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Benzoxazine-based functional polymers have been received as promising materials because of their superior
thermal stability, mechanical strength, and versatility in applications ranging from coatings to high-performance
nanocomposites. In this study, we synthesized two benzo[c]-1,2,5-thiadiazole (BBT)-functionalized benzoxazine
monomers: BBT-BZ and its brominated derivative, BBT-BZ-2Br, using a three-step process comprising Schiff base
formation, reduction, and Mannich condensation, which were validated via FTIR, 'H and '>C NMR spectroscopy,
and HR mass spectrometry. To further enhance functionality, the porous organic polymer (POP) was synthesized
from the BBT-BZ-2Br with tetraethynylpyrene (Py-T) monomers using the Sonogashira-Hagihara coupling re-
action, resulting in BBT-BZTB-Py POP. The thermal properties of the BZ monomers and their corresponding
polymers were analyzed via TGA, revealing excellent thermal stability and robust cross-linked networks formed
via thermal ring-opening polymerization (ROP) to create poly(BBT-BZTB-Py) POP. Subsequent carbonization of
poly(BBT-BZTB-Py) POP at 600 °C with KOH activation yielded a microporous N/S co-doped carbon material,
poly(BBT-BZTB-Py) POP-600. Characterization using Raman spectroscopy, XRD, XPS, and N: adsorption/
desorption analysis confirmed the successful incorporation of heteroatoms and the development of a hierarchical
microporous and mesoporous structure. This material demonstrated potential for gas capture and electro-
chemical energy storage applications. Overall, this work presents comprehensive work on the design, synthesis,
and thermal behavior of functionalized benzoxazine monomers and their POP derivatives, emphasizing their
versatility for advanced material applications.

1. Introduction removal of CO5 from industrial emission sources: membrane separation,

solid sorbent adsorption, and chemical absorption using scrubbing so-

Atmospheric concentrations of greenhouse gases have markedly
increased over the past two centuries [1]. Notably, carbon dioxide (CO3)
levels have risen from approximately 280 ppm in the pre-industrial era
to over 420 ppm by 2023, reflecting a substantial anthropogenic influ-
ence on the global carbon cycle [2,3]. CO, emissions into the atmo-
sphere vary significantly depending on the type of fuel utilized and the
specific conditions under which it is processed [4]. Gas purification has
emerged as a critical global challenge in response to escalating air
pollution, driven in large part by the rising concentration of atmospheric
CO» [5]. Currently, three principal technologies are employed for the

lutions [3,6,7]. Supercapacitors (SCs) are widely recognized for their
high-power density and low maintenance requirements; however, their
practical deployment is often constrained by limited energy density.
Enhancing energy storage performance while retaining rapid char-
ge—discharge capabilities require the strategic selection of advanced
electrode materials [8-10]. Heteroatom doping represents an effective
strategy for enhancing the specific capacitance (Cs) of supercapacitors.
Incorporation of heteroatoms such as nitrogen (N), oxygen (O), boron
(B), and sulfur (S) has been shown to improve surface hydrophilicity and
facilitate redox interactions at the electrode-electrolyte interface
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through electron donation mechanisms [11,12].

Benzoxazine (BZ)-functionalized polymers are produced through
Mannich condensation reactions involving primary amines, aromatic
phenols, and formaldehyde [13-15]. These polymers have recently
garnered significant attention. The ring-opening polymerization (ROP)
of polybenzoxazines converts BZ monomers into thermosetting poly-
mers via thermal curing [16-19]. As an innovative type of thermosetting
resin derived from conventional phenolic resins, polybenzoxazines
(PBZs) are characterized by distinctive cross-linked networks formed
through phenolic Mannich bridges [20]. The strong hydrogen bon-
ding—both within and between molecules—between phenolic groups
and other functional groups, such as amines, ethers, alcohols, or aro-
matic rings, is pivotal in defining the properties of PBZs networks
[21,22]. These interactions greatly improve their physical and chemical
performance, making them highly appealing for both academic research
and industrial applications. PBZs possess a wide array of remarkable
properties, including exceptional thermal stability, high flame resis-
tance, superior electrical insulation, minimal shrinkage during curing,
excellent adhesion, and low water absorption [21,22]. These unique
attributes are attributed to the extensive design flexibility of BZ mole-
cules, which enables the synthesis of a variety of resins from diverse
starting materials. This adaptability allows researchers to fine-tune
specific characteristics to meet the demands of specialized applica-
tions, broadening the potential uses of PBZs across different industries
[23-25]. Porous organic polymers (POPs) [including conjugated
microporous polymers (CMPs) and covalent organic frameworks
(COFs)] with high surface area and microporous characteristics could be
used in energy storage, chemical sensing, hydrogen (Hy) evolution, and
gas capture [26-30]. Various functionalities, including triazine, imine,
imide, azine, and boroxine, have been synthesized by various Schiff base
formations, Sonogashira-Hagihara couplings, and organic reactions
such as cyclotrimerization, Suzuki coupling, and Suzuki coupling
[28-35]. Adding new chemical bonds to POPs can expand their range of
polymeric frameworks with high surface area and their possible appli-
cations [36-38]. Therefore, the challenge of preparing new
benzoxazine-linkage POPs with high surface area and pore volume has
recently gained significant interest. For instance, we first reported a new
benzoxazine linkage POP based on 1,3,5-tris(4-aminophenyl)triazine
(TAPT) unit by using Mannich condensation, which exhibited SAggr of
ca. 70 m? g~! [39]. The other possible approach to forming new
benzoxazine-linkage POPs is synthesized from the multistep post-
modifications of imine-POPs. For example, Yaghi et al. proposed the
carbamate and thiocarbamate-linked COFs through the post-
modifications of imine-COFs in the solid-state chemical transformation
with a surface area > 700 m? g’l [40]. Therefore, Ma et al. used the
reduction and Mannich condensation, which employed benzoxazine-
linked COF materials, featured a surface area > 650 m? g~! by using
TAPT and dihydroxynaphthalene-1,5-dicarbaldehyde (DHNDA) as the
monomers [41]. Recently, we proposed various benzoxazine-linked
POPs with high surface area (100-300 m? g~!) by utilizing
Sonogashira-Hagihara coupling, and various building monomers can be
designed. Consequently, the ethynyl-functionalized building blocks
should be paired with the brominated benzoxazine compound
[38,42-46]. BBT-based materials are gaining attention for applications
in gas adsorption, separation, photocatalysis, electrocatalysis, fluores-
cence sensitivity, and selectivity [47-50]. BBT units are key components
in CMPs, and COFs for energy storage and photocatalysis were reported
[51,52]. To the best of our knowledge, the primary objective is to
develop BBT-functionalized BZ and its corresponding POP to investigate
the influence of the BBT moiety on gas capture and supercapacitor
performance. Furthermore, the insertion of heteroatoms such as nitro-
gen, oxygen, sulfur, and bromine into the benzoxazine monomers has
proven to enhance properties such as thermal stability, flame retard-
ancy, and surface property, further elevating the performance of these
polybenzoxazines. In this work, we propose the preparation, charac-
terization, and thermal ROP behavior of two benzo[c]-1,2,5-thiadiazole-
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functionalized benzoxazine monomers: BBT-BZ and its brominated de-
rivative, BBT-BZ-2Br. Both BZ monomers were synthesized through a
three-step mechanism, involving a Schiff base reaction, reduction, and
the Mannich condensation. The chemical structural characteristics of
these monomers were extensively studied using FTIR, H, and 3C NMR
spectroscopy, and mass spectrometry to confirm their successful syn-
thesis and high purity. The resulting material, BBT-BZTB-Py POP was
prepared through a Sonogashira-Hagihara coupling reaction by using
BBT-BZ-2Br and Py-T as starting monomers. We further investigated the
thermal ROP behavior of these monomers and polymers, revealing their
ability to form stable, cross-linked networks at elevated temperatures.
Finally, we carbonized poly(BBT-BZTB-Py) POP at 600 °C using the KOH
activation method to produce poly(BBT-BZTB-Py) POP-600, a micro-
porous N/S co-doped microporous carbon with potential applications in
gas capture and electrochemical energy storage. This work highlights
the potential of functionalized benzoxazine monomers and their de-
rivatives for use in advanced polymeric materials, offering insights into
their synthesis, thermal behavior, and structural evolution under ther-
mal and chemical modifications.

2. Experimental section
2.1. Materials

Acetone, 1,4-dioxane, sodium carbonate (NayCOs3), and magnesium
sulfate (MgSO4), hydrochloric acid (HCI), acetic acid (AcOH), 4-amino-
phenyl boronic acid pinacol ester, 4-bromosalicylaldehyde, copper(l)
iodide (Cul, 98 %), N,N-dimethylacetamide (DMAc), N,N-dime-
thylformamide (DMF), ethanol (EtOH), methanol (MeOH), Pd(PPhs)g,
salicylaldehyde (98 %), sodium borohydride (NaBHjy), tetrahydrofuran
(THF), toluene, triethylamine (Et3N), and triphenylphosphine (PPhs, 99
%) were purchased from Sigma-Aldrich, Acros Organics and Aencore.
Tetraethynylpyrene (Py-T) was synthesized following our previous
procedures [42,43]. Detailed synthetic procedures for BBT-SF, BBT-Red,
BBT-SF-2Br, and BBT-Red-2Br are described in the Supplementary
Information.

2.2. Synthesis of BBT-2NH,

4-Aminophenylboronic acid pinacol ester (1.50 g, 6.80 mmol), 4,7-
dibromobenzo[c]-1,2,5-thiadiazole [53,54] (1.00 g, 3.40 mmol),
NayCOs3 (1.27 g, 11.20 mmol), Pd(PPh3)4 (0.196 g, 0.169 mmol), H,O
(12 mL), and toluene (80 mL) were injected to a 100 mL single-neck
bottle, heated to 75 °C under an Ny atmosphere, and refluxed for 36
h. The solvent was removed under reduced pressure using a rotary
evaporator. The residue was subjected to liquid-liquid extraction with
DCM, 2 M HCl, and water. The organic layer was separated, dried over
MgSOy4, and filtered. The filtrate was concentrated under reduced
pressure, and the resulting residue was treated with MeOH to afford
BBT-2NH; as an orange powder. FTIR (KBr, cm’l): 3470, 3366 (NH>),
3036 (C=C — H). 'H NMR (ppm): 6 = 7.76-6.71 (phenyl protons), 5.38
(NHy). 13¢ NMR (ppm): § = 154.48-114.36 (aromatic carbons).

2.3. Synthesis of BBT-BZ

BBT-Red (0.5 g, 1.0 mmol), CH,0 (0.07 g, 2.2 mmol), 1,4-dioxane
(40 mL) and EtOH (20 mL) into 100 mL round-bottom flask and
refluxing the mixture at 90 °C for 24 h under N, atmosphere, then a
rotary evaporator was removed, added MeOH to filter, washed with
MeOH several times and finally put it in a vacuum oven overnight to dry
to obtain an orange solid (Yield: 88 %). FTIR (em™): 1205, 956 (oxazine
ring). 'H NMR (ppm): 6 = 7.91-6.73 (phenyl protons), 5.53 (OCH:N),
4.75 (ArCH,N). 13C NMR (ppm): 6 = 154.71-116.89 (aromatic carbons),
78.71 (OCHyN), 49.03 (ArCH,N). HR ES-MS (m/2): caled for
(C34H26N4025), 554.67; found, 555.1842.
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Fig. 1. (a) chemical structures and the reaction scheme, and their corresponding (b) FTIR, (c) H NMR, and (d) 13C NMR spectra of BBT-2NH,, BBT-SF, BBT-Red, and

BBT-BZ. (* is the 1,4-dioxane solvent).

2.4. Synthesis of BBT-BZ-2Br

BBT-Red-2Br (1.70 mmol), CH,0O (3.80 mmol), EtOH (40 mL), and
1,4-dioxane (60 mL) were injected into a 200 mL single-neck flask, and
the mixture was evenly stirred at 90-~100 °C under an N atmosphere for
1 day. After one day, using a rotary evaporator to remove the solvents,
MeOH was added to the filter, and washing with MeOH was repeated.
Finally, dry it for one night in a vacuum oven to produce an orange
powder with a yield of 75 %. FTIR (KBr, cm_l): 1201 (C-O-C stretching),
954 (oxazine ring), 593 (C—Br). H NMR (500 MHz, 6, ppm): § =
7.90-6.55 (phenyl protons), 5.58 (OCH2N), 4.73 (ArCH;N). Solid state
13C NMR ppm): 6 = 154.05-110.47 (aromatic carbons), 78.06 (OCH,N),
48.10 (ArCH3N). HR ES-MS (m/2): calcd for (C34H24BroN405S), 712.46;
found, 715.3211.

2.5. Synthesis of BBT-BZTB-Py POP

The synthesis of BBT-BZTB-Py POP was carried out according to the
Sonogashira-Hagihara coupling reaction in the presence of BBT-BZ-2Br
(0.56 mmol), Py-T (0.28 mmol), Cul (0.028 mmol), PPh; (0.028
mmol), and Pd(PPh3)4 (0.028 mmol) into 200 mL round bottom flask,
then add Et3N (10 mL) and DMF (10 mL) to dissolve and the mixture was
kept at 90 °C for 3 days to afford brown powder with a yield of 77 % after
washing by acetone, MeOH, EtOH, and THF; respectively.

2.6. Thermal Polymerization of BBT-BZ, BBT-BZ-2Br, and BBT-BZTB-Py
POP

To obtain poly(BBT-BZ),poly(BBT-BZ-2Br) and poly(BBT-BZTB-Py)
POP, we put BBT-BZ, BBT-BZ-2Br and BBT-BZTB-Py POP into an oven

and carried out thermal ROP at 300 °C for 3 h.

2.7. Carbonization and KOH Activation of poly(BBT-BZTB-Py) POP

First, poly(BBT-BZTB-Py) POP was placed in a tube furnace, raised to
300 °C at a rate of 5 °C min ' under a stable flow rate of N atmosphere,
and maintained for 1 h. Then increase the temperature to 600 °C at a rate
of 5°C min~! and maintain for 6 h to obtain the carbonized sample.
Then, mix the sample and KOH (sample/KOH weight ratio of 1), add
H>0 to prepare a mixed solution (KOH concentration needs to be 3.5 M),
and stir at room temperature for one day. Use a rotary evaporator to
remove the water and send it to the tube furnace. Under a steady flow of
N, atmosphere, increase to 300 °C at a rate of 5 °C min~* and hold for 1
h. Finally, the temperature is raised to 600 °C at a rate of 5 °C min~* and
maintained for 8 h to obtain the chemically activated product, poly(BBT-
BZTB-Py) POP-600.

3. Results and discussion
3.1. Characterization of the BBT-BZ monomer

The reaction scheme for the synthesis of BBT-BZ monomer used the
three-step mechanism as shown in Fig. 1(a). The first step was from
BBT-2NH; and salicylaldehyde to perform a Schiff base reaction to
obtain BBT-SF, and the second step was to reduce it to form BBT-Red
with NaBH4 reaction. Finally, the BBT-BZ monomer was formed by
reacting with CH2O under the Mannich condensation reaction. FTIR and
NMR spectroscopy were used to identify the molecular structure of these
BBT derivatives and BBT-BZ monomers, as displayed in Figs. 1(b)-1(d).
Fig. 1(b) shows the FTIR spectra of their corresponding BBT derivatives
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Fig. 2. (a) Schematic scheme for synthesizing BBT-BZ-2B and (b) FTIR spectra BBT-2NH,, BBT-SF-2Br, BBT-Red-2Br, and BBT-BZ-2Br. (c) 1H NMR, and (d) °C NMR

spectra of BBT-2NH,, BBT-Red-2Br, and BBT-BZ-2Br.

and BBT-BZ monomer, where the BBT-2NH, compound exhibited the
NH,, absorption at 3470 cm™* and 3366 cm ™!, corresponding to asym-
metric and symmetric N—H absorption, respectively, and the C=C — H
absorption signal was observed at 3036 cm ™. After the Schiff base re-
action to form BBT-SF compound, the absorption signals representing
OH, and C=N appeared at 3400 and 1552 cm™}, respectively. After
reduction to form the BBT-Red compound, the C=N signal disappears,
and the absorption signals representing OH and NH appear at 3406 cm ™
(broad) and 3325 cm™! (sharp), respectively. The BBT-BZ monomer was
successfully prepared through the Mannich condensation method, with
absorption bands at 1205 and 956 cm ™! attributed to G—O stretching
and the oxazine ring. Furthermore, Fig. 1(c) shows 4 NMR spectra
where the BBT-2NH; compound has characteristic signals representing
aromatic protons (7.76-6.71 ppm) and NHj units (5.38 ppm). After the
Schiff base reaction, the BBT-SF derivative showed the characteristic
signals representing OH (10.11 ppm), N=C — H (8.81 ppm), and aro-
matic protons (8.20-6.82 ppm). After further reduction to form the BBT-
Red compound, the characteristic signals representing OH (9.55 ppm),
aromatic protons (7.79-6.70 ppm), NH (6.37 ppm), and HNCH (a, 4.28
ppm) appeared. Finally, after the Mannich condensation reaction to
form BBT-BZ monomer, the obvious characteristic signals of aromatic
protons (7.91-6.73 ppm), OCH3N (c, 5.53 ppm), and ArCH,N (b, 4.75
ppm) appeared. Fig. 1(d) shows their corresponding 13C NMR spectra,
showing that the BBT-2NH; monomer has characteristic signals repre-
senting aromatic carbons (154.48-114.36 ppm). After the Schiff base
reaction, the BBT-SF derivative has the characteristic signals repre-
senting N=C — H (159.44 ppm) and aromatic carbons (154.11-114.94
ppm). After reduction to form the BBT-Red compound, there are char-
acteristic signals representing aromatic carbons (155.83-112.59 ppm)
and HNCH; (a, 41.34 ppm). Finally, after the Mannich condensation

reaction to form BBT-BZ, there are characteristic signals representing
aromatic carbons (154.71-116.89 ppm), OCHyN (c, 78.71 ppm), and
ArCH;,N (b, 49.03 ppm). Additionally, the molecular weight of the BBT-
SF, BBT-Red, and BBT-BZ could be determined through HR ES-MS
spectrum [Figs. S1-S3 and Table S1], which confirms that our syn-
thetic structure has high purity characteristics, further confirming that
we successfully synthesized the BBT-BZ through a three-step
mechanism.

3.2. Characterization of the BBT-BZ-2Br Monomer

Similar to BBT-BZ monomer, we also used a three-step mechanism to
prepare the BBT benzoxazine monomer with two bromine units (BBT-
BZ-2Br) as displayed in Fig. 2(a), only the salicylaldehyde changes to 4-
bromosalicylaldehyde and the other procedures are almost the same.
Fig. 2(b) shows the BBT-SF-2Br derivative after the Schiff base reaction
of BBT-2NH; with 4-bromosalicylaldehyde where the NH, unit signal
from BBT-2NH; had disappeared, and the OH, C=N, and C—Br ab-
sorption peaks appeared at 3444, 1556, and 594 cm !, respectively.
After the reduction reaction with NaBH4 to provide BBT-Red-2Br com-
pound, the C=N signal disappeared, and the absorption peaks repre-
senting OH, NH, and C—Br appeared at 3373 cm ™! (broad), 3258 cm™!
(sharp), and 582 cm’l, respectively. After the final formation of BBT-BZ-
2Br under Mannich condensation, the absorption peaks of C—O
stretching, oxazine ring, and C—Br appeared at 1201, 954, and 593
em™!, indicating the successful formation of BBT-BZ-2Br monomer.
Figs. 2(c) and 2(d) show their corresponding 'H and '*C NMR and no
spectral signals because BBT-SF-2Br is insoluble in most typical solvents.
After the reduction reaction with NaBH, to form BBT-Red-2Br, the signal
representing OH (10.19 ppm), aromatic protons (7.76-6.68 ppm), NH
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(6.42 ppm), and NHCH;, (4.24 ppm) were observed, as shown in Fig. 2
(c). After the final Mannich condensation to form BBT-BZ-2Br monomer,
the characteristic peaks representing aromatic protons (7.90-6.55 ppm),
OCH3N (b, 5.58 ppm), and ArCH>N (c, 4.73 ppm) appeared, as shown in
Fig. 2(c). The signal ratio of OCH,N and ArCH)N is 1:1, which is due to
the presence of oxazine ring protons. Similarly, after reduction to form
BBT-Red-2Br compound, the !3C NMR signals of aromatic carbons
(157.35-112.60 ppm) and HNCHj (a, 40.98 ppm) could be observed.
After the final Mannich condensation obtained BBT-BZ-2Br monomer,
unit signals representing aromatic carbons (154.05-110.47 ppm),
OCH>N (c, 78.06 ppm), and ArCH;N (b, 48.10 ppm) could be found in
the 13C NMR spectrum. We could confirm that the chemical structure of
the BBT-BZ-2Br monomer was synthesized with high purity in this study.
HR ES-MS spectrometry [Figs. S4-S6 and Table S1] confirmed the
molecular weights of BBT-SF-2Br, BBT-Red-2Br, and BBT-BZ-2Br, sup-
porting the successful synthesis of the BBT-BZ-2Br via a three-step route
and indicating high structural purity.

3.3. Thermal polymerization behavior of BBT-BZ and BBT-BZ-2Br
monomers

Both BBT-BZ and BBT-BZ-2Br monomers undergo the thermal ROP
from 25 °C to 300 °C every two hours, which is characterized by using

DSC and FTIR analyses to explore their chemical structures and thermal
polymerization behavior. Firstly, the BBT-BZ monomer, as shown in
Fig. 3(a), is the scheme of its thermal ring-opening polymerization
(ROP) behavior. Fig. 3(c) shows its corresponding thermal ROP behavior
by using DSC analyses. It was found that the BBT-BZ monomer without
thermal treatment has a curing exothermic peak at 266 °C, which is
similar to a typical Pa-type monomer (263 °C). As the thermal ROP
temperature increases, this exothermic peak gradually decreases, and
after thermal ROP at 200 °C for two hours, this curing exothermic peak
completely disappears, indicating the completion of thermal ROP. At the
same time, in the FTIR spectra, as shown in Fig. 3(e), we focus on the
absorption signals of benzoxazine at 1200 (C—O stretching) and 956
(oxazine ring) cm L. We found that as the thermal ROP temperature
increases, these two signals gradually decrease. When it is at 200 °C, it
disappears completely, indicating the completion of thermal ROP, which
corresponds to the DSC data. In addition, Fig. 3(b) shows the scheme of
the thermal ROP characteristics of the BBT-BZ-2Br. In the DSC analyses
of Fig. 3(d), the uncured BBT-BZ-2Br monomer has a curing exothermic
peak at 264 °C, which is similar to the BBT-BZ monomer since only two
bromine units have existed for BBT-BZ-2Br monomer. Similarly, we
found that with the rise in thermal ROP temperature, the exothermic
peak progressively diminished. After heating at 250 °C for two hours,
the curing exothermic peak had completely disappeared, indicating the
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finalization of the thermal ROP process. This result can be further
confirmed through FTIR spectra. As shown in Fig. 3(f), the important
characteristic signals representing benzoxazine at 1201 and 954 cm™!
were gradually decreased as the thermal ROP temperature increased and
even disappeared completely at 300 °C. Instead, a broad peak appears,
representing the OH group, indicating the thermal ROP occurred.

3.4. Synthesis and thermal ROP behavior of the BBT-BZTB-Py POP

Fig. 4(a) shows the scheme for producing BBT-BZTB-Py POP was
constructed using the Sonogashira reaction of Py-T and BBT-BZ-2Br
units, and FTIR and solid-state CP/MAS NMR spectroscopy are
measured at room temperature to observe the changes in characteristic
functional groups. Next, DSC and TGA are also used to observe its
thermal behavior. In the FTIR spectra, as shown in Fig. 4(b), we could
observe the characteristic peak of Py-T at 3290 cm ™ due to the C = C-H
unit and C—Br at 593 cm ™! of BBT-BZ-2Br, both disappearing for BBT-
BZTB-Py POP, and the corresponding C=C (2191 cm’l), C-0O-C (1191
cm’l), and the oxazine ring (954 cmfl)remained, confirming that the
benzoxazine unit was successfully added to BBT-BZTB-Py POP. In the
13C NMR spectra, as shown in Fig. 4(c), the presence of the characteristic
peaks OCHsN (b, 80.84 ppm) and ArCH)N (a, 47.65 ppm) of BBT-BZTB-
Py POP could also be observed, further confirming the success of the
synthesis for BBT-BZTB-Py POP. Furthermore, Fig. 4(d) shows the DSC
thermal analyses, and we found that BBT-BZTB-Py POP has a higher and
broader curing exothermic peak at 286 °C compared with the BBT-BZ-

2Br monomer (286 °C). This is because the cross-linked structure
generated by the Sonogashira Hagihara coupling reaction imposes re-
strictions on the ROP of the oxazine ring, so the exothermic peak in-
creases. Similarly, compared with BBT-BZ-2Br about TGA analyses
[Fig. 4(e)], after the Sonogashira reaction, BBT-BZTB-Py POP has a more
extensively cross-linked structure, and its thermal properties steadily
increase (Tg;0 from 399 °C to 415 °C and char yield from 56.0 wt% to
68.5 wt%). To comprehend the porosity of BBT-BZTB-Py POP, the N2
adsorption/desorption isotherm was measured at 77 K, as displayed in
Fig. 5(a). It could be observed that under low relative pressure (P/Py <
0.1), the adsorption/desorption curve rises sharply and appears convex
upward, showing that the relationship between the material and N3 has
strong van der Waals interactions. Under high relative pressure, the
adsorption/desorption isotherm curve does not overlap, and a hysteresis
loop appears. Therefore, based on the IUPAC classification, this isotherm
corresponds to a type IV curve with the specific surface area (SApgr) of
BBT-BZTB-Py POP being 56 m? g !, accompanied by a total pore volume
(Veotal) Of 0.36 cm® g’l. We determined the average pore size diameter
using the NLDFT method, as shown in Fig. 5(b), which ranges from 1.72
to 3.41 nm and 3.96 to 6.02 nm, indicating that the pore size distribution
is in micropores and mesopores. In addition, we used TEM and SEM to
observe and analyze the morphology of BBT-BZTB-Py POP. Figs. 5(c)-5
(d) display TEM images, indicating an irregular and disordered struc-
ture. Fig. 5(e) displays SEM images, also showing that the material is
composed of many interconnected, irregular, and small spheres. In
addition, based on SEM-EDS analysis as shown in Figs. 5(f-i), implying
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the C, N, O, and S mappings, respectively, and the existence and pro-
portion of C (red), N (blue), O (green) and S(yellow) atoms evenly in
BBT-BZTB-Py POP. Next, we thermal-treated BBT-BZTB-Py POP at
300 °C for three hours to form poly(BBT-BZTB-Py) POP, as seen in Fig. 6
(a). Then, we could explore the ROP behavior of BBT-BZTB-Py POP
through DSC, solid-state NMR, FTIR, and TGA analyses. DSC results as
shown in Fig. 6(b), uncured BBT-BZTB-Py POP at room temperature
showed a thermal polymerization exothermic peak at 286 °C. However,
when the monomer was heated at 300 °C for 3 h to form poly(BBT-BZTB-
Py) POP, the exothermic peak disappeared, indicating complete thermal
ROP. In the FTIR spectra [Fig. 6(c)], the signals of BBT-BZTB-Py POP
appear at 1191 and 933 cm ™ for BZ units. When heated to 300 °C for 3
h, the signals disappear, and broad peaks appear at 3689-3000 em L.
This broad peak is due to the large number of OH groups generated after
the BBT-BZTB-Py POP ring opens to form poly(BBT-BZTB-Py) POP,
which could form a large number of intermolecular and intramolecular
hydrogen bonding forces, which is beneficial to subsequent experiments.
In the solid-state 3C NMR spectrum [Fig. 6(d)], it could be found that
the signal of oxazine rings weakens at 80.84 ppm (OCH;N unit overlaps
with C=C unit) and completely disappears at 47.65 ppm (ArCHN unit).
As shown in Fig. 6(e), the TGA results indicate that the T4;9 and char
yields of BBT-BZTB-Py POP are 415.8 °C and 68.56 wt%, respectively.
After ROP was employed to produce poly(BBT-BZTB-Py) POP, the T410
value rose to 426.8 °C, whereas the char yield declined to 61.31 wt%. It
is speculated that it may be because the thermal stability of the CHy
group after thermal ROP is weak and easy to crack at high temperatures.
Table S2 presents the elemental composition of the poly(BBT-BZTB-Py)
POP, showing atomic contents of 84.72 % (C), 6.44 % (N), 4.79 % (0),

and 4.05 % (S). The high-resolution XPS spectra provide detailed insight
into the chemical environments of the elements within the poly(BBT-
BZTB-Py) POP. In the C 1 s spectrum [Figure S7(a)l, three distinct
peaks are observed at 284.3, 285.4, and 287.2 eV, corresponding to
C-C/C=C, C—N, and C-OH functionalities. The N 1 s spectrum
[Figure S7(b)] reveals two deconvoluted peaks attributed to C-N-C
(398.8 eV) and C=N-S (400.1 eV) moieties. Deconvolution of the O 1 s
spectrum [Figure S7(c)] confirms the presence of C~-OH groups at 532.3
eV. The S 2p spectrum [Figure S7(d)] exhibits peaks at 163.6 eV and
165.1 eV, assigned to S—N (2P3,3) and S—N (2P ,»), respectively. A
comprehensive summary of the XPS fitting parameters for C, N, O, and S
is provided in Table S3. After thermal ROP, TEM and SEM were utilized
to investigate and assess the morphology of poly(BBT-BZTB-Py) POP. A
disordered structure is observed in the TEM image [Figure S8(a)]. In the
SEM image [Figure S8(b)], it is observed that there are many small and
irregular particles on the surface. Additionally, in the EDS analysis of
SEM [Figs. S8(c-f)], the distribution pattern of C, N, O, and S elements
of poly(BBT-BZTB-Py) POP was evenly distributed and was confirmed
by mapping the sample.

3.5. Characterization of the poly(BBT-BZTB-Py) POP-600

In order to prepare N/S co-doped microporous carbon materials, as
shown in Fig. 7(a), we carbonized the poly(BBT-BZTB-Py) POP at 600 °C
and used the KOH activation method to synthesize poly(BBT-BZTB-Py)
POP-600 and used Raman spectroscopy, XRD, and XPS to identify and
explore its microstructure. In the Raman profile, as presented in Fig. 7
(b), there are two signals at 1337 and 1593 cm’l, representing the D



M.G. Mohamed et al.

(a)

;@M N

BBT-BZTB-Py POP

Th

polymerization

Reactive and Functional Polymers 214 (2025) 106286

ermal

300¢C

poly(BBT-BZTB-Py) POP

(b)[— BBT-BZTB-Py POP (©)
—— poly(BBT-BZTB-Py) POP| 1191 cm™
— 286 °C 954 cm™
[
a 2 T
g ¥,/\ § —’/\w “\}W'!\‘N.‘ «‘J i
g :
z £
[=] o
o 2
= <
Y
o \//\
100 150 200 250 300 350 4000 3000 2000 1000
Temperature (°C) 100 Wavenumber (cm™)
(d) (e
b, C=C 80 1
L1
3 J, 2 60
i /\\,ﬂ”‘*’“‘-\.ﬂ\_‘ 'g
-'7' m
S Z 40
E S
=
l 20 4
, . : 0 : : . . . :
200 150 100 50 0 100 200 300 400 500 600 700 800

Chemical Shift (ppm)

Temperature (°C)

Fig. 6. (a) Synthesis of poly(BBT-BZTB-Py) POP through ROP, (b) DSC analyses, (c) FTIR and (d) solid-state 13¢ NMR spectra, and (e) TGA traces of BBT-BZTB-Py

POP and poly(BBT-BZTB-Py) POP.

band and G band, respectively, which are the main characteristic peaks
of graphitic carbon materials. The D band, also known as the disorder
band, represents the defects and disorder of the carbon material struc-
ture, and its defects are proportional to the intensity, while the G band
represents the vibration mode of graphene sp? hybridized carbon atoms.
In addition, the degree of graphitization of the material could be eval-
uated based on the ratio of intensities between the D band and the G
band. From the data, the Ip/Ig value of poly(BBT-BZTB-Py) POP-600 is
0.87. Next, the graphite structure after the carbonization of the material
was studied through XRD analysis. In Fig. 7(c), we focus on the wide
diffraction peaks centered at 25° and 44°, which are associated with the
plane of (002) and (100) for the hexagonal graphite lattice, respectively.
Like other heteroatom co-doped graphene published in the past, these
two broad diffraction peaks appeared [55-58]. In the XPS survey spec-
trum, as shown in Fig. 7(d), we could observe four signals corresponding
to Cls, N1s, Ols, and S2p, respectively, confirming the successful
introduction of N and S atoms into poly(BBT-BZTB-Py) POP-600, and
then perform peak fitting on the signals of these four orbits, respectively.

As detailed in Table S2, the elemental composition of the poly(BBT-
BZTB-Py) POP-600 comprises 67.64 % carbon, 5.13 % nitrogen, 26.62 %
oxygen, and 0.6 % sulfur by atomic percentage. First, in the C1s spectra

[Fig. 7(e)], In the Cls spectra, four peaks are observed at 284.5, 285.9,
287.5, and 287.8 eV, corresponding to C-C/C=C, C—N, C=0, and C-O/
C-S groups, respectively [56]. Similarly, the N1s spectra [Fig. 7(f)]
reveal four deconvoluted peaks: pyridinic nitrogen (N-6, 397.97 eV),
pyrrolic nitrogen (N-5, 399.27 eV), quaternary nitrogen (N-Q, 400.77
eV), and pyridine-N-oxide (N-X, 403.57 eV). In terms of gas capture, N-5
and N-6 have strong interactions with CO2 molecules, which facilitate
CO4 capture. In terms of electrochemistry, since N-5 and N-6 have
excellent electron donor properties and high charge transfer capabilities
[59,60], the introduction of carbon materials could enhance the
capacitance value and could even cause redox reactions with alkaline
electrolytes to help with pseudocapacitance. Furthermore, N-Q could
promote charge transfer between the electrode and the electrolyte
[61,62]. Fig. 7(g) presents the deconvolution results of the O1s spectra,
highlighting the presence of functional groups such as C=0 (530.9 eV),
C-OH (532.3 eV), and C-O-C (533.6 eV) [56]. Fig. 7(h) displays the
fitting analyses of the S2p spectra, showing that peaks representing
thiophene-S (C—S 2P; 5, C—S 2P3,5) and sulfone (O=S=0) were found
at 162.1, 164.2, and 168.3 eV [56,62], where S atoms have higher
electrochemical activity, and doping them into carbon materials could
bring more active sites and cause electrochemical reversible reactions
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[62]. All XPS fitting results for each C, N, O, and S are summarized in
Table S3. Fig. 8(a) displays the N3 isotherm curve of poly(BBT-BZTB-Py)
POP-600, which belongs to Type I and Type IV like most porous carbons
prepared by the KOH activation method, and there is a H4 hysteresis
loop in the second half of the isotherm curve, indicating the presence of
some mesopores the SAggr of poly(BBT-BZTB-Py) POP-600 increased to
726 m? g_1 and the Vioa was 0.52 cm® g_1 and average pore diameters
of 0.43-1.79 nm [Fig. 8(b)] through the NLDFT method, proving that
poly(BBT-BZTB-Py) POP-600 is a microporous carbon material. We also
used TEM and SEM to observe the morphological characteristics of N/S
co-doped microporous carbon materials. From the TEM images [Figs. 8
(c) and 8(d)], it could be seen that poly(BBT-BZ-Py) POP-600 also has a
disordered structure and belongs to amorphous carbon. The SEM image
[Fig. 8(e)] shows a structure similar to layered graphite. Furthermore, in
the EDS analyses of SEM, Figs. 8(f-i) display the elemental mappings of
C, N, O, and S, confirming both the presence and uniform distribution of
these elements in poly(BBT-BZTB-Py) POP-600.

3.6. CO; capture analyses

We conducted CO, capture experiments with BBT-BZTB-Py POP,
poly(BBT-BZTB-Py) POP, and poly(BBT-BZTB-Py) POP-600 at 298 K and

273 K, respectively, under 1 bar. Fig. 9(a) shows that at 298 K, the
capture amounts were 0.99 mmol g_1 (4.36 wt%), 1.49 mmol g_1 (6.56
wt%), and 4.46 mmol g’l (19.62 wt%), respectively. Fig. 9(b) shows
that at 273 K, the capture amounts were 1.29 mmol g’1 (5.68 wt%),
2.25 mmol g’1 (9.90 wt%), and 5.58 mmol g’1 (24.55 wt%), respec-
tively. The results confirmed that after the formation of poly(BBT-BZTB-
Py) POP via thermal ROP, an abundant amount of O and N active
adsorption sites appeared due to solid-state chemical conversion. It
could generate strong intermolecular hydrogen bonds of CO, molecules
with [OH---O=C] and [N---O=C], so the capture ability increases. When
poly(BBT-BZTB-Py) POP-600 is formed by carbonization and KOH
activation, the key to having a high capture capacity (5.58 mmol g~ 1) at
1 bar and 273 K is because of the high SAggr (726 m? g’l), micropores
(0.43-1.79 nm), and pyrrolic nitrogen (N-5), all of which are beneficial
to CO4 capture. Figure S9 displays the standard deviation profiles of
CO, uptake at 298 K following three consecutive adsorption cycles for
poly(BBT-BZTB-Py) POP and poly(BBT-BZTB-Py) POP-600. Further-
more, based on the Clausius-Clapeyronequation, the isosteric adsorption
heats (Qy) of the material could be obtained. At a capture capacity of
approximately 0.99 mmol g™}, the Qg of BBT-BZTB-Py POP, poly(BBT-
BZTB-Py) POP, and poly(BBT-BZTB-Py) POP-600 were 9.09, 27.78, and
35.59 KJ mol %, respectively. We found that poly(BBT-BZTB-Py) POP-
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600 has a greater heat of adsorption than the other two materials,
further confirming that compared to BBT-BZTB-Py POP and poly(BBT-
BZTB-Py) POP, poly(BBT-BZTB-Py) POP-600 has a stronger interaction

with CO, which is also the reason for the high CO, capture capacity.
Table S5 presents a compilation of recently reported microporous car-
bon materials for COy capture, including AT-F2-600, BZPh-A,

10
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NO0.8A80F50, and TPE-CPOP1-800. The poly(BBT-BZTB-Py) POP-600
synthesized in this study exhibits superior CO5 capture capacities at both
298 K and 273 K compared to these materials. BZs have emerged as a
promising nitrogen-rich precursor for the fabrication of microporous
carbon materials. Its unique nitrogen-containing functional groups,
combined with its microporous structure, offer significant potential to
enhance CO; adsorption capacity, making it a viable candidate for CO,
capture applications.

3.7. Electrochemical analyses

The electrochemical behavior of BBT-BZTB-Py POP, poly(BBT-BZTB-
Py) POP, and poly(BBT-BZTB-Py) POP-600 in a three-electrode system is
evaluated by cyclic voltammetry (CV) and galvanostatic charge/
discharge (GCD) curves in 6 M KOH and potential window (from —1 to 0
V), as shown in Fig. 10. The CV curves of all samples present a
rectangular-like shape at 200 mV s 1, and all have wider hump peaks, as
shown in Figs. 10(a-c), demonstrating the primary storage mechanism
is electric double-layer capacitance (EDLC), with pseudocapacitance
contributing only a minor portion [63-65]. In addition, compared with
BBT-BZTB-Py POP and poly(BBT-BZTB-Py) POP, poly(BBT-BZTB-Py)
POP-600 exhibits a larger curve area because of its high SAggr (726

11

m? g~1) and higher active N species content. In the GCD curve [Figs. 10
(d-f)], with no noticeable voltage drop, the three samples exhibited a
highly symmetrical triangular shape at 0.5 A g1, indicating efficient ion
transfer and reversible ionic adsorption-desorption processes [66,67].
This highlights excellent conductivity and minimal resistance. At 0.5 A
g~ !, BBT-BZTB-Py POP, poly(BBT-BZTB-Py) POP, and poly(BBT-BZTB-
Py) POP-600 exhibit specific capacitances of 21.0, 17.9, and 275.7 F
g1, respectively [Fig. 10(g)]. Compared with the first two samples, the
GCD curve of poly(BBT-BZTB-Py) POP-600 is symmetrical and closer to
an isosceles triangle. As shown in Fig. 10(g). At 10 Ag™!, the specific
capacitance of poly(BBT-BZTB-Py) POP-600 is still as high as 205 F g %;
at 20 A g7, it is still 200 F g~!. The results presented in Table S6
highlight the strong performance of our poly(BBT-BZTB-Py) POP-600
compared to several carbon-based polymers. Fig. 10(h) displays the
Ragone plot, indicating that poly(BBT-BZTB-Py) POP-600 has a higher
energy density (38.3 Wh kg™ !) than BBT-BZTB-Py POP (2.9 Wh kg 1)
and poly(BBT-BZTB-Py) POP (2.5 Wh kg_l). The capacitance retention
rates of BBT-BZTB-Py POP, poly(BBT-BZ-Py) POP, and poly(BBT-BZTB-
Py) POP-600 after 5000 charge-discharge cycle tests at 10 A g~ [Fig. 10
(i)] are 86.1 %, 87.9 %, and 97.7 %, respectively, all with good cycling
stability.

Supercapacitor charge storage involves surface and diffusion-
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Fig. 11. Plots of log(i) versus log(v) for (a) BBT-BZTB-Py POP, (b) poly(BBT-BZTB-Py) POP, and (c) poly(BBT-BZTB-Py) POP-600.The relative contributions of
capacitance and diffusion to charge storage for (d) BBT-BZTB-Py POP, (e) poly(BBT-BZTB-Py) POP, and (f) poly(BBT-BZTB-Py) POP-600 at different scan rates.

controlled capacitance. The b value is derived from the slope of the log
(D) vs. log(v) plot, following the power-law relationship between current
and scan rate, as shown in Figs. 11(a-c). The estimated b values for BBT-
BZTB-Py POP are 0.83 and 0.69; for poly(BBT-BZTB-Py) POP, they are
0.92 and 0.84; and for poly(BBT-BZTB-Py) POP-600, they are 0.96 and
0.95. When b = 0.5, the charge storage mechanism belongs to diffusion
control capacitance, and when b = 1, it belongs to surface capacitance
[68-70]. Therefore, through the b value, it is confirmed that BBT-BZTB-
Py POP, poly(BBT-BZTB-Py) POP, and poly(BBT-BZTB-Py) POP-600
belong to the coexistence of EDLC and PC in terms of energy storage
mechanisms but are more inclined to EDLC. Next, the capacitance
contribution is quantified through Dunn’s formula, as shown in Figs. 11
(d-f). At a scan rate of 5 mV s}, the surface capacitance contribution
values of BBT-BZTB-Py POP, poly(BBT-BZTB-Py) POP, and poly(BBT-
BZTB-Py) POP-600 are 52.8 %, 54.2 %, and 80.2 %, respectively. As
the scan rate increases, the contribution of diffusion control decreases
because ions do not have time to diffuse at high scan rates. However, in
comparison, poly(BBT-BZTB-Py) POP-600 has the highest surface
capacitance contribution and the highest specific capacitance.

4. Conclusions

In this study, we have successfully synthesized two benzoxazine
monomers, BBT-BZ and its brominated derivative of BBT-BZ-2Br, using a
streamlined three-step process. These monomers were thoroughly
characterized, and their thermal ROP behavior demonstrated the for-
mation of highly stable cross-linked polymer networks. Additionally, the
incorporation of bromine allowed for further functionalization, leading
to the synthesis of BBT-BZTB-Py POP via the Sonogashira-Hagihara
coupling reaction. The subsequent carbonization and activation of
poly(BBT-BZTB-Py) POP produced a nitrogen/sulfur co-doped micro-
porous carbon material, poly(BBT-BZTB-Py) POP-600, featuring a hi-
erarchical microporous and mesoporous structure. This microporous
carbon material exhibited excellent properties suitable for gas capture
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and energy storage, as confirmed by comprehensive physicochemical
analyses. This work highlights the versatility of benzoxazine and POP
chemistry for designing functional materials and underscores the po-
tential of these materials for cutting-edge applications in sustainability
and energy technology.
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