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ARTICLE INFO ABSTRACT

Keywords: In this work, we present the synthesis of a new hybrid porous polymer (HPP) using octavinylsilsesquioxane
Octavinylsilsesquioxane (OAVY), as a rigid and multifunctional core. The OAVS was functionalized with a 4-bromostyrene unit to create
Benzoxazine

the OAVS-8Br monomer, which was subsequently used to generate the OAVS-BZ HPP through the Sonogashir-
a-Hagihara coupling reaction with a benzoxazine-based monomer of DHTA-EA-BZ. The resulting OAVS-BZ HPP
displayed the specific surface area of 43.5 m? g~! and a total pore volume of 0.17 cm® g~%, indicative of its
microporous nature. Most importantly, the OAVS-BZ HPP integrated many functional groups, including the vinyl
(C=CQ), alkyne (C =C), benzoxazine (BZ) unit, and a rigid POSS framework; the resulting materials exhibit
enhanced chemical versatility, structural rigidity, and the potential for extended n-conjugation. Thermal ring-
opening polymerization (ROP) of the OAVS-BZ HPP led to solid-state structural transformations, which were
monitored using DSC, FTIR, and NMR, revealing the emergence of Mannich bridge structures and phenolic OH
groups. Although the thermal ROP did not significantly enhance the overall network structure and the specific
BET surface area (SAggr) decreased to 21.2 m? g~!, additional reaction sites were added, thereby improving the
gas adsorption performance. Notably, the CO, adsorption capacity increased from 16.0 to 23.1 cm® g~! (STP)
under 1 bar and 298 K after thermal ROP. This enhancement is attributed to incorporating phenolic OH and
Mannich bridge functional groups, which provide additional active sites for CO, adsorption. Overall, this study
demonstrates the potential of OAVS-based hybrid porous polymers for CO, capture and highlights the impact of
solid-state chemical transformations on the gas adsorption properties.

Sonogashira-Hagihara coupling
Hybrid porous polymer
Ring-opening polymerization
CO;, adsorption

1. Introduction

In an era of ever-increasing innovation, structural design of
advanced materials is crucial for achieving enhanced performance in
various applications. Hybrid polymer porous materials (HPPs) typically
possess a high specific surface area and a diverse pore size distribution,
which enables them to exhibit remarkable effectiveness in energy stor-
age, adsorption, catalysis, and separation processes [1-14]. By using
synthetic methods (such as Heck reaction, Sonogashira Coupling, Suzuki
reaction, etc.), the structure, pore size, and surface properties can be
finely controlled to fulfill the demands of various applications [15-22].
Since HPP combines organic and inorganic components, different
functional groups, such as aromatic rings, amine, and hydroxyl OH
groups, could be introduced according to needs, thus giving the material
a variety of chemical reactivity and selectivity.
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In many previous studies [23-32], octavinylsilsesquioxane (OAVS)
has emerged as a promising molecular cage because of its well-defined
three-dimensional structure, high thermal stability, and has been
widely employed in the synthesis of HPP. Cheng et al. expanded and
refined the structure of OAVS through various synthetic methods,
enhancing its applicability by introducing diverse terminal functional
groups [33]. Chaikittisilp et al. synthesized an HPP with a high specific
surface area by employing OAVS functionalized with a terminal bromine
group [34]. Building on the inherent advantages of HPP, numerous
studies have enhanced their functionality by incorporating specific
functional groups. Among these, the benzoxazine (BZ) group has
garnered substantial attention as a result of its excellent thermal sta-
bility, low flammability, high char yield, and versatile chemical reac-
tivity [35-47]. However, traditional polybenzoxazine (PBZ) usually
suffers from limited porosity, which restricts the potential application in
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the field requiring high surface areas, such as catalysis and adsorption.
In our previous studies [36,37,39,44,48], incorporating BZ into the
porous structure has provided additional cross-linking sites through
thermal ring-opening polymerization (ROP), which usually uses an
organic building block that results in relatively lower thermal stability.
In this study, the incorporation of OAVS into PBZ networks presents an
innovative approach to overcoming these limitations, enabling the
development of inorganic hybrid porous materials with enhanced
structural and thermal properties.

Heck reaction is the most convenient and easy approach to synthe-
size the highly stable HPP containing OAVS compound by using multi-
functionalized bromine aromatic rings with C=C unit from OAVS by
palladium-catalyzed cross-coupling reaction [49-53]. However, the
Heck reaction usually requires high reaction temperatures (>120 °C),
which may lead to undesirable side reactions, such as benzoxazine
ring-opening or polymer degradation to form OAVS-BZ HPP. The
Sonogashira coupling reaction is also used in palladium-catalyzed
cross-coupling reactions for forming C=C bonds, but they have
distinct mechanisms and advantages compared with the Heck reaction.
The Sonogashira reaction occurs under milder conditions (90 °C),
minimizing the risk of side reactions and preserving the integrity of the
benzoxazine ring. This makes it especially suitable for systems con-
taining thermally sensitive structures such as the benzoxazine moiety. In
addition, the Sonogashira coupling introduces a conjugated alkyne
linker, which enhances electronic delocalization within the polymeric
network with a more robust, cross-linked network. While other
palladium-catalyzed coupling reactions like the Suzuki coupling
(involving organoboron reagents) are also known for their functional
group tolerance and relatively mild conditions, Sonogashira coupling
was chosen here due to its superior ability to preserve benzoxazine ring
integrity and its capacity to introduce rigid, conjugated linkers that
benefit the resulting polymer’s electronic properties and structural
stability.

To achieve the OAVS-BZ HPP, the terminal alkyne benzoxazine
(DHTA-EA-BZ, Scheme 1(b) [36]) and OAVS functionalized with
bromine (OAVS-8Br, Scheme 1(a)) were synthesized. We employed the
Sonogashira coupling reaction to synthesize the OAVS-based hybrid
porous polymer (OAVS-BZ HPP) by reactive OAVS-8Br and
DHTA-EA-BZ, as shown in Scheme 1(c). The presence of bromine in
OAVS-8Br facilitates efficient coupling with the triple bonds of the
benzoxazine monomer, leading to the formation of a robust and highly
cross-linked network. We can expect that this new OAVS-BZ HPP would
include multiple functional groups such as vinyl groups (C—C), alkynes
(C=Q), benzoxazine (BZ) units, and a rigid POSS framework to enhance
chemical versatility, structural rigidity, and potential for extended
n-conjugation with microporous structure. Because of benzoxazine units
in OAVS-BZ HPP, after thermal ROP was performed to obtain poly
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(OAVS-BZ) HPP and although this procedure did not enhance the
overall network structure, it provides the additional reactive sites such
as phenolic OH groups and Mannich bridges, the resulting facilitate
strong intermolecular hydrogen bonds and acid/base interactions with
CO, gas molecules, thereby enhancing the material’s gas absorption
capacity [36,37,54-57]. By combining the advantages of OAVS and
benzoxazine chemistry, this work aims to develop a new class of hybrid
porous polymers with high thermal stability and tunable porosity. This
finding contributes to the growing field of high-performance porous
organic polymers and provides valuable insights into the design of
functional porous networks for advanced applications.

2. Experimental section
2.1. Materials

N, N-dimethylacetamide (DMAc), and N,N-dimethylformamide
(DMF) were obtained from Alfa Aesar. Octavinylsilsesquioxane
(OAVS), 4-bromostyrene, Grubbs catalyst, dichloromethane (DCM),
sodium borohydride (NaBHj,4), copper(l) iodide (Cul), triphenylphos-
phine (PPhjs), tetrakis(triphenylphosphine)palladium(0) [Pd(PPhs)4],
triethylamine (Et3N), paraformaldehyde (CH20),, 4-ethynylaniline
(EA), 2,5-dihydroxyterephthalaldehyde (DHTA), and potassium car-
bonate (K2CO3) were purchased from Sigma-Aldrich. The synthesis of
DHTA-EA-BZ monomer (Scheme 1(b)) was discussed in detail in our
previous study [36].

2.2. The synthesis of OAVS-8Br monomer

Grubbs’ catalyst (35.3 mg, 0.04 mmol), octavinylsilsesquioxane
(OAVS, 632 mg, 1 mmol), and 4-bromostyrene (1.6 mL, 12 mmol) were
added to a one-neck flask. DCM was used as a solvent. After performing
three freeze-pump-thaw cycles under vacuum, the reaction solution was
heated to 90 °C for 96 h under a nitrogen environment. After the reac-
tion solution was concentrated, it was precipitated in MeOH, then
filtered to get the solid. The powder was subjected to silica gel column
chromatography (DCM/Hexane = 1/1) to obtain a white powder with a
yield of ca. 80 wt%. FTIR (KBr, ecm ™ Y): 3022 (C-H aromatic), 1607
(C=C), 1098 (Si-0-Si). 'H NMR (DMSO-dg, ppm, Fig. S1): § = 6.5
(Si-C-H), 7.3 (C=C-H), 7.5-7.6 (aromatic protons). }3C NMR (CDCls,
ppm): § = 117.9 (C=C), 123.2 (Si-C), 128.3-148.1 (aromatic carbons).
295i NMR (CDCls, ppm): § = —81.1 (Si—O-Si)

2.3. The synthesis of OAVS-BZ hybrid porous polymer (HPP)

OAVS-8Br (240 mg, 1 mmol), Pd(PPhg3)4 (35 mg), DHTA-EA-BZ (200
mg, 4 mmol), Cul (5 mg, 0.2 mmol), and PPh3 (6.7 mg, 0.2 mmol) were
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Scheme 1. The synthesis of (a) OAVS-8Br based on OAVS through olefin metathesis reaction, (b) DHTA-EA-BZ from DHTA, and (c) OAVS-BZ HPP through

Sonogashira coupling reaction.
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added to a one-neck flask. DMF and Et3N were used as the solvents. The
reaction was implemented in a nitrogen environment at 90 °C for 3 days.
After the solid was washed several times with DMF, THF, MeOH, and
acetone, it was dried in the oven for 2 days, yielding a brown powder.
Yield (50 %).

3. Results and discussion
3.1. Synthesis of OAVS-8Br

To explore the synthesis and functionalization of novel hybrid
porous polymer (HPP) based on POSS nanoparticle, we used multi-
functional octavinylsilsesquioxane (OAVS) compound as the core
structure. It possesses inherent rigidity, precise geometry, and remark-
able adaptability, enhancing its synthetic versatility. Initially, we syn-
thesized OAVS-8Br through an olefin metathesis reaction using OAVS, 4-
bromostyrene, and the Grubbs catalyst [Scheme 1(a)].

After the reaction, the FTIR spectra of OAVS and OAVS-8Br, as
shown in Fig. 1(a) revealed the characteristic peaks for the Si-O-Si unit
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(1098 cm™ 1) and the C=C unit (1607 cm ™ 1). In addition, the aromatic
C-H stretch was observed around 3022 cm ™ —became obvious after
the formation of OAVS-8Br. To identify the chemical structure of OAVS-
8Br, the 'H NMR measurement was also conducted, as shown in Fig. 1
(b). The original Si-CH—CH characteristic peak of OAVS was found to
have multiple peaks at 5.9-6.1 ppm, and it was shifted to 6.5 ppm (a)
and 7.3 ppm (b) in OAVS-8Br, while an aromatic signal emerges at 7.8
ppm (c, d) following the attachment of 4-bromostyrene of OAVS-8Br
monomer. We also observed that the 3C NMR spectrum of OAVS-8Br
monomer [Fig. 1(c)] reveals the distinct shifts compared to the orig-
inal OAVS spectrum. The peaks at 136.8 ppm (a) and 128.3 ppm (b)
were shifted to 123.2 ppm and 117.9 ppm, respectively, upon 4-bromos-
tyrene incorporation. Additionally, the aromatic ring carbons are
observed within the range of 128.3-148.1 ppm. Similarly, the 2°Si NMR
spectra as displayed in Fig. 1(d) demonstrate that the Si-O-Si charac-
teristic peak remains unchanged at —81.1 ppm before and after the re-
action, indicating that the POSS cage structure was retained. All the
spectra analyses indicate that the chemical structure of OAVS remained
intact during the olefin metathesis process, and our OAVS-8Br was
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Fig. 1. (a) FTIR, (b) 'H, () '°C, and (d) ?°Si NMR spectra of OAVS and OAVS-8Br.
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synthesized successfully. By reacting of OAVS with bromostyrene, a
bromine-terminated functional group was introduced to OAVS, enabling
further modification through the Suzuki or Sonogashira-Hagihara
coupling reaction.

3.2. Synthesis of OAVS-BZ HPP

We synthesized OAVS-BZ HPP via the Sonogashira-Hagihara
coupling reaction between OAVS-8Br and DHTA-EA-BZ as shown in
Scheme 1(c) and [Fig. 2(a)]. FTIR and solid-state NMR spectroscopy,
TGA, and DSC were employed to confirm the structural linkage and
thermal behavior of OAVS-BZ HPP as presented in Fig. 2(b)-2(f). Firstly,
Fig. 2(b) shows the FTIR spectrum of OAVS-BZ HPP, which confirms that
the characteristic peaks for Si-O-Si unit from OAVS-8Br (1098 em ™),
C=C unit (2100 cm’l), and the oxazine ring at 937 cm™! from DHTA-
EA-BZ remain unchanged after the Sonogashira-Hagihara coupling re-
action. Most importantly, the C=C-H peak at 3228 cm™! from DHTA-
EA-BZ disappeared in OAVS-BZ HPP, indicating the successful synthe-
sis of OAVS-BZ HPP. The '*C NMR of DHTA-EA-BZ and OAVS-8Br, and
solid-state 3C NMR spectrum of OAVS-BZ HPP, as shown in Fig. 2(d),
exhibits a peak distribution consistent with its molecular structure. The
characteristic peak for Si-CH—CHj; in OAVS-8Br, originally located at
117.2 ppm (b), was shifted to 99.5 ppm after the Sonogashira-Hagihara
reaction, confirming the structural transformation. The emergence of
the C=C peak at 66.6 ppm (a) further verifies the successful attachment
of DHTA-EA-BZ. Additionally, the characteristic peaks of the benzox-
azine (BZ) group appear at 78.3 ppm (e) and 53.1 ppm (f). The dense and
split peaks observed in the 120-150 ppm range correspond to aromatic
carbons, confirming the incorporation of the benzene ring structure.
Moreover, the solid-state 293 NMR spectrum (Fig. 2(e)) of OAVS-BZ HPP
reveals a slight signal at ca. —81 ppm, indicating that the number of
OAVS becomes fewer than expected. This result further supports the
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successful integration of DHTA-EA-BZ onto OAVS-8Br. In thermogravi-
metric analysis (TGA), as shown in Fig. 2(c), after the Sonogashir-
a-Hagihara reaction, the thermal degradation temperature (Tq10 =
411 °C) of OAVS-BZ HPP was located between DHTA-EA-BZ (Tq10 =
346 °C) and OAVS-8Br (T419 = 485 °C) as expected; however, the char
yield of OAVS-BZ HPP (70.3 wt%) was both higher than the original
DHTA-EA-BZ (62.1 wt%) and OAVS-8Br (67.9 wt%), due to highly
network structure in this hybrid porous polymer, which were summa-
rized in Table S1. Finally, the DSC analyses effectively demonstrate the
connection of DHTA-EA-BZ while examining the thermal ring-opening
polymerization behavior of OAVS-BZ HPP as shown in Fig. 2(f). The
sharp exothermic thermal ROP peak of DHTA-EA-BZ is observed at
236 °C, with a reaction enthalpy of 290 J g~!. After the Sonogashir-
a-Hagihara coupling reaction, the endothermic peak becomes broad and
shifts to 309 °C, and the enthalpy decreases to 168 J g~1. This is due to
the presence of the rigid and bulky OAVS structure, which limits mo-
lecular mobility and results in a more gradual thermal response. In
addition, the formation of a network structure typically causes the
exothermic peak to shift to a higher temperature, suggesting that the
incorporation of OAVS into the HPP influences thermal ROP behavior by
modulating the polymerization kinetics and decomposition pathway.
Furthermore, a higher degree of cross-linking reduces the number of
available active reaction sites, leading to a decrease in the total heat
release.

To investigate the porous characteristics of the OAVS-BZ HPP, the N,
adsorption/desorption isotherm at 77 K was utilized to analyze, as dis-
played in Fig. 3(a). The OAVS-BZ HPP could be classified as type I ac-
cording to the IUPAC definition and the SAggr of 43.5 m? g’l’ with a
Vtotal of 0.17 cm® g~ and the average pore size is ca. 2.02 nm. Fig. 3(b)
displays the X-ray diffraction pattern analyses of OAVS-8Br and OAVS-
BZ HPP, where the OAVS-8Br shows multiple clear diffraction peaks,
especially in the range of 5°-30°, indicating that the OAVS-8Br has
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BZ HPP.

certain crystallinity based on its cubic molecular packing [58,59].
Furthermore, the XRD pattern of OAVS-BZ HPP becomes more blurred,
with the main diffraction peak centered around 20°, indicating
enhanced amorphous characteristics typical of a hybrid porous polymer.

Compared with OAVS-8Br, its overall structure may be more disor-
dered, possibly due to polymer chemical reactions leading to structural
destruction or reduced crystallinity. Transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) images of OAVS-BZ HPP
were displayed in Fig. 3(d) and (e) and their corresponding elemental
mappings for C, N, O, and Si, as well as energy dispersive X-ray (EDX)
spectra as illustrated in Fig. 3(f)-(i). The TEM image (Fig. 3(d)) revealed
that the OAVS-BZ HPP exhibited amorphous and disordered agglomer-
ations. Fig. 3(e) shows the SEM image of OAVS-BZ HPP, suggesting a
fragmented and dispersed morphology, and the EDX mapping (Fig. 3(f)—
(1)) confirms that C, N, O, and Si atoms are evenly distributed
throughout the sample. Further elemental analyses can also be
confirmed from XPS results (Fig. 3(c)), and the compositions were
summarized in Table S2. Based on all characterizations such as FTIR,
NMR, DSC, TGA, N5 adsorption/desorption, XRD, and XPS, the synthesis
of OAVS-BZ HPP with porous structure and high thermal stability
behavior was successfully achieved in this study.

3.3. Thermal ring-opening polymerization of OAVS-BZ HPP

We performed thermal ROP of OAVS-BZ HPP to form solid state
chemical transformation with phenolic and Mannich bridge structures
as shown in Fig. 4(a). The chemical structures and thermal properties of
OAVS-BZ HPP under thermal ROP were carefully characterized and
investigated at different temperatures [from 25 to 300 °C] by using
different techniques [DSC, TGA, FTIR, and solid-state NMR

spectroscopy]. Fig. 4(b) displays DSC thermograms of OAVS-BZ HPP
after thermal ROP. As mentioned previously, the uncuring of OAVS-BZ
HPP displays a thermal ROP peak at 309 °C with corresponding en-
thalpies of 168 J g~1. The thermal ROP peak was shifted to 302, 300,
298, and 296 °C with the thermal enthalpies of 157, 152, 149, and 99 J
g*1 with an increase in the ROP temperature at 100, 150, 180, and
210 °C, respectively. As the thermal ROP temperature increased to
250 °C and 300 °C, at these temperatures, the thermal polymerization
peak of OAVS-BZ HPP disappeared, indicating complete ring-opening
polymerization of the oxazine ring. The results could be supported by
FTIR spectra analyses as provided in Fig. 4(c), with the rise in thermal
ROP temperature, the characteristic peaks of OAVS-BZ HPP at 937 cm ™!
(oxazine ring) and 2100 cm ™! (C=C bond) gradually lost their intensity
and then totally disappeared as the thermal ROP temperature exceeding
250 °C, indicating successful thermal polymerization. The solid-state 13C
and 2°Si NMR spectra of OAVS-BZ HPP highlight key structural features.
Before the thermal ROP process, the oxazine ring and C=C units exhibit
signals within the chemical shift range of 52.3-85.2 ppm in the solid-
state 13C NMR spectra as shown in Fig. 4(d). However, these signals
vanish after thermal ROP, confirming the successful conversion of the
functional groups and the formation of a robust ring-opening structure
with phenolic and Mannich bridge structures (Fig. 4(a)). We also utilized
solid-state 2°Si NMR to analyze the thermally ROP OAVS-BZ HPP. The
results indicated that the characteristic 2°Si NMR patterns had also
remained consistent with the similar positions after thermal ROP, veri-
fying that the OAVS framework remains intact after ROP, as shown in
Fig. 4(e). The changes in their corresponding thermal properties after
thermal ROP were evaluated using TGA analyses as shown in Fig. 4(f). It
was observed that after thermal ROP at 250 °C, the thermal degradation
temperature was strongly overlapped at temperatures lower than
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375 °C; however, the carbon residue was strongly decreased from 70.3
% to 47.8 wt% [Table S1]. This reduction may be attributed to the
formation of flexible aliphatic methylene (CHj) units during thermal
ROP, which reduces the rigidity and crosslinking density of OAVS-BZ
HPP and then exhibits lower thermal stability [36,37]. This phenome-
non is usually observed for the benzoxazine-based porous organic
polymers after thermal ROP procedures in our previous studies, and this
outcome differs from that of conventional low-molecular-weight ben-
zoxazine monomers [36,37].

To evaluate the porosity characteristics of OAVS-BZ HPP during
thermal ring-opening polymerization (ROP) for the formation of poly
(OAVS-BZ) HPP, Fig. 5(a) presents the Ny adsorption/desorption
isotherm. With a SAggr of 21.2 m? g’l, Viotal Of 0.14 cm® g’l, and an
average pore diameter of approximately 2.36 nm, the material can
potentially be classified as type I according to the IUPAC classification.
The significantly reduced SAggr of poly(OAVS-BZ) HPP relative to its
OAVS-BZ HPP precursor is consistent with previous studies [36,37],
which have demonstrated that the solid-state ring-opening polymeri-
zation (ROP) of benzoxazine units induces the formation of rigid
structural motifs, such as Mannich bridges and densely
hydrogen-bonded phenolic hydroxyl groups. These features contribute
to the collapse of microporous domains and a consequent reduction in
the overall surface area of the polymer network. The XRD pattern of poly
(OAVS-BZ) HPP displays the broad amorphous peak at 21.6° as shown in
Fig. 5(b), indicating the microporous amorphous feature with a hybrid
porous polymer. Fig. 5(d) and (e) display TEM and SEM images of poly
(OAVS-BZ) HPP, which both show the amorphous and disordered ag-
glomerations. The EDX mapping (Fig. 5(f)—(i)) confirms that C, N, O, and
Si atoms are evenly distributed throughout the poly(OAVS-BZ) HPP
sample. Further elemental analyses can also be confirmed from XPS
results (Fig. 5(c)), and the compositions were summarized in Table S2.

In Fig. 6(a), the disappearance of the C=C peak and the peak at 937

cm ™! clearly confirms the occurrence of thermal ROP. The Si-O-Si peak
at 1100 cm ™! verifies that the OAVS framework remains intact. Addi-
tionally, the originally sharp peak in the 1200-1800 cm™! region be-
comes considerably broader after ROP, indicating structural
transformation because of molecular mobility.

is restricted to poly(OAVS-BZ) HPP. Fig. 6(b)-(e) further examines
the deconvoluted XPS peaks for C, N, O, and Si after thermal ROP.
Following the thermal ROP, the C =C signal at 284.0 eV disappeared,
and the C-Si peak shifted from its original 284.3 eV-284.0 eV. In
addition, the binding energies for C=C, C-C, C-O, and C-N (284.9,
285.1, 285.6, and 286.6 eV, respectively) increased, indicating an
enhancement in the corresponding bond strengths (Fig. 6(b)). However,
the Ny spectrum revealed a peak at 400.5 eV, which corresponds to the
hydrogen bonding between the N-C bond and O-H groups formed after
the oxazine ring opening in OAVS-BZ HPP (Fig. 6(c)). The appearance of
an O-H signal in the O, spectrum of poly(OAVS-BZ) HPP confirms the
successful opening of the oxazine (Fig. 6(d)). For Sizp, minimal changes
are observed; the characteristic peaks for Si-C and Si-O remain at 103.3
eV and 101.7 eV, respectively (Fig. 6(d)). Fig. 6(f) summarizes the
elemental composition change before and after ROP. The changes in
element ratios reflect the structural transformation during polymeriza-
tion, and we could observe that the polar N, O, and even Si atom com-
positions were increased, which is an advantage for gas adsorption,
especially in CO4 capture ability.

3.4. CO;z capture of the OAVS-BZ and Poly(OAVS-BZ) HPPs

The CO; adsorption capacity of OAVS-BZ HPP was measured as 16.0
and 23.1 cm® g~ at 1 bar for 298, and 273 K; respectively. Although BET
analyses of poly(OAVS-BZ) HPP after ROP show a decrease in both SAggt
and Viea, which would normally be unfavorable for CO5 capture, the
adsorption results indicate that poly(OAVS-BZ) HPP exhibits enhanced
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performance. Under the same conditions, its CO5 adsorption capacities
are 23.3 and 27.0 cm® g_1 at 298 and 273 K; respectively [Fig. 7(a) and
(b)]. This improvement is attributable to the formation of abundant
phenolic OH groups and nitrogen atoms on the surface following the
solid-state chemical conversion, which improves CO; capture perfor-
mance as confirmed by the XPS result. Fig. 7(c) illustrates the Qs
(isosteric heat of sorption) for COy capture based on the Clausius-

Clapeyron equation of OAVS-BZ and poly(OAVS-BZ) HPPs. It can offer
insightful information on adsorption procedures. Clearly, the poly
(OAVS-BZ) HPP is always greater than the OAVS-BZ HPP at all pres-
sures, indicating that the poly(OAVS-BZ) HPP has stronger interaction
with CO,, such as hydrogen bonding and other reversible interactions, as
shown in Fig. 7(d). Additionally, these functional groups increase the
number of active sites, allowing more CO, molecules to be adsorbed.
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possible interactions of poly(OAVS-BZ) HPP with the CO5 molecule.

They also create a favorable microenvironment within the pores through
hydrogen bonding and acid-base interactions via [OH---O-C] or
[N---C-0O] interactions, further strengthening CO; adsorption [36,37,55,
56,60-64]. Moreover, these conversion units contribute to the structural
stability and optimization of pore size distribution, facilitating easier
access and retention of CO5 molecules. The triple bond structures, when
converted into benzene rings, add significant aromaticity to the mate-
rial. This transformation enhances CO; capture in several ways. The
aromatic rings provide zn-electron clouds that interact with the quadru-
pole moment of CO, promoting stronger n-r interactions. Furthermore,
the conversion increases the overall structural rigidity, which can help
maintain an optimal pore structure for gas adsorption. Thus, while the
initial triple bonds offer reactivity, their transformation into benzene
rings ultimately contributes to more efficient CO, capture by creating a
more stable framework with enhanced active sites.

4. Conclusions

This study successfully synthesized a new hybrid porous polymer
(HPP), OAVS-BZ HPP, through the Sonogashira-Hagihara coupling re-
action between OAVS-8Br and DHTA-EA-BZ. The structural integrity of
the synthesized OAVS-BZ HPP was confirmed using various spectro-
scopic techniques, including FTIR, NMR (lH, 13C, and 29Si), and XPS,
which demonstrated the effective incorporation of benzoxazine units
onto the OAVS framework. The thermal properties of OAVS-BZ HPP

were systematically analyzed using DSC and TGA, revealing its high
thermal stability with a T41¢ of 411 °C and high char yield of 70.3 wt%,
which is higher than its precursor materials. The thermal ROP of OAVS-
BZ HPP was investigated, showing a shift in exothermic peaks and a
decrease in reaction enthalpy, indicative of structural transformation
and the successful conversion of the oxazine rings into phenolic and
Mannich bridge structures, which was further confirmed by FTIR and
solid-state NMR analyses. Additionally, the porous properties of OAVS-
BZ HPP were evaluated using N adsorption/desorption isotherms,
revealing a BET surface area of 43.5 m? g ™! and a microporous structure.
After thermal ROP, a decrease in porosity and surface area was
observed, but it can enhance the CO, capture capacity. As a result of
hydrogen bonding and acid-base interactions with the CO, molecule, a
high density of phenolic hydroxyl groups and nitrogen atoms has been
generated on the surface. The CO; adsorption capacity increased from
16.0 to 23.3 cm® g1 at 298 K under 1 bar, before and after the thermal
ring-opening polymerization (ROP) of OAVS-BZ HPP, respectively. This
study provides valuable insights into the structure-property relation-
ships of POSS-based benzoxazine polymers and opens new possibilities
for their application in advanced materials and gas adsorption.
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