in PR, and the formation of boronic ester link- 

ges in PBPR restrains their reaction. It is noteworthy that many 

henol hydroxyl groups are still present in PBPR. Thirdly, the for- 

ation of the boron oxides during pyrolysis is situated on the car- 

onized surface of the product and prevented the oxidation pro- 

ess [ 29 , 30 ]. In addition, the boron oxides at high temperatures re-

uce the number of small molecules of carbon oxides, which is 

onducive to the improvement of the PBPR’s char yield. Actually, 

his viewpoint is suitable for describing the pyrolysis in an oxygen 

tmosphere rather than the pyrolysis in an inert medium. Fourthly, 

he boronic ester linkages change the pyrolysis mechanism of PR 

nd contribute to the carbonization of PR [25] . Since the boronic 

ster linkages in PBPR bring more adjacent benzene groups, this is 

ikely the key reason for the high char yield of the cured PBPR dur- 

ng the high temperature pyrolysis. Although the fourth viewpoint 

s considered more relevant to the actual situation, the research 

annot illustrate the actual pyrolysis process of PBPR. The elucida- 

ion of the pyrolysis mechanism of PBPR based on PR’s pyrolysis 

etails is the main goal of this paper based on the pyrolysis mech- 

nism of PR. 

The current research on the pyrolysis mechanism of PR mainly 

ocuses on the cured resin. However, the limited understanding 

f the structural characteristics of cured resin leads to the lack 

f information about its pyrolysis mechanism. Meanwhile, the 

rosslinking structure of PBPR can be regarded as the boronic 
2 
ster linkages formed in the cured PR. We have preliminar- 

ly clarified the early pyrolysis process of novolac resin (NR) 

hrough ReaxFF-molecular dynamics (ReaxFF-MD) simulation [31] . 

his study aims to explain the high char yield of PBPR based on 

he further understanding of the pyrolysis process of NR and PBA 

rosslinked NR (PBNR) via the thermogravimetric (TG) analysis and 

he pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) 

echnique. First of all, we realized that the weight loss during the 

yrolysis process of NR is mainly caused by the release of volatile 

rganic compounds (VOCs) such as monophenols and bisphenols. 

he influence of molecular weight and crosslinking on the pyrol- 

sis process of NR has been investigated. Furthermore, the effect 

f introduced boronic ester linkages on the pyrolysis process of NR 

as assessed. It is essential to mention that we agree with peers in 

he understanding of the crosslinking structure and pyrolysis prod- 

cts of PR [ 32 , 33 ], and there is no relevant structural characteriza-

ion carried out in this study. The main focus of the present work 

s on providing a new understanding of the pyrolysis process of NR 

nd pointing out for the first time that the volatilization of VOCs 

roduced by methylene cleavage is the root cause of the reduced 

har yield of PR. Therefore, the study is of great value for develop- 

ng PR with high thermal stability and promoting its wide applica- 

ion in ablation-resistant composites and related fields. 

. Experimental 

.1. Materials 

Acetone, petroleum ether with a boiling range of 60 - 90 °C, 

examethylenetetramine (HMTA), and ethanol were supplied by 

inopharm Chemical Reagent Co., LTD. PBA with a purity of great 

han 99.0% and purchased from TCI America. The NR (NR-8063-2) 

as supplied by Shandong Shengquan Chemical Co., LTD, denoted 

s NR0. The free phenol content in NR0 is less than 0.50%, the soft- 

ning point of NR0 is about 115 - 120 °C, the hydroxyl equivalent is 

07 - 110 g/eq, the sodium ion content is less than 5 ppm, and the

hlorine ion content is less than 4 ppm. All materials were used as 

eceived without further purification. 

.2. Preparation of the HMTA crosslinked NR 

The NR0/HMTA mixtures were obtained through the solution 

ethod with ethanol as the solvent. NR0 and HMTA were dis- 

olved in ethanol to prepare a 60 wt.% solution. The solution was 

oncentrated using the rotary evaporator and dried at room tem- 

erature in the vacuum oven to obtain the NR0/HMTA mixture. 

he NR0/HMTA mixture was weighed every 0.5 h until the weight 

as constant, and then the sample was ground into the fine pow- 

er (about 80 mesh). The powder was placed in the polytetraflu- 

roethylene (PTEF) vessel and cured at 170 °C for 2 h under ni- 

rogen protection. The NR0 cured with 4, 8, 12, and 16 parts per 

undreds of resins (phr) of HMTA were named as HNR-4, HNR-8, 

NR-12, and HNR-16, respectively. 

.3. Preparation of PBNR 

The NR0/PBA mixtures with different PBA dosages were pre- 

ared by solution blending. NR0 and PBA were dissolved in ace- 

one at room temperature and stirred by the magnetic stirrer for 

bout 5 h to obtain a homogeneous solution. The solution was con- 

entrated using the rotary evaporator and dried at room tempera- 

ure in the vacuum oven to get the NR0/PBA mixture. The NR0/PBA 

ixture was weighed every 0.5 h until the weight was constant, 

nd then the sample was ground into the fine powder (about 80 

esh). The powder was placed in the PTEF vessel and continuously 

ured under nitrogen protection through the isothermal process of 
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Scheme 1. The pyrolysis process of NR. 

Fig. 2. The Py-GC/MS results for released pyrolysis products obtained from NR0 at 

different pyrolysis temperatures. 

H

r

t

a  

o

c

u

C

n

s

c

b

I

t

a

p

n

l  

P

t

t

a

p

N

t

p

b

m

4

r

o

s

m

t

60 °C at 2 h and then 180 °C at 4 h [34] . We have used XPS, FTIR,

olid-state 13 C NMR and 

11 B NMR technologies to determine that 

BA has been incorporated into the PBNR structure, and the B—O—

 and B—O—B linkages have been formed in crosslinking network. 

he cured PBNR samples using 5, 10, 20, 30, 40, 60 and 80 phr of

BA were named PBNR-5, PBNR-10, PBNR-20, PBNR-30, PBNR-40, 

BNR-60 and PBNR-80, respectively. 

.4. Characterization 

The Gel Permeation Chromatography (GPC) measurements were 

erformed using Agilent PL-GPC50 (Agilent, USA) consisting of PL- 

el MIXED-D gel column (300 mm × 7.5 mm, 5 μm) and refrac- 

ive index detector with the flow rate of 1.0 mL/min at 40 °C, and

etrahydrofuran was used as the carrier solvent. A linear calibra- 

ion curve with polystyrene standards was made to determine the 

olecular weight and polydispersity of the resin. 

The Py-GC/MS analyses were performed using Frontier PY- 

020S tubular furnace cracker. The sample injection quantity was 

.5 g and the pyrolysis temperatures were 20 0, 30 0, 40 0, 50 0 and

00 °C, respectively. The pyrolysis gas was helium with the flow 

ate of 3 mL/min. The sample was injected at 40 °C, and then 

eated up to 260 °C at the heating rate of 5 °C/min after holding

or 3 min, and kept at 260 °C for 10 min. The gas was analyzed

y GC/MS-QP2010 (Shimadzu, Japan), and the volatilizations with 

/z values between 25 and 400 au were taken as the Py-GC/MS 

nalysis results. 

The TG analyses were carried out using the NETZSCH TG 209C 

NETZSCH, Germany), and the sample was heated from 30 to 

00 °C at the heating rate of 10 °C/min under the nitrogen atmo- 

phere with the flow rate of 50 mL/min. 

The differential scanning calorimetry (DSC) analyses were per- 

ormed on the NETZSCH DSC 200PC (NETZSCH, Germany) under 

itrogen atmosphere at the heating rate of 10 °C/min from 30 to 

00 °C with an empty aluminum pan as the reference. The test 

rocess to determine the glass transition temperature needs to 

liminate the thermal history of the samples. Specifically, the tem- 

erature was increased from 30 to 120 °C at the heating rate of 

0 °C/min, and then the temperature was reduced to 0 °C with the 

ooling rate of 20 °C/min. 

The TGA-GC/MS-FTIR analyses were performed on the 

erkinElmer TL 90 0 0e (PerkinElmer, USA) under helium at- 

osphere at the heating rate of 10 °C/min from 30 to 800 °C. The 

ample was injected in GC/MS at 40 °C, and then heated up to 

60 °C at the heating rate of 5 °C/min after holding for 3 min, and

ept at 260 °C for 10 minutes. The resolution of FTIR is 8 cm 

−1 . 

. Results and discussion 

.1. The pyrolysis mechanism of NR 

.1.1. Homolytic reaction and formation of VOCs during the pyrolysis 

f NR 

The pyrolysis process of polymer begins with the cleavage reac- 

ion of covalent bonds during heating to a high temperature [35] , 

specially the covalent single bonds with lower bond dissociation 

nergy are broken first. Based on the understanding of the NR py- 

olysis process through ReaxFF-MD simulation [31] , the pyrolysis 

f NR can be divided into the cleavage reactions on the backbone 

CR o , referring to the C—C single bonds) and the ones beside the 

ackbone (CR b , including C—H, O—H, and C—O single bonds), as 

hown in Scheme 1 . The phenolic compounds are mainly formed 

y the CR o process, among them the release of monophenol and 

isphenol compounds results in weight loss, which is the focus of 

his study. The H 2 O and permanent gases are formed by the CR b ,

mong which H O and H are the earliest molecules in the system. 
2 2 

3 
 2 O and H 2 are mainly formed through the reaction of hydrogen 

adicals with hydroxyl and hydrogen groups in the system, respec- 

ively. The formation of other permanent gases (such as CO, CO 2 

nd CH 4 ) is more difficult due to the need to involve the cleavage

f the backbone [ 36 , 37 ]. 

The pyrolysis of the NR backbone occurs through the random 

leavage of C—C single bonds, resulting in a decrease in the molec- 

lar weight of NR. Among them, the cleavage of the terminal C—

 single bonds leads to the formation of monophenols or bisphe- 

ols, and their volatilization resulted in weight loss. Our previous 

tudy [38] has shown that the free monophenols or bisphenols are 

ompletely volatilized below 300 °C. The formed monophenols and 

isphenols during pyrolysis can be seen in the Py-GC/MS results. 

n contrast, the polyphenolic compounds (such as trimers and 

etramers) with higher molecular weight are difficult to volatilize 

nd cannot be detected and show in the spectra. These involatile 

olyphenols further decompose to form monophenols and bisphe- 

ols VOCs with a great chance because of their short molecular 

ink relative to NR. As shown in Fig. 2 , the VOCs recorded by the

y-GC/MS perfectly reflect the pyrolysis process. At the pyrolysis 

emperature of 200 °C, few peaks corresponding to the impuri- 

ies arise in the spectra. Theoretically, the free phenol in NR is 

lso detectable by the Py-GC/MS; however, no relevant signal ap- 

ears in the spectra, indicating that the free phenol content in 

R0 is too low to be detected. These results are consistent with 

he liquid chromatography data of our previous work [38] . At the 

yrolysis temperature of 300 °C, the pyrolysis products with high 

oiling points can be observed, such as phenol (9.32 min), ortho - 

ethyl phenol (9.95 min), and 4, 4 ′ -dihydroxydiphenylmethane (4, 

 

′ -DHDM) (20.01 min). The NR chains undergo no significant py- 

olysis at 300 °C. At the pyrolysis temperatures of 400 and 500 °C, 

rtho -methyl phenol (9.95 min) and 2, 2 ′ -DHDM (19.32 min) are 

ighted in the Py-GC/MS spectra due to the CR o process. The para - 

ethyl phenol content in the pyrolysis products is higher than 

hat of ortho -methyl phenol, indicating that the number of benzene 
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Fig. 3. The (a) TG and (b) DTG curves of NR0 under different heating rates. 
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t
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N

ings substituted by para in NR0 is higher than ortho . At the pyrol-

sis temperature of 600 °C, toluene (5.19 min), xylene (6.91 min), 

rimethyl benzene (8.40 min), and xanthene (16.28 min) are de- 

ected in the Py-GC/MS spectra, whose origin is the violent pyrol- 

sis of NR backbone. The deoxidization leads to the pyrolysis of 

romatic rings at 600 °C. Xanthene is formed by the dehydration 

f hydroxyl groups in 2, 2 ′ -DHDM [39] . 

Thus, according to the Py-GC/MS results, NR is stable below 

00 °C and the C—C single bonds in the backbone begin to cleav- 

ge above 300 °C. A variety of radicals emerge during the cleavage 

rocess of covalent bonds. Suppose these radicals do not turn into 

ther VOCs, they will remain in the system to further pyrolyze into 

ther VOCs with lower molecular weight or combine with other 

adicals to be species with higher molecular weight. The volatiliza- 

ion of monophenols and bisphenols generated from the pyroly- 

is of terminal C—C single bonds resulted in weight loss. Although 

ach C—C single bond in the NR backbone has the same cleavage 

robability, the cleavage of terminal C—C single bonds exerts a fa- 

al impact on the char yield of NR. Therefore, decreasing the num- 

er of terminal groups in NR by increasing its molecular weight 

as the key to improving the char yield at high temperatures. 

.1.2. The pyrolysis process of NR 

The TG analyses were used to analyze the relationship between 

he weight loss and the pyrolysis reaction of NR and complete the 

nformation gathered via the Py-GC/MS. It is noteworthy that, since 

he weight loss is only caused by the pyrolysis products volatilized 

t a specific temperature, the TG data cannot reflect all the py- 

olysis reactions of NR. Besides, the pyrolysis products with high 

oiling points may further form species with a higher molecular 

eight that cannot lead to the corresponding TG-detected weight 

oss. From this perspective, the quantitative kinetic analysis by 

he TG is somewhat far-fetched. The free bisphenols in NR0 can 

olatilize at temperatures far below their boiling points of 360 - 

90 °C. This process occurred before the cleavage of NR, as evi- 

enced by the weight loss below 300 °C in the relevant TG curves 

referred to as Peak 1 in Fig. 3 (b)). The influence of free bisphe-

ols on the weight loss processes of NR was demonstrated in Ref. 

38] . 

In Fig. 3 (b), the emergence of Peak 2 verifies the volatilization 

f pyrolysis products, which are resulted from the cleavage reac- 

ions of the covalent single bonds in the NR molecular. The slight 

ifferences in the cleavage order of the various covalent single 

onds resulted from their stability [ 40 , 41 ], which can be reflected

y molecular dynamics simulation [31] , whereas the TG analysis 

annot clearly distinguish the cleavage order of these covalent sin- 

le bonds. Many radicals are formed through the cleavage of the 

ovalent single bonds, resulting in the rapid formation of H 2 O, per- 

anent gases, and phenolic VOCs. The escape of VOCs resulted in 

he second weight loss peak observed from the TG curves (Peak 

 in Fig. 3 (b)), and this weight loss process corresponded to the 

econd weight loss of the cured PR reported in the literature [42] . 

lthough the number of VOCs is small compared with H 2 O, they 

enerally cause a relatively significant weight loss due to the high 
4 
elative molecular mass. In other words, the volatilization of H 2 O 

nd H 2 mainly affects the thermal decomposition temperature of 

R, but does not determine the char yield. On the contrary, the re- 

ease of VOCs formed by the CR o process exerts influence on both 

he thermal decomposition temperature and char yield of NR. Fi- 

ally, the weight loss between 500 °C and 600 °C in the TG curves 

Peak 3 in Fig. 3 (b)) corresponded to the benzene dehydrogena- 

ion processes [43] . 

On the other hand, the thermal decomposition temperature and 

har yield of NR are strongly dependent on the heating rates in TG 

ests. At relatively high heating rates, the pyrolysis reactions are 

ot completed within the relevant temperature range, leading to 

ncreased thermal decomposition temperature. In turn, the lower 

eating rates provide enough time to complete pyrolysis reactions, 

eing beneficial to observing the pyrolysis process. For example, 

he T 10% values of NR0 at heating rates of 1 °C/min and 10 °C/min 

re 286.1 °C and 334.0 °C, respectively ( Table S6 ). In addition, the 

hermal decomposition temperature of NR is lower than PE or PP 

omposed of carbon skeleton [44] . The bond dissociation energy 

f C—C and C—H single bonds are not so low as to decrease the 

hermal decomposition temperature of NR. Therefore, one can in- 

er that the lower thermal decomposition temperature of NR is 

aused by reducing the covalent bond stability [41] due to the aro- 

atic ring structure and the volatilization of free monophenols and 

isphenols. 

.2. The influence of molecular weight and crosslinking on the 

yrolysis process of NR 

According to the above results, the intense weight loss of NR0 

etween 300 and 500 °C results from the cleavage of the cova- 

ent single bonds. Significantly, the release of free monophenols 

nd bisphenols formed by the cleavage of C—C single bonds close 

o the end of the molecule had a fatal effect on the char yield of

R0. NR is featured by the polydispersity, at which the NR chains 

ith higher molecular weights are less likely to form VOCs due to 

he lower terminal group content. To study the effect of molecular 

eight on the pyrolysis process of NR, we have prepared five frac- 

ions with different molecular weights by phase separation of NR0 

 Figure S1 - 3, Table S2 ), and the fractions with decreasing molec- 

lar weight are named NR1, NR2, NR3, NR4, and NR5. As seen in 

ig. 4 (c), the weight loss of NR above 300 °C gradually decreased 

ith increasing molecular weight. The results show that the char 

ield of NR gradually increases as the amounts of monophenols 

nd bisphenols formed by the CR o process decreases. However, 

s the molecular weight of NR increases, the effect of molecular 

eight on the char yield gradually weakens. 

Furthermore, the crosslinking of NR can also reduce the con- 

ent of terminal groups and improve the char yield of NR. The 

ntroduction of HMTA into NR increases the crosslinking degree 

nd eliminates a part of the terminal groups, thus improving the 

har yield of NR ( Fig. 4 (c)). However, the existence of terminal 

roups is inevitable due to the limited crosslinking degree and the 

ew terminal group will be formed due to the cleavage of C—

 single bonds, inducing the release of VOCs during the pyroly- 

is process of cured HNR. The possibility of VOCs formation de- 

reases with the increasing crosslinking degree of HNR, which is 

onducive to the char yield. However, as the crosslinking degree 

ncreases, the effect on the char yield gradually weakens, and once 

he cured HNR reaches the saturated crosslinking degree, its char 

ield will decrease. For example, the char yield of the HNR-16 was 

2.0%, inferior to that of the HNR-12 (63.0%). The main reason is 

he rigid skeleton of NR [45] and the limited number of reactive 

ites on phenol, which determines that the crosslinking density of 

NR will reach saturation as the dosage of HMTA increases. For 

R0 with a number average molecular weight of 908, when the 
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Fig. 4. The (a) TG and (b) DTG curves of NR0 and its various fractions, the (c) TG and (d) DTG curves of NR0 cured by HMTA. 

Scheme 2. The pyrolysis process of PBNR. 
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osage of HMTA is 12 phr the molar ratio of methylene groups in 

MTA to that of phenols in NR0 is about 0.5, which means that 

he methylene groups are wholly consumed theoretically by the 

henol. When the dosage of HMTA increased from 12 phr to 16 

hr, the nitrogen-containing structure in the crosslinking network 

ncreased [32] . These nitrogen-containing structures contribute lit- 

le to the crosslinking density of HNR and will cause weight loss 

uring the pyrolysis process [46] , reducing the char yield of HNR. 

.3. The pyrolysis mechanism of PBNR 

.3.1. The homolytic reaction and the formation of VOCs during PBNR 

yrolysis 

Our previous studies [ 25 , 34 ] revealed the curing reaction be- 

ween boron hydroxyl groups and phenol hydroxyl groups during 

he curing of PBNR, which led to the formation of the crosslinking 

tructure featured by the boronic ester linkages. The presence of 

oronic ester linkages increases the molecular weight of generated 

mall molecular compounds and makes them difficult to become 
5 
OCs. Furthermore, the boronic ester linkages change the pyroly- 

is process of NR to retain VOCs from the terminal group cleavage 

 Scheme 2 ). 

The Py-GC/MS analyses show that both the types and quanti- 

ies of pyrolysis products for PBNR and NR at high temperatures 

re significantly different, which can be reflected in the following 

wo aspects. On the on hand, the monophenols and bisphenol con- 

ents in the pyrolysis products of PBNR decrease considerably due 

o the formation of many boronic ester linkages. The crosslinking 

y boronic ester linkages increased the molecular weight of VOCs 

ormed by the CR o process, thus preventing their release and then 

mproving the char yield relative to NR. The quantitative informa- 

ion of PBNR products at different pyrolytic temperatures ( Table 

3 ) could be obtained from Py-GC/MS ( Fig. 5 ). The relative content 

f each pyrolytic product could be expressed as the percentage of 

he peak area. We calculated the relative content of monophenols 

Peak 2 # , Peak 3 # , Peak 4 # , and Peak 5 # ) and bisphenols (Peak 13 # ,

eak 14 # , Peak 15 # , Peak 16 # , and Peak 17 # ). As shown in Fig. 6

a), the relative contents of monophenols and bisphenols decrease 
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Fig. 5. The Py-GC/MS results for released pyrolysis products of PBNR at different 

pyrolysis temperatures: (a) 30 0 °C; (b) 40 0 °C; (c) 60 0 °C. 
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ith the increase of PBA. For example, the relative contents of 

onophenols and bisphenols in the pyrolytic products of PBNR-30 

t 400 °C are respectively 3.5% and 0, which is significantly lower 

han these of NR0 (65.6% and 34.4%). Therefore, the formation of 

oronic ester linkages significantly inhibits the monophenols and 

isphenols VOCs generated during the NR pyrolysis process, and 

his inhibitory effect increases with the increasing dosage of PBA. 

On the other hand, the comparative analysis of the Py-GC/MS 
ata of NR with PBNR enables one to conclude that benzene and a

ig. 6. VOCs released during pyrolysis process of PBNR based on Py-GC/MS analyses. (a) i

ffect of PBA dosage on the amount of benzene and biphenyl. 

6 
iphenyl are the pyrolysis products of PBNR resulted from the 

leavage of B—C bonds. The benzene radicals can react with the 

ydrogen radical to form benzenes and benzene radicals to be 

iphenyls ( Scheme 2 ). We analyzed the relative content of ben- 

ene (Peak 1 # ) and biphenyl (Peak 6 # ) in the pyrolytic products 

f PBNR-30 ( Fig. 6 (b)). The benzene content in the NR pyrolytic 

roducts is almost 0, while the relative contents of benzene in the 

BNR-5 and PBNR-30 pyrolytic products are 14.32% and 93.65%, re- 

pectively. In particular, the appearance of biphenyl at 600 °C in- 

icates that benzene radicals have increased significantly. The rel- 

tive contents of biphenyl in the pyrolytic products of PBNR-30 

nd PBNR-80 are 2.61% and 9.47%. Therefore, the effect of PBA on 

he pyrolysis process of NR is reflected in two aspects. On the one 

and, the formation of boronic ester linkages inhibits the genera- 

ion of phenolic VOCs; on the other hand, the cleavage of the B—C 

ond produces benzene VOCs. 

.3.2. The pyrolysis process of PBNR 

The high reaction temperature between boron hydroxyl groups 

nd phenol hydroxyl groups and the dynamic reversibility of 

oronic ester linkages make it difficult to convert boron hydroxyl 

roups into boronic ester linkages [47–49] . As a result, some boron 

ydroxyl groups and phenol hydroxyl groups remain in the system 

ven after the prolonged curing time. The boron hydroxyl group re- 

cts with the phenolic hydroxyl group or the boron hydroxyl group 

o form boronic ester / boroxane linkages and produce water, lead- 

ng to the obvious weight loss at a low temperature (ca. 214 °C), 

s seen in the corresponding TG curves Fig. 7 (a). Therefore, the 

hermal decomposition temperature of PBNR is lower than that of 

R. 

The turning point of the TG curves for NR and PBNR appears 

ear 350 °C ( Fig. 7 (a)). A large number of C—C single bonds are

roken near this temperature, resulting in the significant weight 

oss of NR. However, the formed boronic ester linkages play im- 

ortant roles at the moment. As shown in Fig. 5 (a), NR begins 

o pyrolyze at about 300 °C, leading to the release of numerous 

henolic VOCs (such as monophenols and bisphenols). For PBNR, 

he VOCs formed by the CR o process are "locked" and retains in 

he system by the boronic ester linkages, so the weight loss of 

BNR above 300 °C tends to decrease with the increase of PBA 

osage. It is noteworthy that the cleavage of B—C bonds in PBNR 

t about 300 °C causes the temperature of the maximum degrada- 

ion rate (T max ) of PBNR to be higher than that of NR. For example,

he T max of PBNR-10 and PBNR-30 are about 373 °C and 328 °C, 

espectively. The boronic ester linkages partially block the phenol 

ydroxyl groups and improve the thermal stability of the NR back- 

one, leading to the higher T max of PBNR (about 500 °C). It thereby 

ppears that inhibiting the release of VOCs greatly contributes to 
s the effect of PBA dosage on the amount of monophenol and bisphenol; (b) is the 
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Fig. 7. (a) TG and (b) DTG curves of PBNR with various PBA dosages. 

Fig. 8. (a), (b), (c) and (d) are the changes in the number of the monophenols, bisphenols, benzenes and fused-ring aromatic hydrocarbons with temperature. In order to 

facilitate the comparison of the results of different PBA dosages, the ordinates of the figure are set to the same range. The heating rate of TGA is 10 °C/min. 
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Table 1 

TGA data of the PBNR with different dosages of PBA. 

Resin T 10% 
a ( °C) T max 

b ( °C) R 800 °C 
c (%) 

NR0 312.0 398.7 40.5 

PBNR-10 325.5 379.2 51.3 

PBNR-30 303.0 585.0 59.2 

PBNR-40 295.7 583.5 59.0 

PBNR-60 282.8 582.8 57.7 

PBNR-80 274.5 584.3 56.2 

a Thermal decomposition temperature at 10% weight 

loss. 
b Maximum rate of the weight loss. 
c Residue weight at 800 °C. 

t

o

r

c

he char yield of PBNR. A noticeable increase in the weight loss of 

BNR was observed close to 600 °C, due to the formation of fused- 

ing aromatic hydrocarbons ( Fig. 8 (d)). 

With the increasing PBA dosage, the char yield of PBNR first 

ncreases and then decreases. The B—C bonds start to pyrolyze at 

bove 100 °C, resulting in the stripping of benzene rings and the 

eight loss of PBNR. For the PBNR with the high PBA dosage (more 

han 30 phr), the contribution of PBA to the crosslinking of the 

ystem is offset by the volatilization of the benzene rings resulting 

rom the cleavage of B—C bonds. The effect of the volatilization of 

enzene on the weight loss of PBNR is mainly reflected in the re- 

uction of the thermal decomposition temperature and char yield. 

s shown in Table 1 , the T 10% decreased with the increasing PBA 

osage. The main reason is the T 10% is in the temperature range 

here many B—C bonds are broken. However, the volatilization of 

enzene cannot wholly offset the inhibitory effect of the boronic 

ster linkages on the volatilization of phenolic VOCs, and the char 

ield of PBNR is still much higher than that of NR. For example, 
7 
he R 800 °C of PBNR-30 is 59.2%, which is much higher than 40.5% 

f NR0. On the other hand, the condensation reaction of PBAs, 

esulting in the B—O—B structure (such as boroxine) [46] in the 

ured PBNR with excessive PBA dosage, leads to the formation of 
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Fig. 9. The TGA-FTIR spectra of (a) NR0, (b) PBNR-30 and (c) PBNR-80. The heating 

rate of TGA is 10 °C/min, and the resolution of FTIR is 8 cm 

−1 . 

 

t

o

f  

w

h

F

p

nvalid linkages for crosslinking. Compared with the B—O—C link- 

ges, these B—O—B linkages contribute less to the crosslinking of 

BNR, especially NR cannot be crosslinked when PBA is condensed 

o form a boroxine structure. 

The TGA-GC/MS-FTIR technology was used to analyze the py- 

olysis process of NR0, PBNR-30, and PBNR-80 ( Figs. 8 and 9 ) to

larify further the influence of the boronic ester linkages on the 

yrolysis mechanism. The weight loss of NR during its pyrolysis is 

ainly caused by the volatilization of monophenols and bisphenols 

OCs. It can be seen from Fig. 8 (a) and (b) that the boronic es-

er linkages significantly reduce the number of monophenols and 

isphenols. However, the benzenes VOCs of PBNR-30 and PBNR-80 

an be generated above 100 °C ( Fig. 8 (c)), and the amount of ben-

enes VOCs increases significantly with the increase of the dosage 

f PBA, which is the main reason why the decomposition temper- 

ture and char yield of PBNR-80 are lower than these of PBNR- 

0. The TGA-FTIR spectra ( Fig. 9 ) can further confirm the con- 

lusions obtained by TGA-GC/MS. The features observed at 3500–

800 cm 

−1 and 1258 cm 

−1 are attributed to the O—H and C—O 

tretching modes of phenol, and 670 cm 

−1 is attributed to the C—

 of benzene. The signals of phenolic products in PBNR are weak- 

ned, while the signals of benzene products are enhanced. 

.3.3. Temperature-induced pyrolysis reaction of PBNR 

As mentioned above, the temperature ranges for the intense 

eight loss of PBNR are 300 to 400 °C and 500 to 600 °C. We as-

ume that the pyrolysis of PBNR is temperature-induced, meaning 

hat there is a kinetically dominant pyrolysis process at each tem- 

erature scale. To confirm this conjecture, the PBNR-30 was heated 

ith different heating rates and heated rapidly to a specific tem- 

erature at the heating rate of 100 °C/min and then kept for 2 h 

 Fig. 10 ). The results showed that no new pyrolysis reactions are 

ctivated at the specific temperature by prolonging the time, and 

hose of PBNR are therefore temperature-induced. This conclusion 

ays the foundation for discussing the pyrolysis process of NR ac- 

ording to temperature ranges and provides the basis for under- 

tanding the thermal stability of PR. 
ig. 10. The TG results of PBNR-30. The (a) TG and (b) DTG curves of PBNR-30 at differe

rotection, heated up to the required temperature at the heating rate of 100 °C/min, and 

8 
The weight loss value of PBNR in the process of 2 h at different

emperatures can also reflect the intensity of the pyrolysis reaction 

f the sample. We have calculated the weight loss of PBNR at dif- 

erent temperatures for 2 h ( Fig. 10 (d), Table S7 ). The curve of

eight loss and temperature is similar to the DTG curve with a 

eating rate of 100 °C/min. There are two significant weight loss 
nt heating rates; (c) The TG curves of PBNR-30 at constant temperature (nitrogen 

then kept for 2 h); (d) The loss weight of PBNR-30 at constant temperatures. 
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alues at 350 °C and 600 °C, which are basically consistent with 

he peak temperatures (341 °C and 585 °C) of weight loss peaks in 

he DTG curve that can reflect the thermal weight loss rate. 

. Conclusions 

In conclusion, this study fundamentally illustrated the reason 

or the weight loss of NR and PBNR during the pyrolysis process at 

igh temperatures. The pyrolysis of NR originated from the cleav- 

ge reaction of covalent single bonds, and these reactions were di- 

ided into the CR o and CR b . The release of phenolic VOCs formed 

uring the CR b process resulted in the weight loss of NR. The in- 

reasing molecular weight and the crosslinking of NR were benefi- 

ial to reducing phenolic VOCs, thereby increasing the char yield of 

R. The formation of the boronic ester linkages in PBNR changed 

he pyrolysis mechanism of NR, improving the thermal stability 

f cured resin at high temperatures, and reducing the volatiliza- 

ion possibility of phenolic VOCs during the pyrolysis process. The 

igher PBA dosage increased the probability of the cleavage of B—

 bonds during the pyrolysis, leading to the stripping of benzene. 

he char yield of PBNR first increased with increasing PBA until the 

BA dosage reached 30 phr. The pyrolysis reaction of PBNR was 

emperature-induced, meaning that prolonging the reaction time 

t low temperatures will not trigger the pyrolysis reactions that 

ccur at higher temperatures. This study revised the previous un- 

erstanding of the high char yield of PBPR, and provided theoreti- 

al guidance to reduce the weight loss in essence, which is of great 

dvantage to improve the thermal stability of PR and broaden the 

pplication of PR in the field of ablation-resistant composite mate- 

ials. 
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