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Abstract: In order to obtain reprocessable polybenzoxazine thermosets with high heat resistance
and mechanical strength retentions, network structures without irreversible parts were constructed
via crosslinking benzoxazine oligomers using boronic ester cross-linkers. Firstly, the benzoxazine
monomer containing carbon–carbon double bonds was synthesized via the Mannich reaction. After
thermal ring-opening polymerization, the benzoxazine oligomer containing carbon–carbon double
bonds (OBZ) was yielded. Through the thiol-ene click reaction of the OBZ and dithiol cross-linker bear-
ing boronic ester bonds, the polybenzoxazine thermosets using boronic ester bonds as crosslinkages
(OBZ-BDB) were successfully synthesized. The structures of OBZ and OBZ-BDB were characterized
by SEC, 1H NMR, and FT-IR measurements. Reprocessing experiments showed that OBZ-BDB has
remarkable reprocessability. The retention rates of the tensile strengths through three generations of
reprocessing were 98%, 95%, and 84%, respectively. Meanwhile, OBZ-BDB cross-linked by boronic
ester bonds had brilliant thermal properties. The Tg of the original OBZ-BDB was 224 ◦C. With the
increase of the reprocessing generations, the Tgs basically remained unchanged.

Keywords: polybenzoxazine; boronic ester bond; reprocessability; heat-resistance

1. Introduction

Thermosetting polymers have been widely used in our daily life because of their high
mechanical strengths, good chemical resistance, and excellent dimensional stability [1].
However, owing to their irreversibly cross-linked structures, traditional thermosetting poly-
mers cannot be dissolved, melted, and reprocessed, resulting in the wasting of resources
and environmental pollution. Recently, the incorporation of dynamic covalent bonds into
polymer networks was a breakthrough to solve this problem. Through the reversible break-
ing and formation of dynamic covalent bonds, those dynamic cross-linked polymers can
be reprocessed [2–4]. Nevertheless, the synthesis of reprocessable thermosetting polymers
with high Tgs and retentions of mechanical strengths has still been a challenge so far.

Generally, dynamic covalent bonds can be classified into the dissociative type and the
associative type according to their exchange mechanisms [5]. In the former, the bond breaks
first and then reforms after some time, as in a Diels-Alder addition reaction [6]. In the latter,
bond breaking and reformation take place simultaneously, such as in disulfide bonds [7],
ester bonds [8], boronic ester bonds [9,10], urea bonds [11], and acylhydrazone bonds [12].
Therefore, for thermosetting polymers containing an associative dynamic covalent bond,
there is no change to the crosslinking density during the exchange process, and the overall
structure of the thermosetting polymers is rarely damaged even at high temperatures.

Benzoxazine resin, as a new class of thermosetting polymer, has gained considerable
attention in recent years on account of its brilliant heat resistance, excellent flame retar-
dance, and high hydrophobicity [13–15]. Recently, various dynamic covalent bonds have
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been introduced into polybenzoxazine networks to achieve self-healabilty or reprocessabil-
ity [16–24]. However, there have been few reports on introducing boronic ester bonds into
benzoxazine resins until now. That research mainly focused on thermal properties [25–28],
toughness modification [29], and fluorescence modification [30]. Reprocessable research
via boronic ester bonds is just beginning [31].

Considering that boronic ester bonds can dramatically improve the thermal stability
due to their high bond energy [32], and that they can easily construct a rigid polymer matrix
to achieve high Tg, dynamic boronic ester bonds were chosen to synthesize reprocessable
benzoxazine resin (OBZ-BDB) with high Tg. In order to achieve the high retention of
mechanical strength, benzoxazine oligomers were designed as the skeleton chain. It was
further reacted with boronic ester cross-linkers to construct a purely reversible cross-linking
network instead of a network with irreversible parts. Specifically, the benzoxazine monomer
containing carbon–carbon double bonds was synthesized via the Mannich reaction. After
thermal ring-opening polymerization, a benzoxazine oligomer bearing a carbon–carbon
double bond was synthesized. Finally, we utilized the thiol-ene click reaction between the
carbon–carbon double bonds of the benzoxazine oligomer and the thiols of boronic ester
cross-linker to produce the reprocessable polybenzoxazine of OBZ-BDB.

2. Experimental Section
2.1. Materials

Allylamine (99.5%) was purchased from Zouping Mingyuan Import and Export
Trade Co., Ltd. (Binzhou, China). Cardanol (98%) was obtained from Jinquan Chemical Co.,
Ltd. (Jinan, China). Paraformaldehyde (analytically pure) and neutral aluminium oxide
(analytically pure) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Furthermore, 1-Thioglycerol (95%) was purchased from J&K Chemical Ltd. (Beijing,
China). Benzene-1,4-diboronic acid (98%) was supplied by Shanghai Bide Medical Tech-
nology Co., Ltd. (Shanghai, China). P-tert-butylphenol (analytically pure) and anisole
(99%) were obtained from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China).
Azobisisobutyronitrile (AIBN, 99%) was obtained from J&K Chemical Ltd. (Beijing, China).
and purified by recrystallization from methanol. Toluene, n-hexane, methanol, and ethanol
were purchased from Fuyu Fine Chemical Co., Ltd. (Tianjin, China). All of the other
reagents and solvents were used as received.

2.2. Synthesis of Benzoxazine (BZ)

To a three-neck round flask, allylamine (8.55 g, 150 mmol), paraformaldehyde (9.47 g,
300 mmol), cardanol (46.61 g, 150 mmol), and toluene (300 mL) were added and refluxed
for 12 h. Then, neutral alumina was added and stirred for 0.5 h. The product was collected
by filtration and evaporated to remove toluene. The solution was collected by filtration
and dropped into cold methanol. Then, the lower phase was collected. After being dried in
vacuum at 60 ◦C for 24 h, a yellowish liquid was obtained (yield 83%).

1H NMR (400 MHz, CDCl3, ppm): 6.90–6.60 (3H, Ar–H), 5.96–5.84 (1H, –CH2–CH=CH2),
4.85 (2H, O–CH2–N), 5.28–5.15 (2H, CH2=CH–), 3.96 (2H, Ar–CH2–N), 3.41–3.35 (2H,
N–CH2–CH–), 2.57–2.48 (2H, Ar–CH2–), and 1.64–1.51 (2H, Ar–CH2–CH2–CH2–).

FT-IR (KBr, cm−1): 2926 and 2854 (CH2 of the oxazine ring as well as the alkyl side
chain of cardanol), 1505 (tri-substituted benzene ring mode), 1241 (C–O–C of the oxazine
ring), and 968 (the oxazine ring mode).

2.3. Synthesis of Benzoxazine Oligomer (OBZ)

P-tert-butylphenol (1.5 g) was added to BZ (15 g) and stirred at 100 ◦C for 5 min.
The mixture was heated at 150 ◦C for 10 h. After cooling to room temperature, the crude
product was dissolved in n-hexane and added dropwise into methanol for precipitation.
After filtration and being dried in a vacuum at 50 ◦C for 12 h, an orange product was
obtained (yield 70%).
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1H NMR (400 MHz, CDCl3, ppm): 7.20–6.45 (Ar–H), 6.10–5.88 (–CH2–CH=CH2),
5.28–5.11 (CH2=CH–), 4.06–3.54 (Ar–CH2–N), 3.41–3.35 (N–CH2–CH–), 2.51 (Ar–CH2–),
1.68–1.45 (Ar–CH2–CH2–CH2–), and 0.89 (CH2–CH2–CH2–CH2).

FT-IR (KBr, cm−1): 2926 and 2854 (CH2 of the oxazine ring as well as the alkyl side
chain of cardanol), and 1483 (tetra-substituted benzene ring mode).

2.4. Synthesis of 2,2′-(1,4-Phenylene)-bis [4-mercaptan-1,3,2-dioxaborolane] (BDB)

BDB was synthesized according to the literature [33,34]. Benzene-1,4-diboronic acid
(3.03 g, 18.1 mmol) and 1-thioglycerol (4.12 g, 36.2 mmol) were dissolved in ethanol (65 mL)
and stirred at room temperature for 24 h. After being evaporated to remove ethanol, a
white solid was obtained (yield 92%).

1H NMR (400 MHz, CDCl3, ppm, Figure S1): 1.48 (2H, –SH), 2.81 (4H, HS–CH2–),
4.18 and 4.49 (4H, O–CH2–), 4.74 (2H, O–CH–(CH2–)2), and 7.83 (4H, Ar–H).

FT-IR (KBr, cm−1): 2568 (–SH stretching vibration), 1219 (B–O stretching vibration),
and 656 (B–O–B linkages within borate networks).

2.5. Preparation of Polybenzoxazine Cross-Linked by the Boronic Ester Bond (OBZ-BDB)

OBZ (3.02 g, 9.94 mmol of the vinyl groups, as calculated by 1H NMR), BDB (1.51 g,
4.87 mmol), and AIBN (0.13 g, 0.79 mmol) were dissolved in 5 mL anisole to form the
solution. Subsequently, the solution was poured into a Teflon mold. The sample was
thermally cured according to the following temperature sequence: 75 ◦C for 6 h, 100 ◦C for
2 h, 120 ◦C for 2 h, and 140 ◦C for 2 h. Finally, it was dried under vacuum at 100 ◦C for 24 h.

2.6. Characterization

Nuclear magnetic resonance (NMR): 1H NMR spectra were recorded on an AVANCE
III HD 400 MHz NMR spectrometer (Bruker, Romanshorn, Switzerland) with CDCl3 as the
deuterium solvent.

Fourier transform infrared spectroscopy (FT-IR): FT-IR spectra were obtained on a
TENSOR 27 FTIR spectrometer (Bruker, Romanshorn, Switzerland) with a resolution of
4 cm−1 across the 4000–500 cm−1 range by the KBr pellet method.

Size exclusion chromatography (SEC): The number average molecular weight and
polydispersity index were measured by SEC using a 515 liquid chromatograph equipped
with 3 Styragel columns and a refractive-index detector (Waters, Milford, MA, USA) in
tetrahydrofuran (1 mL·min−1) at 40 ◦C. Polystyrene standards were used for calibration.

Dynamic mechanical analysis (DMA): DMA experiments were performed on a DMA/
SDTA 861e instrument (Mettler-Toledo, Zurich, Switzerland) in shear mode. A specimen
with dimensions of approximately 5.0 × 5.0 × 0.5 mm3 was tested at 1 Hz and 3 µm
oscillation amplitude. The temperature was increased from 0 ◦C to 290 ◦C at a heating rate
of 3 K·min−1.

Thermo-gravimetric analysis (TGA): TGA was performed on a TGA/DSC STARe

instrument (Mettler-Toledo, Zurich, Switzerland) under a nitrogen flow at a heating rate of
10 ◦C·min−1, from 30 ◦C to 800 ◦C.

Tensile tests: The tensile tests were performed on a testing machine UTM5105 (Instron,
Shanghai, China) at a crosshead speed of 2 mm·min−1. Each sample was tested respectively
for five specimens.

Reprocessing tests: The OBZ-BDB samples were ground into powder and fully filled
into stainless steel mold. The dumbbell-shaped reprocessed samples were obtained by
hot pressing under 16 MPa at 160 ◦C for 2 h. Each sample was tested respectively for
five specimens.

3. Results and Discussion
3.1. Synthesis of OBZ-BDB

Scheme 1 illustrates the synthetic route to the polybenzoxazine OBZ-BDB cross-linked
by boronic ester bonds. Allylamine, paraformaldehyde, and cardanol were chosen as
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raw materials to yield a BZ monomer containing C=C via the Mannich reaction in one
pot. Here, allylamine was selected as an amine source because it has a C=C bond and is
suitable for the thiol-ene click reaction. Meanwhile, there are two main reasons to select
cardanol as a phenol source. One is that the cardanol contains a terminal C=C bond,
which can provide more cross-linking sites for the thiol-ene click reaction. The other is
that the cardanol can be easily obtained from cashew nut shells, an agricultural waste
product. After the BZ monomer underwent thermal ring-opening polymerization at 150 ◦C,
the OBZ oligomer bearing a C=C bond was yielded. According to the literature [33,34],
boronic ester cross-linker (BDB) containing thiols were synthesized through a condensation
reaction. Finally, OBZ reacted with BDB via the thiol-ene click reaction to synthesize the
cross-linked OBZ-BDB.
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Scheme 1. Synthetic route to OBZ-BDB.

Figure 1 shows the SEC chromatograms of OBZ and BZ. Compared with BZ, the
elution time of OBZ moves to a higher molecular weight region, indicating the synthesis of
the OBZ oligomer. The number-averaged molecular weight of OBZ is 1900 g mol−1 and its
polydispersity index is 3.50.
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Figure 2 shows the 1H NMR spectrum of OBZ (d). For comparison, allylamine (a),
cardanol (b), and BZ monomer (c) are also listed. For BZ, the characteristic resonances at
4.85, 3.96, and 3.39 ppm are attributed to the protons of O–CH2–N (9), Ar–CH2–N (10),
and N–CH2–CH=CH2 (2), respectively. The ratio of the integral areas of these resonance
signals is 2:2:2, which is in good agreement with the theoretical value. This indicates
the successful synthesis of the BZ monomer. For OBZ, the characteristic peaks of the
oxazine ring at 4.85 and 3.96 ppm completely disappear. Meanwhile, a new characteristic
peak corresponding to the Mannich bridge protons of –CH2–N(R)–CH2– (2) appears at
3.72 ppm, indicating the ring-opening polymerization of BZ. This is also confirmed in
the FT-IR spectra of OBZ (see Figure S2). Compared with BZ, the absorption peak at
968 cm−1 assigned to the oxazine ring disappears completely, and a new absorption peak
at 1483 cm−1 assigned to tetra-substituted benzene appears, which further suggests the
successful ring-opening polymerization of BZ.

Polymers 2022, 14, x FOR PEER REVIEW 5 of 11 
 

 

 
Figure 1. SEC chromatograms of OBZ and BZ. 

 
Figure 2. 1H NMR spectra of allylamine (a), cardanol (b), BZ monomer (c), and OBZ (d). 

  

Figure 2. 1H NMR spectra of allylamine (a), cardanol (b), BZ monomer (c), and OBZ (d).

In order to construct an ideal network, the molar ratio of alkene to thiol is a crucial
factor. If the crosslinking agent (BDB) is insufficient or excessive, some crosslinking points
would not be formed. Therefore, we used an equal molar ratio to feed the alkene and thiol.
The calculated molar content of CH2=CH– is 1.24 mol per one mol of the repeat unit of
OBZ according to the following equation:

n–CH=CH2= 2(A5.97+A5.81)/A2.51 (1)
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where A5.97, A5.81, and A2.51 are the integral areas of the 1H NMR signals for CH2=CH-
CH2-N (3), CH2=CH-CH2-CH (b2), and Ar-CH2-CH2 (o), respectively. The calculated feed
mass ratio of mBDB/mOBZ was 50.2%.

Figure 3 shows the FTIR spectra of OBZ-BDB before (a) and after (b) curing. By
comparison, the absorption peak at 2568 cm−1 ascribed to –SH disappears after curing
(see Figure 3b). Moreover, the peak intensity at 914 cm−1 assigned to the terminal vinyl
bond obviously weakens. However, the peak intensity at 729 cm−1 assigned to the inner
vinyl group in the cardanol side chain has little change. These results indicate that the click
reaction mainly occurs in allyl double bonds and the terminal double bonds of the cardanol
side chain.
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Figure 3. FTIR spectra of OBZ-BDB before (a) and after (b) curing.

3.2. Reprocessability of OBZ-BDB

Figure 4 shows digital photographs of the reprocessing process and the reprocessing
mechanism of OBZ-BDB. The original transparent OBZ-BDB film was ground into pow-
der and then filled into the dumbbell-shaped molds. After heating and pressurizing, a
transparent and uniform dumbbell-shaped sample was obtained.

We think that the reprocessing mechanism of OBZ-BDB is shown as follows. During
the hot-pressing process, the boronic esters at the interfaces between ground particles
produce a metathesis reaction, generating some new cross-linking sites across interfaces.
This causes ground particles to fuse with each other to form a whole. Therefore, the
appearance of the samples is transparent and uniform.

Figure 5a displays the influence of the hot-pressing temperature on the tensile strength.
Obviously, with the increase of the hot-pressing temperature from 140 ◦C to 160 ◦C, the
tensile strength gradually increases. When the temperature increases more than 160 ◦C,
the tensile strength of reprocessed OBZ-BDB doesn’t change much. It is well-known that
the realization of reprocessing requires dynamic covalent bonds. On the other hand, it
also needs to be carried out in the viscoelastic state or the flow state. Therefore, when the
hot-pressing temperature increases higher and higher, the movement of the chain segments
is favorable, and the ground particles are prone to deformation and healing. This leads to
higher tensile strengths.
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pressure: 16 MPa).

Figure 5b shows the influence of the hot-pressing time on the tensile strength. It is
clearly seen that the tensile strength increases from 17.8 MPa to 31 MPa with the extension
of the hot-pressing time from 0.5 h to 2 h. When the hot-pressing time further increases to
3 h, the tensile strength of reprocessed OBZ-BDB hardly increases.

Figure 6 presents the tensile performance of the original OBZ-BDB, and after three
generations of reprocessing. The related data are listed in Table S1. The original tensile
strength and elongation at the break of OBZ-BDB are 31 MPa and 8.4%, respectively. With
the increasing of the reprocessing generation, the tensile strengths of reprocessed OBZ-BDB
gradually decrease to 30.6, 29.6, and 26.0 MPa. Compared with the original OBZ-BDB, the
retention rates of the tensile strengths after three reprocessing generations are 98%, 95%,
and 84% respectively. In addition, OBZ-BDB still retains 76% of the original elongation
at the break after the third reprocessing generation. These results suggest that OBZ-BDB
has excellent reprocessability. We think this is mainly caused by the ideal cross-linked
network structure we designed. Due to using benzoxazine oligomer as a chain backbone
and boronic ester as a cross-linking agent, the dynamic covalent boronic ester bonds all exist
at the cross-linking points. The formed cross-linked system does not contain irreversible
networks or reversible/irreversible interpenetrating networks. This well-defined reversible
network structure is beneficial to obtain a high retention rate of mechanical strength.
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3.3. Thermal Properties of OBZ-BDB

Figure 7 exhibits the DMA curves of original and reprocessed OBZ-BDB. The corre-
sponding Tgs are listed in Table 1. The Tg of the original OBZ-BDB is 224 ◦C, indicating that
OBZ-BDB has high heat-resistance. We think this is related to the high crosslinking density
of OBZ-BDB. The segmental motions are frozen. The boronic ester bonds are embedded in
a rigid polymer matrix, and their dynamic exchange reaction is inhibited. The OBZ-BDB
exhibits high Tg. With the increase of reprocessing generations, no significant change
in Tgs is observed, indicating that the reprocessed OBZ-BDB sample still has excellent
heat resistance.
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Table 1. The thermal properties of original and reprocessed OBZ-BDB.

Sample Tg (◦C) a Td5 (◦C) b Td10 (◦C) b Char (%) c

original 224 325 341 30
1st 213 321 336 29
2nd 227 320 335 32
3rd 226 312 328 24

a Glass transition temperature obtained from tan δ curves. b Temperature of 5% or 10% weight loss. c Char yield
at 800 ◦C under an N2 atmosphere.

Figure 8 shows the TGA thermograms of original and reprocessed OBZ-BDB. It is
easily noticeable that there are two main stages of weight loss. The first stage, ranging
from 270 ◦C to 390 ◦C, is due to the decomposition of boronic ester bonds in BDB [34]
and the cleavage of the phenolic Mannich bridges [35]. The second stage, ranging from
390 ◦C to 530 ◦C, is assigned to the degradation of the aliphatic side chain of the cardanol
moiety, the phenolic moiety [35], and the remaining BDB moiety [34]. The related thermal
performance data are presented in Table 1. The Td5, Td10, and char yield of the original
OBZ-BDB remain at 325 ◦C, 341 ◦C, and 30%, suggesting that OBZ-BDB has favorable
thermal stability. After three reprocessing generations, these parameters of OBZ-BDB can
still remain at 312 ◦C, 328 ◦C, and 24%, indicating that the reprocessed OBZ-BDB also
possesses good thermal stability.
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4. Conclusions

In conclusion, a reprocessable benzoxazine resin of OBZ-BDB cross-linked by boronic
ester bonds was successfully synthesized via a thiol-ene click reaction between boronic
ester crosslinker containing thiols and an OBZ oligomer containing double bonds.

The hot-pressing temperature and time have an obvious influence on the tensile
strength. The optimized reprocessing conditions are hot-pressing at 160 ◦C under 16 MPa
for 2 h.

The reprocessing tests confirm that the OBZ-BDB has remarkable reprocessability. The
retention rates of the tensile strength through three generations of reprocessing are 98%,
95%, and 84%, respectively.

The OBZ-BDB has excellent heat resistance. The Tg of the original OBZ-BDB is 224 ◦C.
After three generations of reprocessing, no significant change in Tgs was observed.
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OBZ-BDB samples.

Author Contributions: Conceptualization, X.W. and Z.L.; Data curation, S.Z. and W.G.; Formal
analysis, S.Z.; Methodology, X.W., Y.H. and W.G.; Supervision, Z.L.; Validation, X.W. and Y.H.;
Writing—original draft, X.W.; Writing—review and editing, X.W. and Z.L. All authors have read and
agreed to the published version of the manuscript.

Funding: We gratefully acknowledge the financial supports from the National Natural Science
Foundation of China (51973104), the Program (Joint Laboratory Project of Electromagnetic Structure
Technology) (ESTL202204) founded by AVIC Research Institute for Special Structures of Aeronautical
Composites (China, RISAC), and the basic research Program (YJG202102) founded by Shandong
University-Xin’an Group Silicon Based High-end New Materials Research Institute.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Derradji, M.; Mehelli, O.; Liu, W.; Fantuzzi, N. Sustainable and ecofriendly chemical design of high performance bio-based

thermosets for advanced applications. Front. Chem. 2021, 9, 691117. [CrossRef] [PubMed]
2. Zou, W.; Dong, J.; Luo, Y.; Zhao, Q.; Xie, T. Dynamic covalent polymer networks: From old chemistry to modern day innovations.

Adv. Mater. 2017, 29, 1606100. [CrossRef] [PubMed]
3. Jin, Y.; Lei, Z.; Taynton, P.; Huang, S.; Zhang, W. Malleable and recyclable thermosets: The next generation of plastics. Matter 2019,

1, 1456–1493. [CrossRef]
4. Chakma, P.; Konkolewicz, D. Dynamic covalent bonds in polymeric materials. Angew. Chem. Int. Ed. 2019, 131, 9784–9797.

[CrossRef]
5. Denissen, W.; Winne, J.M.; Du Prez, F.E. Vitrimers: Permanent organic networks with glasslike fluidity. Chem. Sci. 2016, 7, 30–38.

[CrossRef]
6. Chen, X.; Dam, M.A.; Ono, K.; Mal, A.; Shen, H.; Nutt, S.R.; Sheran, K.; Wud, F. A thermally re-mendable cross-linked polymeric

material. Science 2002, 295, 1698–1702. [CrossRef]
7. Otsuka, H.; Nagano, S.; Kobashi, Y.; Maeda, T.; Takahara, A. A dynamic covalent polymer driven by disulfide metathesis under

photoirradiation. Chem. Comm. 2010, 46, 1150–1152. [CrossRef]
8. Liu, T.; Zhao, B.; Zhang, J. Recent development of repairable, malleable and recyclable thermosetting polymers through dynamic

transesterification. Polymer 2020, 194, 122392. [CrossRef]
9. Röttger, M.; Domenech, T.; van der Weegen, R.; Breuillac, A.; Nicolaÿ, R.; Leibler, L. High-performance vitrimers from commodity

thermoplastics through dioxaborolane metathesis. Science 2017, 256, 62–65. [CrossRef]
10. Mateusz, G.; Monika, G. Boronic acid esters and anhydrates as dynamic cross-links in vitrimers. Polymers 2022, 14, 842.
11. Fang, Z.; Zheng, N.; Zhao, Q.; Xie, T. Healable, reconfigurable, reprocessable thermoset shape memory polymer with highly

tunable topological rearrangement kinetics. ACS Appl. Mater. Interfaces 2017, 9, 22077–22082. [CrossRef] [PubMed]
12. Deng, G.; Tang, C.; Li, F.; Jiang, H.; Chen, Y. Covalent cross-linked polymer gels with reversible sol-gel transition and self-healing

properties. Macromolecules 2010, 43, 1191–1194. [CrossRef]
13. Ishida, H.; Agag, T. Overview and historical background of polybenzoxazine research. In Handbook of Benzoxazine Resins; Elsevier:

Amsterdam, The Netherlands, 2011; pp. 3–81.
14. Yagci, Y.; Kiskan, B.; Ghosh, N.N. Recent advancement on polybenzoxazine-a newly developed high performance thermoset.

J. Polym. Sci. Part A Polym. Chem. 2009, 47, 5565–5576. [CrossRef]
15. He, X.-Y.; Wang, T.; Pan, Z.-C.; Dayo, A.Q.; Wang, J.; Liu, W.-B. Curing characteristics, kinetics, and thermal properties of

multifunctional fluorene benzoxazines containing hydroxyl groups. J. Appl. Polym. Sci. 2021, 138, 50131. [CrossRef]
16. Trejo-Machin, A.; Puchota, L.; Verge, P. A cardanol-based polybenzoxazine vitrimer: Recycling, reshaping and reversible adhesion.

Polym. Chem. 2020, 11, 7026–7034. [CrossRef]
17. Wen, Z.; Bonnaud, L.; Dubois, P.; Raquez, J.-M. Catalyst-free reprocessable crosslinked biobased polybenzoxazine-polyurethane

based on dynamic carbamate chemistry. J. Appl. Polym. Sci. 2022, 139, 52120. [CrossRef]
18. Adjaoud, A.; Puchot, L.; Verge, P. High-Tg and degradable isosorbide-based polybenzoxazine vitrimer. ACS Sustain. Chem. Eng.

2022, 10, 594–602. [CrossRef]

https://www.mdpi.com/article/10.3390/polym14112234/s1
https://www.mdpi.com/article/10.3390/polym14112234/s1
http://doi.org/10.3389/fchem.2021.691117
http://www.ncbi.nlm.nih.gov/pubmed/34124010
http://doi.org/10.1002/adma.201606100
http://www.ncbi.nlm.nih.gov/pubmed/28221707
http://doi.org/10.1016/j.matt.2019.09.004
http://doi.org/10.1002/ange.201813525
http://doi.org/10.1039/C5SC02223A
http://doi.org/10.1126/science.1065879
http://doi.org/10.1039/B916128G
http://doi.org/10.1016/j.polymer.2020.122392
http://doi.org/10.1126/science.aah5281
http://doi.org/10.1021/acsami.7b05713
http://www.ncbi.nlm.nih.gov/pubmed/28632985
http://doi.org/10.1021/ma9022197
http://doi.org/10.1002/pola.23597
http://doi.org/10.1002/app.50131
http://doi.org/10.1039/D0PY01239D
http://doi.org/10.1002/app.52120
http://doi.org/10.1021/acssuschemeng.1c07093


Polymers 2022, 14, 2234 11 of 11

19. Adjaoud, A.; Trejo-Machin, A.; Puchota, L.; Verge, P. Polybenzoxazines: A sustainable platform for the design of fast responsive
and catalyst-free vitrimers based on trans-esterification exchanges. Polym. Chem. 2021, 12, 3276–3289. [CrossRef]

20. Zhang, L.; Zhao, Z.; Dai, Z.; Xu, L.; Fu, F.; Endo, T.; Liu, X. Unexpected healability of an ortho-blocked polybenzoxazine resin.
ACS Macro Lett. 2019, 8, 506–511. [CrossRef]

21. Arslan, M.; Kiskan, B.; Yagci, Y. Recycling and self-healing of polybenzoxazines with dynamic sulfide linkages. Sci. Rep. 2017,
7, 5207. [CrossRef] [PubMed]

22. Fu, F.; Huang, M.; Zhang, W.; Zhao, Y.; Liu, X. Thermally assisted self-healing behavior of anhydride modified polybenzoxazines
based on transesterification. Sci. Rep. 2018, 8, 10325. [CrossRef] [PubMed]

23. Akkusa, B.; Kiskan, B.; Yagci, Y. Combining polybenzoxazines and polybutadienes via simultaneous inverse and direct vulcaniza-
tion for flexible and recyclable thermosets by polysulfide dynamic bonding. Polym. Chem. 2019, 10, 5743–5750. [CrossRef]

24. Gao, S.; Liu, Y.; Feng, S.; Lu, Z. Reprocessable and degradable thermoset with high Tg cross-linked via Si–O–Ph bonds. J. Mater.
Chem. A 2019, 7, 17498–17504. [CrossRef]

25. Ipek, H.; Hacaloglu, J. The effect of 3-hydroxyphenylboronic acid on thermal characteristics of polybenzoxazine based on phenol
and 4-aminomethylbenzoate. J. Polym. Res. 2020, 27, 245. [CrossRef]

26. Ipek, H.; Hacaloglu, J. The effect of aromatic diboronic acid on characteristics of polybenzoxazine based on phenol and
4-aminomethylbenzoate. J. Polym. Res. 2018, 25, 263. [CrossRef]

27. Telli, A.H.; Hacaloglu, J. Effects of aromatic diboronic acid on thermal charateristics of polybenzoxazines based on phenol and
aniline. Eur. Polym. J. 2018, 108, 182–190. [CrossRef]

28. Wang, S.; Jia, Q.; Liu, Y.; Jing, X. An investigation on the effect of phenylboronic acid on the processibilities and thermal properties
of bis-benzoxazine resins. React. Funct. Polym. 2015, 93, 111–119. [CrossRef]

29. Si, J.; Xu, P.; He, W.; Wang, S.; Jing, X. Bis-benzoxazine resins with high char yield and toughness modified by hyperbranched
poly(resorcinol borate). Compos. Part A Appl. Sci. Manuf. 2012, 43, 2249–2255. [CrossRef]

30. Tsukamoto, Y.; Kida, J.; Aoki, D.; Otsuka, H. Post-polymerization modification of polybenzoxazines with boronic acids supported
by B-N interactions. Polym. Chem. 2021, 12, 5266–5270. [CrossRef]

31. Bo, C.; Sha, Y.; Song, F.; Zhang, M.; Hu, L.; Jia, P.; Zhou, Y. Renewable benzoxazine-based thermosets from cashew nut:
Investigating the self-healing, shape memory, recyclability and antibacterial activity. J. Clean. Prod. 2022, 341, 130898. [CrossRef]

32. Zhang, X.; Zhao, Y.; Wang, S.; Jing, X. Cross-linked polymers based on B-O bonds: Synthesis, structure and properties. Mater.
Chem. Front. 2021, 5, 5534–5548. [CrossRef]

33. Chen, Y.; Tang, Z.; Liu, Y.; Wu, S.; Guo, B. Mechanically robust, self-healable, and reprocessable elastomers enabled by dynamic
dual cross-links. Macromolecules 2019, 52, 3805–3812. [CrossRef]

34. Li, C.; Chen, Y.; Zeng, Y.; Wu, Y.; Liu, W.; Qiu, R. Strong and recyclable soybean oil-based epoxy adhesives based on dynamic
boronic. Eur. Polym. J. 2022, 162, 110923. [CrossRef]

35. Low, H.Y.; Ishida, H. Structural effects of phenols on the thermal and thermo-oxidative degradation of polybenzoxazines. Polymer
1999, 40, 4365–4376. [CrossRef]

http://doi.org/10.1039/D1PY00324K
http://doi.org/10.1021/acsmacrolett.9b00083
http://doi.org/10.1038/s41598-017-05608-2
http://www.ncbi.nlm.nih.gov/pubmed/28701718
http://doi.org/10.1038/s41598-018-27942-9
http://www.ncbi.nlm.nih.gov/pubmed/29985408
http://doi.org/10.1039/C9PY01056D
http://doi.org/10.1039/C9TA04951G
http://doi.org/10.1007/s10965-020-02221-2
http://doi.org/10.1007/s10965-018-1656-6
http://doi.org/10.1016/j.eurpolymj.2018.08.053
http://doi.org/10.1016/j.reactfunctpolym.2015.06.012
http://doi.org/10.1016/j.compositesa.2012.07.025
http://doi.org/10.1039/D1PY00657F
http://doi.org/10.1016/j.jclepro.2022.130898
http://doi.org/10.1039/D1QM00514F
http://doi.org/10.1021/acs.macromol.9b00419
http://doi.org/10.1016/j.eurpolymj.2021.110923
http://doi.org/10.1016/S0032-3861(98)00656-9

	Introduction 
	Experimental Section 
	Materials 
	Synthesis of Benzoxazine (BZ) 
	Synthesis of Benzoxazine Oligomer (OBZ) 
	Synthesis of 2,2'-(1,4-Phenylene)-bis [4-mercaptan-1,3,2-dioxaborolane] (BDB) 
	Preparation of Polybenzoxazine Cross-Linked by the Boronic Ester Bond (OBZ-BDB) 
	Characterization 

	Results and Discussion 
	Synthesis of OBZ-BDB 
	Reprocessability of OBZ-BDB 
	Thermal Properties of OBZ-BDB 

	Conclusions 
	References

