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A B S T R A C T

Background: Three-dimensional (3D) porous organic polymers (POPs) are known for high surface areas, cus
tomizable porous architectures, and remarkable durability, making them highly attractive for energy storage, 
catalysis, gas separation, and environmental remediation applications. Despite significant advancements in the 
field, synthesizing benzoxazine-based 3D porous organic polymers incorporating octavinyl polyhedral oligomeric 
silsesquioxane (OVS) remains unexplored.
Methods: In this study, we present the synthesis of a novel 3D benzoxazine-linked porous organic-inorganic 
polymer (OVS-DHBZ POIP) through a Heck coupling reaction between a brominated benzoxazine monomer 
(DHBZ-Br2) and OVS. The chemical structures of DHBZ-Br2 and the resulting OVS-DHBZ POIP were confirmed 
using 1H and 13C NMR, and FTIR spectroscopy.
Significant Findings: The specific surface area (SBET) of OVS-DHBZ POIP, determined via N₂ adsorption/desorption 
isotherms, was 690 m2 g-1. After undergoing solid-state ring-opening polymerization (ROP), the poly(OVS-DHBZ 
POIP) displayed an increased SBET of 762 m2 g-1. Thermal stability analysis revealed that poly(OVS-DHBZ POIP) 
exhibited a significantly enhanced decomposition temperature (Td10) of 665 ◦C with a char yield of 86 wt%, 
setting a benchmark for benzoxazine-based POPs in terms of surface area and thermal stability. Moreover, poly 
(OVS-DHBZ POIP) demonstrated impressive CO₂ capture capabilities, with adsorption capacities of 1.03 mmol 
g⁻¹ at 298 K and 1.68 mmol g⁻¹ at 273 K. When evaluated supercapacitor performance, the material achieved a 
specific capacitance of 58 F g⁻¹. The outstanding properties of poly(OVS-DHBZ POIP) can be attributed to 
phenolic groups and Mannich bridges, which facilitate robust intra- and intermolecular hydrogen bonding. These 
interactions contribute to its enhanced surface area, exceptional thermal stability, and superior electrochemical 
and CO2 capture performance. This study underscores the potential of poly(OVS-DHBZ POIP) as a multifunc
tional material for advanced energy storage systems and sustainable CO2 capture technologies.

1. Introduction

Porous organic polymers (POPs) are intriguing materials due to their 
distinctive characteristics, which include high thermal stability, excep
tional chemical resilience, efficient energy regeneration, lightweight, 
convenient synthesis, ease of modification, and variable porosity [1–4] . 
These attractive materials have been employed in various applications, 
like dye adsorption and degradation, gas capture, batteries, photo
catalysis, electrocatalysis, fluorescence sensors, water splitting, 

supercapacitors, CO2 capture and conversion [5–10].
Organic-inorganic compounds are considered sophisticated, novel 

substances that provide a compelling study area. A conventional hybrid 
material comprises a crosslinked inorganic phase covalently bonded to 
an organic phase. The characteristics of the hybrid material may be 
regulated by the proportional quantities of its constituents. Currently, 
hybrid porous polymers derived from polyhedral oligomeric silses
quioxanes (POSS) have been extensively prepared and utilized in water 
treatment, iodine capture, energy storage, chemical sensing, hydrogen 
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evolution, and many other applications [11–17]. Octavinylsilsesquiox
ane (OVS) is a type of silsesquioxane cage with a diameter ranging from 
1 to 3 nm. Numerous instances of porous polymer developed by incor
porating OVS as a basic framework, featuring a high porosity, excep
tional thermal durability, and adjustable shape have been documented 
and executed by several research groups by the Heck coupling reaction 
[18–21]. There is a significant need for efficient, affordable, eco-friendly 
energy storage systems, driven by the growth in the manufacture of 
power and electronic industries. For advanced energy storage systems, 
key requirements include high power and energy density, exceptional 
safety, the use of abundant materials, and long-term durability. Super
capacitors, distinguished by their high-power density, exceptional 
safety, and longevity exceeding 106 cycles, are relatively low-cost en
ergy storage devices. However, their lower energy density (<10 Wh 
kg− 1) compared to batteries significantly restricts their applications 
[22–26].

Benzoxazines (BZs) constitute a novel category of thermosetting 
materials capable of establishing hydrogen bonding following the ring 
opening of the oxazine group and are extensively utilized in many ap
plications [27–31]. Benzoxazine monomers are typically synthesized 
through the Mannich reaction [32,33]. A new approach for synthesizing 
benzoxazine-linked POPs (BZ-POPs) emphasizes their potential for 
achieving large surface areas. The benefits of functionality integration 
and high surface area modification enhance the potential for customized 
applications. We synthesized a fully BZ-POP with SBET of 195 m2 g-1 

through the Sonogashira coupling of brominated benzoxazine and 
ethylene benzoxazine [34]. Tan et al. prepared three BZ-POPs through 
the Mannich process, achieved surface areas above 230 m2 g–1 [35]. In 
another study, we designed TPE-BZ CMP with high SBET (352 m2 g–1) 
[36]. Nonetheless, the documented studies only used two-dimensional 
(2D) BZ-POPs, whereby the planar sheets were generally arranged in a 
face-to-face configuration, leading to pronounced π-π interactions. 
However, 3D POPs provide many accessible sites and pore confinement 
effects, potentially resulting in improved catalysis and adsorption effi
cacy. Sun et al. prepared two BZ-POPs that experienced a high surface 
area surpassing 630 m2 g-1 [37]. We prepared 3D tetrahedral BZ-POP 
that exhibited a surface area of 185 m2 g–1 [38]. However, 3D benzox
azine linked with OVS to afford highly porous organic-inorganic poly
mer (POIP) has not been reported yet.

Herein, we successfully synthesized a three-dimensional (3D) ben
zoxazine (BZ)-linked octavinyl-polyhedral oligomeric silsesquioxane 
POIP through a Heck coupling reaction. The process began with the 
synthesis of DHBZ via a Mannich reaction involving bis(2,4- 
dihydroxybenzylidene)hydrazine [DHBH-4OH], 4-bromoaniline, and 
paraformaldehyde. Subsequently, 3D BZ-linked POIPs were constructed 
by the Heck coupling of DHBZ-Br2 with OVS building blocks, yielding 
the 3D OVS-DHBZ POIP. The newly developed 3D OVS-DHBZ POIP 
undergoes ROP, resulting in the formation of phenolic hydroxyl (OH) 
units and Mannich bridges. These transformations enhance the mate
rial’s thermal stability, porosity, CO2 capture capacity, and super
capacitor performance. According to our understanding, the design and 
synthesis of a 3D benzoxazine-linked POIP utilizing OVS as a structural 
component was never discussed before. This rational design approach 
offers a novel and versatile pathway for advancing the development of 
porous organic-inorganic polymers with tailored functionalities for 
diverse applications.

2. Experimental section

2.1. Materials

4-Bromoaniline, methanol (MeOH), paraformaldehyde (96 %), 1,4- 
dioxane (DO), tetrahydrofuran (THF), 2,4-dihydroxybenzaldehyde 
(CHO-BZ-2OH), acetone, and DMF were provided by Acros. Hydrazine 
monohydrate (98 %), ethanol, and 1,4-dioxane were used as received 
from Alfa Aesar. Potassium carbonate (K2CO3), OVS, and tetrakis 

(triphenylphosphine) palladium (0) [Pd(PPh3)4] were bought from 
Sigma-Aldrich.

2.2. Synthesis of bis(2,4-Dihydroxybenzylidene)hydrazine (DHBH-4OH)

The CHO-BZ-2OH (4.00 g, 28.9 mmol) and hydrazine monohydrate 
(0.73 g, 14.5 mmol) were dissolved in 90 mL of EtOH. Following a night 
of stirring at 25 ◦C, the yellow precipitate was collected and washed with 
EtOH (Yield: 88 %) [Figure S1] [39]. FTIR (KBr, cm− 1): 3240–3450 (OH 
stretching), 1640 (C––N). 1H NMR (δ, ppm): 11.36 (OH), 10.18 (OH), 
8.73 (C––N), 7.4 (C––C), 6.44 (C––C), 6.27 (C––C). 13C NMR (δ, ppm): 
163.2 (OH), 161.4 (OH), 133.50 (C––N), 111 (C––C), 108.8 (C––C), 
102.6 (C––C).

2.3. Synthesis of benzoxazine monomer (DHBZ-Br2)

40 mL of 1,4-dioxane, 20 mL of ethanol, 0.7 g of DHBH (2.5 mmol), 
0.97 g of 4-bromoaniline (5.6 mmol), and 0.32 g of paraformaldehyde 
were added. A reflux heater set to 80 ◦C was used to heat the reaction 
mixture for 24 h. A yellow solid was obtained by evaporating the solvent 
under reduced pressure. The resulting solid was then dissolved in ethyl 
acetate and subjected to extraction with 1 N NaOH. After removing ethyl 
acetate, pure DHBZ-Br2 was obtained (yield: 88 wt.%) [Fig. 1(a)]. FTIR 
(KBr, cm− 1): 3400–3250 (OH stretching), 942, and 1060 (oxazine ring 
and C–O-C) [Fig. 1(b)]. 1H NMR (δ, ppm): 12.02 (OH), 8.90 (C––N), 
7.46–6.6 (CH aromatics), 5.52 (O–CH2–N), and 4.58 (Ar-CH2–N) [Fig. 1
(c)]. 13C NMR (δ, ppm): 164.6 (stable OH), 157.8 (C––N), 147–108 (CH 
aromatics), 79.62 and 45.64 [Fig. 1(d)].

2.4. Synthesis of OVS-DHBZ POIP

In a 50 mL flask, a combination of OVS (0.1 g, 0.15 mmol), DHBZ-Br2 
(0.42 g, 0.63 mmol), anhydrous K2CO3 (0.25 g, 2.5 mmol), and Pd 
(PPh3)4 (0.0073 g, 0.006 mmol) and DMF (30mL) were added. The 
mixture underwent three cycles of freezing, evacuating, and thawing to 
remove oxygen and finally heated under reflux for 96 h at 120 ◦C with 
N2. The OVS-DHBZ POIP (a light-yellow powder with a 60 wt.% yield) 
was obtained by opening the tube, filtering off the precipitate, washing 
with MeOH, acetone, and THF by Soxhlet extraction, and finally drying 
in an oven after it had cooled to room temperature [Fig. 3(a)].

3. Result and discussion

3.1. Synthesis and thermal ROP behavior of DHBZ-Br2

The synthesis of DHBZ-Br2 was achieved through a Mannich 
condensation reaction involving DHBH-4OH, 4-bromoaniline, and 
paraformaldehyde at 100 ◦C for 24 h [Fig. 1(a)]. The chemical structure 
of the synthesized compound was elucidated using FTIR and NMR 
spectroscopy. The FTIR spectrum of DHBH-4OH revealed characteristic 
peaks at 3240–3450 cm⁻¹ and 1640 cm⁻¹, corresponding to the stretch
ing vibrations of free and stable OH groups and the C––N bond, 
respectively [Fig. 1(b)].

In comparison, DHBZ-Br2 exhibited distinct signals at 3400–3250 
cm⁻¹ (OH), 1060 cm⁻¹ (benzoxazine ring), and 942 cm⁻¹ (symmetric 
C–O–C), indicating the successful formation of the benzoxazine struc
ture [Fig. 1(b)]. The ¹H NMR spectra provided further confirmation. 
DHBH-4OH displayed signals at 11.36 ppm (stable OH), 10.18 ppm (free 
OH), 8.73 ppm (C––N), and aromatic peaks at 7.4 ppm, 6.44 ppm, and 
6.27 ppm (C––C). Following the Mannich reaction, the 1H NMR signal of 
DHBZ-Br2 exhibited new signals at 12.02 ppm (stable OH), 8.90 ppm 
(C––N), and 5.52 ppm (O–CH2–N), along with peaks at 4.58 ppm 
(Ar–CH2–N) and 7.46–6.6 ppm (aromatic CH) [Fig. 1(c)]. Similarly, the 
13C NMR spectra validated the findings of FTIR and ¹H NMR analyses. 
Peaks observed for DHBH-4OH included signals at 163.2 ppm (stable 
OH), 161.4 ppm (free OH), 133.5 ppm (C––N), and 111–102.6 ppm 
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(aromatic C––C). After the Mannich condensation reaction, the spectrum 
of DHBZ-Br2 featured peaks at 164.6 ppm (phenolic OH), 157.8 ppm 
(C––N), 147–108 ppm (aromatic CH), 79.62 ppm (O–CH₂–N), and 45.64 
ppm (Ar–CH₂–N) [Fig. 1(d)]. The disappearance of the free OH group 
and the emergence of benzoxazine-specific peaks across FTIR, 1H NMR, 
and 13C NMR analyses unequivocally confirm the successful synthesis of 
the benzoxazine monomer, DHBZ-Br2. These results establish the mo
lecular structure and validate the Mannich condensation as an efficient 
pathway for preparing functional benzoxazine-based materials. The 
ROP behavior of the DHBZ-Br2 monomer was studied using DSC, FTIR 
spectroscopy, and TGA at room temperature and 250 ◦C. The DSC 
thermogram confirmed the high purity of the brominated benzoxazine 
monomer, displaying a prominent exothermic peak at 222 ◦C [Fig. 2(a)]. 
Notably, no additional thermal polymerization peaks were observed 
after heat treatment at 250 ◦C, suggesting the complete ROP at this 
temperature [Fig. 2(a)]. To further elucidate the structural changes 
during thermal polymerization, in situ FTIR spectroscopy was conducted 
at various temperatures [Fig. 2(b)]. The peaks at 942 cm-1 and 1060 
cm-1, representing the oxazine ring and symmetric C–O–C stretching, 
respectively, disappeared completely after heat treatment.

This disappearance confirmed the completion of ROP and the for
mation of a cross-linked, thermally stable poly(DHBZ-Br₂) network 
[Fig. 2(b)]. TGA analysis provided insights into the thermal stability of 
DHBZ-Br₂, focusing on the 10 wt.% degradation temperature (Td10) and 
char yield. Before thermal curing, the Td10 and char yield of DHBZ-Br₂ 

were 253 ◦C and 37 wt%, respectively. After thermal ROP, these values 
increased to 380 ◦C and 43 wt.% [Fig. 2(c)]. The enhanced thermal 
stability is attributed to the thermal ROP of the oxazine rings, which 
facilitated the development of a highly cross-linked poly(DHBZ-Br₂) 
structure [Fig. 2(d)]. The cross-linking, combined with intra- (O–H⋅⋅⋅N) 
and intermolecular hydrogen bonding (O–H⋅⋅⋅O), significantly improved 
the thermal stability of the polybenzoxazine. Differential thermogravi
metric (DTG) analysis was conducted to gain deeper insight into the 
thermal degradation behavior, as illustrated in Figure S2. The deriva
tive weight loss curve of DHBZ-Br2 exhibited two distinct decomposition 
stages. The first peak, observed at 248 ◦C, corresponds to the ROP of the 
oxazine ring, while the second peak, occurring at approximately 405 ◦C, 
represents the complete degradation of DHBZ-Br2. In contrast, the 
complete degradation of the poly(DHBZ-Br2) backbone took place at 
around 406 ◦C.

3.2. Synthesis and thermal ROP behavior of 3D OVS-DHBZ POIP

The 3D OVS-DHBZ POIP was successfully prepared through a Heck 
reaction between DHBZ-Br2 and OVS at 90 ◦C for 3 days [Fig. 3(a)]. The 
structural characteristics and thermal ROP behavior of the resulting 3D 
OVS-DHBZ POIP were analyzed using FTIR, NMR, and DSC techniques. 
The FTIR spectrum of OVS displayed a distinct absorption band at 1059 
cm-1, corresponding to the Si-O-Si unit [Fig. 3(b)]. In addition, the FTIR 
spectrum of the 3D OVS-DHBZ POIP exhibited key absorption bands at 

Fig. 1. (a) Synthesis of DHBZ-Br2 monomer (b) FTIR, (c) 1H NMR, and (d) 13C NMR spectra of DHBH and DHBZ-Br2.
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1647 cm-1 (C––C stretching), 1160–1030 cm-1 (Si–O–Si stretching), and 
964 cm-1 (oxazine ring), confirming the successful formation of the 
polymer [Fig. 3(b)]. As shown in Fig. 3(c), the OVS molecule exhibits 
two distinct carbon resonance signals at 137.4 ppm and 128.1 ppm, 
corresponding to the C––C groups. Solid-state 13C NMR spectroscopy 
further validated the structural features, with peaks observed at 154 
ppm (C–OH), 146–122 ppm (aromatic carbons), 72.0 ppm (O–CH₂–N), 
and 30.6 ppm (Ar–CH₂–N) [Fig. 3(c)]. The presence of the oxazine ring 
signal was indicative of the successful synthesis and incorporation of the 
DHBZ-Br2 moieties within the polymer framework.

Thermal stability and crosslinking of the 3D OVS-DHBZ POIP were 
evaluated using TGA. The thermal degradation properties of the 
monomers (OVS and DHBZ-Br2) were assessed individually and 
compared to the resulting polymer. The OVS monomer displayed a Td10 
of 254 ◦C and a char yield of 3.6 wt.%, whereas DHBZ-Br₂ exhibited a 
Td10 of 252 ◦C and a char yield of 37 wt.%. Notably, after the Heck re
action and formation of the 3D OVS-DHBZ POIP, the polymer demon
strated significantly enhanced thermal stability, with a Td10 of 627 ◦C 
and a char yield of 84 wt.% [Fig. 3(d)]. The significant enhancement in 
thermal stability compared to the monomers suggests the formation of a 
highly crosslinked polymer network. The thermal ROP behavior of the 
3D OVS-DHBZ POIP was systematically analyzed using DSC, solid-state 
13C NMR, and TGA at room temperature and 250 ◦C [Fig. 4]. DSC 
analysis conducted at room temperature revealed a broad exothermic 
peak centered at 232 ◦C, indicative of the ROP process. Notably, this 
exothermic peak was absent at 250 ◦C, confirming the completion of the 
ROP at this elevated temperature [Fig. 4(a)]. This observation aligns 
with the successful polymerization of oxazine rings, which facilitates the 
formation of a robust, thermally stable, crosslinked network within the 

3D OVS-DHBZ POIP. The polymerization process of the 3D OVS-DHBZ 
POIP was further corroborated by solid-state 13C NMR analysis. At 
room temperature, the characteristic peaks appeared at 72.0 ppm 
(representing to O–CH₂–N) and 30.6 ppm (assigned to Ar–CH₂–N), 
verifying that the oxazine ring is present. Upon heating to 250 ◦C, these 
peaks disappeared entirely, indicating the complete ring-opening of the 
oxazine groups and the successful progression of the ROP [Fig. 4(b)]. 
TGA was employed to evaluate the thermal stability of the material 
before and after ROP [Fig. 4(c)]. The uncured OVS-DHBZ POIP exhibi
ted a Td10 of 627 ◦C and a char yield of 84 wt.%. After thermal ROP, 
these values enhanced to 665 ◦C and 85 wt.%, respectively, as shown in 
[Fig. 4(d)]. This enhancement in thermal stability, coupled with the 
disappearance of oxazine ring signals, strongly indicates the develop
ment of a highly crosslinked framework during the thermal ROP process.

The ROP of 3D OVS-DHBZ POIP into a highly crosslinked 3D poly 
(OVS-DHBZ POIP) is schematically illustrated in Fig. 5, emphasizing 
the structural evolution and robust network formation.

3.3. Porosity and morphology OF OVS-DHBZ POIP and poly(OVS-DHBZ 
POIP)

To assess the porosity of 3D OVS-DHBZ POIP, N2 adsorption/ 
desorption isotherms were recorded at 77 K [Fig. 6]. A significant in
crease in N2 adsorption at low pressures (P/P₀ < 0.1) indicates strong 
van der Waals interactions with nitrogen molecules and the OVS-DHBZ 
POIP framework. At relatively higher pressure, rapid nitrogen uptake 
suggests That there is a mesoporous structure [Fig. 6(a)]. Based on the 
IUPAC classification, the adsorption-desorption isotherm corresponds to 
a Type IV isotherm. The OVS-DHBZ POIP has SBET of 690 m2/g, a total 

Fig. 2. (a) DSC, (b) FTIR spectra, (c) TGA analyses, and (d) possible ROP of DHBZ-Br2 monomer before and after thermal polymerization.
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pore volume (Vtotal) of 1.98 cm3/g, and an average pore size of 2.15 nm 
[Fig. 6(c)]. After undergoing thermal ROP, the poly(OVS-DHBZ POIP) 
exhibited an enhanced SBET of 762 m2/g, Vtotal of 2.3 cm3/g, and an 
average pore size of 2.24 nm [Fig. 6(b) and (d)].

Notably, our synthesized BZ POIPs exhibits the highest surface area 
reported among benzoxazine-based porous organic polymers such as 3D 
TPM-BZ-Py (185 m2/g) [38], TPA–DHTP–BZ POP (195 m2/g) [39], 
BoxPOP-1 (231 m2/g) [35], TPE-BZ CMP (352 m2/g) [36], Py-TPE-BZ 
CMP (301 m2/g) [36], CE-BZ-Py POP (11.9 m2/g) [40], 
Cr-TPA-4BZ-Py-POP (2.27 m2/g) [41], and Pery-DHTP-BZ-COP (25 
m2/g) [42]. The increase in surface area of poly(OVS-DHBZ POIP) can 
be attributed to several key factors: (1) high 3D cross-linked framework: 
the thermal ROP of benzoxazines leads to the formation of a cross-linked 
network. Incorporating POSS into this system enhances cross-linking 
due to its silsesquioxane structure, increasing the number of connec
tion points within the polymer matrix. This higher cross-linking density 
promotes the development of a more intricate three-dimensional struc
ture, resulting in a larger surface area as the material expands [43] and 
(2) hydrogen bonding may influence the degree of crosslinking, pore 
formation, increasing thermal stability, and encouraging supramolecu
lar interactions in polybenzoxazines. Strong hydrogen bonds, especially 
those between hydroxyl (OH) groups and nitrogen atoms, may prevent 
excessive cross-linking by stabilizing structures, resulting in decreased 
cross-link density [44]. This might result in larger voids and higher 
porosity inside the material. The morphology of OVS-DHBZ POIP before 
and after ROP was analyzed by TEM and SEM images with their corre
sponding C, N, O, and Si mapping [Fig. 7]. The SEM images of both 
POIPs showed aggregated spherical clusters of nanoparticles. The TEM 
images of POIPs also demonstrated spherical particles with porous 
structures.

3.4. CO2 capture performance of OVS-DHBZ POIP and poly(OVS-DHBZ 
POIP)

The thermal ROP of OVS-DHBZ POIP induced a chemical trans
formation that generated phenolic groups and Mannich bridges which 
facilitate robust intermolecular interactions with guest molecules, sug
gesting significant potential for CO2 capture due to the enhanced 
chemical functionality and high surface area. To explore this applica
tion, CO2 capture analysis was conducted at 298 K and 273 K under 1 bar 
pressure [Fig. 8]. The results revealed that the CO2 capture capacity of 
uncured OVS-DHBZ POIP was 0.69 mmol g⁻¹ at 298 K [Fig. 8(a)] and 
1.18 mmol g⁻¹ at 273 K. Following thermal ROP, the resulting poly(OVS- 
DHBZ POIP) exhibited a substantial increase in performance, capturing 
1.03 mmol g⁻¹ of CO2 at 298 K [Fig. 8(b)] and 1.68 mmol g⁻¹ at 273 K. 
This improvement highlights the impact of thermal ROP on the mate
rial’s structural and functional properties. Enhanced CO2 capture per
formance can be attributed to physical and chemical adsorption 
mechanisms. Physical adsorption relies on the material’s high surface 
area and porosity, whereas van der Waals forces facilitate CO2 adsorp
tion via a pore-filling mechanism. The increased surface area and pore 
volume of poly(OVS-DHBZ POIP) after thermal ROP enables more effi
cient pore-filling, thereby promoting greater CO2 uptake [45]. In addi
tion to physical adsorption, the chemical structure of poly(OVS-DHBZ 
POIP) plays a crucial role in enhancing interactions with CO2 molecules. 
The incorporation of nitrogen (N) and hydroxyl (OH) groups into the 
polymer framework strengthens hydrogen bonding (OH⋯O––C––O) and 
Lewis’s acid-base interactions (N⁺⋯O––C––O) with CO2 [45]. These 
synergistic physical and chemical adsorption processes significantly 
improve the material’s CO2 capture capacity, underscoring its potential 
for environmental and energy applications. These chemical interactions, 

Fig. 3. (a) Synthesis of OVS-DHBZ POIP, (b) FTIR, (c) SS 13C NMR, and (d) TGA spectra of OVS, DHBZ-Br2 and OVS-DHBZ POIP.
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combined with its superior physical properties, explain the improved 
CO2 adsorption capacity of poly(OVS-DHBZ POIP) compared to its 
precursor, OVS-DHBZ POIP. The CO2 capture capability of poly 
(OVS-DHBZ POIP) is superior (1.03 mmol g− 1) to that of other 

previously reported polybenzoxazines [Fig. 8(c)], like BoxPOP-1 (0.91 
mmol g− 1) [35], BPOP-1 (0.67 mmol g− 1) [35], TPM-BZ-Py POP (0.6 
mmol g− 1) [38] and Cr-TPA-4BZ-Py POP (0.66 mmol g− 1) [41]. These 
findings show that the poly(OVS-DHBZ POIP) may interact with CO2 

Fig. 4. (a) DSC, (b) FTIR spectra, (c) TGA analyses, and (d) char yield and Td10 values of OVS-DHBZ POIP monomer before and after thermal ROP.

Fig. 5. Solid state thermal conversion of OVS-DHBZ POIP to form poly(OVS-DHBZ POIP).
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molecules more strongly than OVS-DHBZ POIP, indicating that the in
clusion of substantial N and phenolic OH units and high surface area 
might improve its CO2 capture efficiency after thermal ROP.

3.5. Electrochemical properties of OVS-DHBZ POIP and poly(OVS-DHBZ 
POIP)

Porous materials are considered suitable for use as supercapacitor 
electrodes because they can integrate building blocks with varied 
properties, extensive surface areas, consistent pore diameters, and 
different morphologies [46–49]. We assessed the supercapacitors char
acteristics of our OVS-DHBZ POIP and poly(OVS-DHBZ POIP), using 
cyclic voltammetry (CV) and Galvanic charge-discharge (GCD) 
employing a three-electrode setup with 1 M aqueous KOH. [Fig. 9]. We 
documented the CV curves at different scan rates ranging from 5 to 200 
mV s− 1 within the potential range of 0 to − 0.9 V [Fig. 9(a) and (b)]. The 
OVS-DHBZ POIP exhibited a quasi-rectangular shape across all scan 
rates (5 to 200 mV s⁻¹), with noticeable redox peaks, indicating both 
pseudocapacitance and EDLC characteristics [Fig. 9(a)]. The pseudo
capacitance characteristics were attributed to the existence of oxygen 
and nitrogen groups in the OVS-DHBZ POIP [50]. After the ring-opening 
of the benzoxazines, the poly(OVS-DHBZ POIP) displayed a similar 
quasi-rectangular shape, along with the appearance of distinct oxidation 
(− 0.59 V) and reduction (− 0.66 V) peaks, suggesting enhanced pseu
docapacitance characteristics compared to the original OVS-DHBZ POIP 
[Fig. 9(b)]. Following thermal ROP, hydroxyl (OH) and nitrogen (N) 
heteroatoms became more prominent, interacting with free electrons 
and contributing to an improved pseudocapacitance response. These 

heteroatoms facilitated efficient electron transfer by forming strong in
teractions with the electrolyte [51]. The CV curves of OVS-DHBZ POIP 
and poly(OVS-DHBZ POIP) maintained their morphology with 
increasing sweep rates, indicating high-rate capabilities and rapid ki
netics [52,53]. Additionally, we analyzed the charge and discharge 
patterns, as well as the capacitances of these OVS-DHBZ POIP and poly 
(OVS-DHBZ POIP) at different current densities (20 A g− 1 to 0.5 A g− 1) 
[Fig. 9(c) and (d)]. The GCD profiles of the poly(OVS-DHBZ POIP) 
exhibited a bent-triangle morphology, signifying pseudocapacitive and 
EDLC characteristics; this curvature resulted from the prevalence of 
heteroatoms [54]. In all GCD curves, the discharge duration exceeded 
the charging duration, indicating increased capacitance. The discharge 
profile of the poly(OVS-DHBZ POIP) was more pronounced than that of 
the OVS-DHBZ-POIP, indicating superior capacitance. The specific ca
pacities of the OVS-DHBZ POIP (21 F g− 1) and poly(OVS-DHBZ POIP) 
(58 F g− 1) were determined using GCD curves, with 0.5 A g− 1 being used 
for both samples [Fig. 10(a)]. The enhanced capacitance of the poly 
(OVS-DHBZ POIP) is ascribed to its high surface area, porosities, and 
the presence of free hydroxyl and nitrogen groups in its framework, 
which facilitate rapid electrolyte mobility to reach the electrode surface. 
At high current density (20 A g–1), capacitance decreased yielding values 
of 5.3 F g− 1and 7.7 F g− 1 for OVS-DHBZ POIP and poly(OVS-DHBZ 
POIP) respectively [Fig. 10(a)]. The decrease in capacitance is 
ascribed to the reduced diffusion time for electrolyte ions, preventing 
full utilization of the electrode surface for charge storage [55–57]. 
Furthermore, power law in Eq. S1 was used to calculate capacitive 
contribution and assess the charge storage capacities of the electrodes 
[Fig. S3]. The cathodic line slopes for OVS-DHBZ POIP and poly 

Fig. 6. (a, b) N2 isotherms profiles and (c, d) pore diameter size of the (a, c) OVS-DHBZ POIP and (b, d) poly(OVS-DHBZ POIP).
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(OVS-DHBZ POIP) are computed to be 0.60, and 0.54, respectively.
The slopes of the anodic for OVS-BZ-POIP and poly(OVS-BZ-POIP) 

are 0.97 and 0.99, respectively (Fig. S3). It is common for pseudoca
pacitive materials to exhibit diffusion control when the slope is equal to 
or <0.5. But here, capacitive or surface control is mostly dominant for 
the charge storage mechanism. Fig. 10(b) illustrates the prolonged 
cycling resilience assessed at 1 A g− 1 over 2000 cycles. Both of these 
POIPs demonstrated exceptional capacitance retention, as poly(OVS- 
DHBZ POIP) (97 %) outperforming the OVS-DHBZ POIP (95 %). The 
specific capacitance of our synthesized material’s performance sur
passed that of other BZ-POPs [Table S1]. To our knowledge, this is the 
first research to evaluate the potential of BZ-linked OVS for super
capacitor applications. This BZ-linked POIP looks to be an excellent 
candidate for energy storage systems due to its significant specific 
capacitance, high surface area, versatile structure, and ease of 
fabrication.

4. Conclusions

We successfully prepared a 3D benzoxazine-linked OVS porous 
organic-inorganic polymer (OVS-DHBZ POIP) using a Heck coupling 
reaction. The OVS-DHBZ POIP exhibited excellent properties, including 
high thermal stability (Td5 = 539 ◦C Td10 = 627 ◦C; char yield = 84.6 wt 

%), significant porosity (SBET = 690 m2/g, Vtotal = 1.98 cm3/g), effective 
CO2 capture (1.18 mmol/g at 273 K), and promising specific capacitance 
(21 F/g). Through solid-state thermal ROP without any curing agent, 
OVS-DHBZ POIP was transformed into poly(OVS-DHBZ POIP), resulting 
in enhanced material properties. The poly(OVS-DHBZ POIP) exhibited 
higher thermal stability (Td5 = 570 ◦C Td10 = 665 ◦C; char yield = 85 wt 
%), and porosity (SBET = 762 m²/g, Vtotal =2.3 cm3/g), superior CO2 
capture (1.68 mmol/g at 273 K), and enhanced specific capacitance (58 
F/g). The solid-state chemical transformation introduced phenolic 
groups and Mannich bridges, which facilitated strong intermolecular 
and intramolecular hydrogen bonding with guest molecules. This 
modification contributed to the observed improvements in thermal 
stability, CO2 capture efficiency, and supercapacitor performance. This 
study presents a groundbreaking 3D benzoxazine-linked POIP with 
unique solid-state modification capabilities, making it highly suitable 
for gas capture and energy storage applications.
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