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ABSTRACT

We proposed the POSS-containing diblock copolymer from COz-derived polycarbonates templating strategy to prepare mesoporous phenolic resins. Two PEO-b-
PCHCPOSS diblock copolymers were synthesized by using PEO as a macroinitiator with cyclohexene oxide (CHO), epoxycyclohexyl isobutyl POSS (CHOPOSS), and
CO, based on LZny (OAc) ; as the catalyst via ring-opening copolymerization (ROCOP). The formation of linear carbonate backbones with the incorporation of POSS
cages of these diblock copolymers were confirmed by FTIR, 1H, 13¢, 2Si, and DOSY NMR, and GPC analyses. Binary blends of PEO-b-PCHCPOSS diblock copolymers
with phenolic resin exhibit two composition-dependent glass transition temperatures (Tgs), indicating the microphase separation governed by competitive hydrogen
bonding between OH units of phenolic resin with ether groups of PEO, carbonate C=0 units of PCHC, and siloxane units of POSS cage. Small-angle X-ray scattering
(SAXS) patterns reveal that the reaction induced microphase separation (RIMPS) to generate short-range-order self-assembled nanostructures of phenolic/PEO-b-
PCHCPOSS blends upon thermal curing at 150 °C. Subsequent pyrolysis at 350 °C could remove the block copolymer template and yields mesoporous phenolic
frameworks with tunable pore sizes, corroborated by TEM images and N5 adsorption—desorption isotherms analyses. Notably, the POSS moieties, covalently anchored
to the PCHC segments, are preferentially retained at the pore walls after template removal, leading to inorganic cage-enriched pore surfaces that enhance structural
stability and inhibit pore collapse during thermal processing. In addition, increasing POSS loading from 2 to 5 wt% preserves the mesoscale length but reduces
structural coherence, consistent with packing frustration imposed by rigid cages and phenolic/POSS hydrogen bonding competition. This work establishes a CO2-
derived diblock copolymer/POSS hybrid templating platform for thermally robust mesoporous phenolic materials with controllable self-assembled nanostructure.

1. Introduction

Mesoporous phenolic materials have attracted much interest due to
their high thermal stability, chemical resistance, and tunable pore ar-
chitectures, which make them promising candidates for applications in
catalysis, energy storage, adsorption, and separation technologies [1-7].
Among these various synthetic strategies, the self-assembled behavior of
diblock copolymers as soft-templating approaches are particularly
interesting, as they allow precise control pore size and nanoscale
ordering through molecular design by controlling degree of polymeri-
zation (N), Flory-Huggins interaction parameter (), and volume

fraction (f) [8-12]. However, achieving the well-defined nanostructures
in phenolic resin remains challenging owing to the complex interplay
between self-assembly behavior, competitive hydrogen bonding, and
thermally induced crosslinking reactions.

Reaction-induced microphase separation (RIMPS) have emerged as a
powerful concept to address these challenges. In such systems, a non— or
weakly segregated diblock copolymer with phenolic resin can evolve
into the short-range or long-range ordered nanostructure during thermal
polymerization, as chemical reactions progressively increase segrega-
tion strength (yN value) and immobilize the evolving morphology
[13-15]. Phenolic resin is particularly well suited to this approach,
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during thermal polymerization could introduce extensive hydrogen
bonding and crosslinking, which can amplify compositional contrast and
stabilize transient self-assembled nanostructures [16-18]. However, the
structural regularity and thermal robustness of phenolic-derived meso-
porous frameworks are often limited by framework shrinkage, pore
collapse, or insufficient control over the template-matrix interactions.
In general, the poly(ethylene oxide)-based diblock copolymers including
PEO-b-PCL, PEO-b-PS, PEO-b-PMMA, PEO-b-PBLG, and PEO-b-PLA have
been widely used as the templates to fabricate the mesoporous materials
[9,19-22].

In addition, the carbon dioxide (CO2)-derived block polymers has
become an important research direction in sustainable polymer chem-
istry [23-25]. Ring-opening copolymerization (ROCOP) of epoxy de-
rivatives with CO; provides an efficient route to aliphatic
polycarbonates with well-defined architectures, inherent hydrogen-
bonding capability, and adjustable polarity [26-28]. These COg-
derived polycarbonates have recently been explored as soft templates for
nanostructured materials; for example, we have synthesized the poly
(ethylene oxide-b-cyclohexene carbonate) (PEO-b-PCHC), as a template
to fabricate mesoporous phenolic resin by using thermal polymerization
at 150 °C and subsequent pyrolysis at 350 °C [29]. However, their
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relatively lower segregation strength (yN value) and limited thermal
stability would restrict their effectiveness in directing ordered nano-
structures, particularly in phenolic resins that undergo harsh thermal
processing.

Polyhedral oligomeric silsesquioxane (POSS) cage represents an
attractive strategy to address these limitations, which combines the rigid
inorganic Si-O-Si cage structure with tunable organic substituents, of-
fering improved thermal stability, and strong interfacial affinity toward
phenolic resin [30-34]. Incorporating inorganic POSS cage into diblock
copolymers have been observe to modify chain packing, and improve
the Flory-Huggins interaction parameter ()) value and thermal robust-
ness of self-assembled nanostructures [16,35-38]. In despite these ad-
vantages, the role of covalently tethered POSS cages in COs-derived
block copolymers as the templates to fabricate mesoporous phenolic
resin via reaction induced microphase separation, remains insufficiently
understood.

Herein, we report the POSS-containing COs-derived diblock copol-
ymer templating strategy to fabricate mesoporous phenolic resins with
tunable self-assembled nanostrucutre. PEO-b-PCHCPOSS diblock co-
polymers were synthesized via ROCOP of cyclohexene oxide, epoxy-
functionalized isobutyl POSS, and CO; using PEO as a macroinitiator
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Fig. 1. (a) The synthesis of PEO-b-PCHCPOSS diblock copolymers and their (b) FTIR, (c) H and (d) '*C NMR analyses.
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(Fig. 1(a)). The covalent incorporation of intact POSS cages into the
PCHC block segment enhances thermal stability while introducing
controlled packing constraints. When blended with phenolic resin, these
diblock copolymers form microphase separation behavior governed by
competitive hydrogen bonding interaction strength among phenolic OH
groups with PEO C-O-C units, PCHC carbonate C=0 units, and POSS
siloxane cages. Thermal curing induces reaction-induced microphase
separation, while subsequent pyrolysis removes the polymer template to
yield mesoporous phenolic frameworks. By systematically varying the
phenolic content and POSS loading (2 and 5 wt%), we elucidate the
hydrogen-bond competition, inorganic cage effects, and thermal pro-
cessing collectively dictate pore size, surface area, and structural
coherence. SAXS, TEM, and N sorption analyses reveal that moderate
POSS loading promotes uniform mesoporous architectures, whereas
higher POSS contents introduce packing frustration and reduce long-
range correlation while preserving the nanoscale length scale and also
leads to inorganic cage-enriched pore surfaces that enhance structural
stability and inhibit pore collapse during thermal processing. This work
provides new insights into the design of COq-derived polymer/POSS
hybrid templates and establishes a versatile platform for engineering
thermally robust mesoporous phenolic materials through controlled
reaction-induced self-assembled behavior.

2. Experimental section
2.1. Materials

Sodium hydroxide (97%), calcium hydride (CaH,), cyclohexene
oxide (CHO), and hydrochloric acid (HCl) were sourced from SHOWA.
Poly(ethylene oxide) methyl ether (PEO, M;, = 5000 Da) was procured
from Sigma Aldrich. Dichloromethane (DCM), methanol (MeOH),
tetrahydrofuran (THF), and n-hexane were purchased from Thermo
Fisher Scientific. High purity of COy (> 99.999%) was supplied from
Hsin E-Li Gas Industrial Co., Ltd. Epoxycyclohexyl isobutyl POSS
(CHOPOSS) was obtained from Kingpak Technology Inc., without
further purification. The catalyst of LZny(OAc), was synthesized
following our previous reported procedure [39-43] and the phenolic
resin (resol-type) (Scheme S1) was also widely proposed by our previous
literatures [16,17].

2.2. Synthesis of PEO-b-PCHCPOSS diblock copolymers through ROCOP

Two PEO-b-PCHCPOSS diblock copolymers were synthesized
through the ring-opening copolymerization (ROCOP) from CHO, CHO-
POSS, and CO», using PEO as the macroinitiator. Before polymerization,
CHO was dried over calcium hydride (CaHj) and purified by vacuum
distillation, while CHOPOSS was dehydrated through heat-assisted
vacuum distillation. The purified CHO and CHOPOSS monomers were
then premixed to ensure homogeneity before introduction into the
reactor. The catalyst LZny(OAc), was charged into a stainless-steel
autoclave equipped with a magnetic stir bar and connected to a vac-
uum line. The catalyst (0.023 g, 0.07 mmol) and PEO (1.0 g, 0.002
mmol) were dried under vacuum at 50 °C for 10 h. After purging with
CO5, CHO (7.1 mL, 0.07 mol) and 2 or 5 wt% CHOPOSS was added to the
reactor. The copolymerization was carried out at 80 °C under a constant
COq, pressure of 440 psi for 20 h. Upon completion, the autoclave was
cooled to room temperature, and the residual CO, was carefully
released. The crude product was dissolved in dichloromethane (DCM)
and washed repeatedly with 5% aqueous hydrochloric acid until the
aqueous phase became clear. The organic layer was concentrated and
precipitated several times in an ice bath, followed by washing with
hexane to remove residual impurities. The resulting solid was dried
under vacuum at 30 °C to yield PEO-b-PCHCPOSS as a white powder
[41]. FTIR (KBr, cm™): 2850-2960 (aliphatic CH), 1751 (C=0), 1100
(Si-0O-Si and C-O-C). 1H NMR (500 MHz, CDCl3, 8, ppm): 4.66
(CyCHOCOy), 3.64 (CH2CH20), 2.21-1.25 (CyCHy), 1.85 (Si-CHy-CH-
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(CHs),), 0.96 (Si—-CHo—CH—(CHs)s), 0.60 (Si—-CH,—CH—(CHz),). 1*C NMR
(125 MHz, CDCls, 3, ppm): 154.5 (C=0), 74.0 (C-O from PCHC), 70.9
(C-0O from PEO), 32.6 (Si-CHy-CH—-(CHj3)y), 22.7-29.8 (CyCHy).

2.3. Preparation of Phenolic/PEO-b-PCHCPOSS binary blend

Blends containing various weight ratios of phenolic resin and the
PEO-b-PCHCPOSS diblock copolymers were prepared by dissolving both
components thoroughly in THF under continuous stirring to ensure
complete miscibility and homogeneity. The resulting clear solutions
were then carefully cast into aluminum pans. To achieve uniform thin
films, the solvent was allowed to evaporate gradually at ambient tem-
perature in an open environment, which helped to minimize the
occurrence of macroscopic phase separation. After most of the THF had
evaporated, the films were further dried under vacuum at 30 °C for 24 h.
This drying step ensured the complete removal of residual solvent and
provided stabilization of the self-assembled nanostructures that had
developed during the solvent evaporation process. The phenolic/PEO-b-
PCHCPOSS blends were prepared in various weight ratios, specifically
100/0, 70/30, 60/40, 50/50, 40/60, 30/70, and 0/100 (w/w).

2.4. The preparation of thermally induced mesoporous phenolic resins

The dried blend films were subsequently subjected to thermal curing
following a well-controlled heating protocol. Specifically, the samples
were heated from room temperature to 150 °C at a slow heating rate of
1 °C min}, followed by an isothermal treatment at this temperature for
24 h to promote thorough cross-linking of the phenolic resin. After
curing, the cross-linked hybrid materials were further pyrolyzed under
similar heating conditions. During this step, the temperature was raised
to 350 °C at the same slow heating rate of 1 °C min~! and maintained for
an additional 24 h. This extended thermal treatment not only ensured
the efficient removal of the PEO-b-PCHCPOSS copolymer template but
also facilitated the development of ordered mesoporous phenolic resin
framework.

3. Results and discussion
3.1. The synthesis of PEO-b-PCHCPOSS diblock copolymers

Fig. 1(a) displays the schematic illustration of the ring-opening
copolymerization (ROCOP) of CHO, CHOPOSS, and CO; initiated by
PEO-OH, yielding PEO-b-PCHCPOSS diblock copolymers with tunable
POSS incorporation. The chemical structure highlights the PEO block
segment the PCHC repeating units, and the covalently tethered POSS
cages. The FTIR spectra of PEO, PEO-b-PCHC and PEO-b-PCHCPOSS (2
and 5 wt% POSS) diblock copolymers (denoted PEO-b-PCHCPOSS-2 and
PEO-b-PCHCPOSS-5) as shown in Fig. 1(b) demonstrates the evolution
of characteristic vibrational absorptions. A distinct and intense absorp-
tion band attributed to the carbonate C=0 stretching vibration appears
at 1750 cm™!, accompanied by the C-O-C and Si-O-Si stretching bands
within the 1100 cm™! range. These spectral characteristics confirm the
successful preparation of the PEO-b-PCHCPOSS diblock copolymer and
indicate the formation of a linear polycarbonate backbone rather than a
cyclic carbonate configuration [44,45]. Fig. 1(c) shows 4 NMR spectra
of each polymer segment. The methine proton corresponding to the
cyclohexyl CH unit on the PCHC main chain at 4.66 ppm (a) and the CH;
unit of the PEO block resonates at 3.64 ppm (b), confirming the for-
mation of diblock copolymer. Cyclohexyl methylene protons from the
PCHC segment (d and e, 1.33-2.11 ppm) and the isobutyl protons of
POSS cage at 0.6 ppm (Si-CHy), 0.96 ppm (CH3), and 1.85 (CH) sys-
tematically increase in intensity with POSS incorporation. Using the
integral areas of PEO CHy signal (3.64 ppm), CH unit of the PCHC block
(4.66 ppm) and the CH unit of POSS cage (0.60 ppm), the molecular
weight of each block in the resulting copolymers were calculated, as
summarized in Table 1. Fig. 1(d) displays '3C NMR further confirms the
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Table 1

Physical properties of PEO-b-PCHC and PEO-b-PCHCPOSS diblock copolymers used in this study.
Copolymers” %PC POSS (wt%) Conv. (CHO) TON TOF M, p° Ty Ta10

(O (Da) (§] Q)

PEO-b-PCHC >99 - 76.5 26 1.3 55,070 1.43 80 314
PEO-b-PCHCPOSS-2 >99 1.04 91.5 4.1 0.2 59,800 1.62 75 317
PEO-b-PCHCPOSS-5 >99 2.57 90.9 9.9 0.5 60,300 1.58 68 310

a All [M]:[I]:[Catalyst] = 1000:2.85:1, determined by GPC analyses.

diblock copolymers. The carbonate carbon signal (¢, 154.57 ppm) evi-
dences the PCHC formation, while PEO carbons (b, 70.86 ppm) remain
unchanged. The backbone cyclohexyl CH carbon resonance of PCHC is
observed at 77.10 ppm, while the corresponding side-chain carbons
appear at 23.16 and 29.82 ppm. The Si—-CH,CH(CH3), carbon from the
POSS cage is detected at 32.4 ppm.

To evaluate the molecular characteristics of the diblock copolymers,
the relative molecular weights were also measured through gel perme-
ation chromatography (GPC) analyses as displayed in Fig. 2(a). Since the
PEO macroinitiator a principal low-molar-mass peak at longer elution
time together with a minor high-molar-mass shoulder at shorter elution
time, corresponding to small amount of aggregated species. After chain
extension via ROCOP to form PEQ-b-PCHC, the main elution peak shifts
to shorter elution time, consistent with an increase in molar mass. A
further shift of the peaks for PEO-b-PCHCPOSS-2 and PEO-b-PCHCPOSS-
5 to even shorter elution times confirms successful incorporation of
CHOPOSS into the block copolymer backbone while maintaining a
reasonably narrow molecular weight distribution, where the number-
average molecular weight (M;) and polydispersity index (PDI) of PEO-
b-PCHCPOSS with 2 wt% POSS were 59,800 g/mol and 1.62, whereas

those of PEO-b-PCHCPOSS with 5 wt% POSS were 60,300 g/mol and a
PDI of 1.58. To verify that POSS is covalently tethered to the diblock
copolymer rather than present as a separate species, DOSY NMR ex-
periments were performed as shown in Fig. 2(b) and (c). For both the 2
and 5 wt% POSS samples, all resonances—those assigned to the PEO
segment, the PCHC backbone, and the isobutyl groups of the POSS
cages—share essentially the same diffusion coefficient. The absence of
signals with distinct diffusion behavior demonstrates that free CHOPOSS
or detached POSS-containing fragments are negligible, and that the
POSS cages are incorporated into a single diffusing macromolecular
entity.

The silicon environment in the PEO-b-PCHCPOSS diblock co-
polymers were further confirmed by 2°Si NMR spectroscopy (Fig. 2(d)).
A dominant resonance appears at approximately — 70 ppm, character-
istic of fully condensed Ts silsesquioxane cages (RSiO;.5) and confirming
that the cage integrity is preserved during the ROCOP process. These
results corroborate the successful introduction of intact CHOPOSS units
along the PCHC block. The thermal analyses were characterized by DSC
as displayed in Fig. 2(e). Pure PEO exhibits the pronounced melting
endotherm near 60 °C, characteristic of its semicrystalline nature. After
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Fig. 2. (a) GPC analyses, (b, ¢) DOSY spectra of PEO-b-PCHCPOSS-2 and PEO-b-PCHCPOSS-5, (d) 29Si NMR, (e) DSC analyses and (f) TGA analyses of PEO, PEO-b-

PCHC, and PEO-b-PCHCPOSS diblock copolymers.
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ROCOP to form PEO-b-PCHC diblock copolymer, the melting endotherm
is markedly reduced, indicating a substantial suppression of PEO crys-
tallinity due to the presence of the rigid carbonate block and the
resulting disorder structure since PEO/PCHC binary blends, the melting
behavior was still observed in Fig. S1. For the PEO-b-PCHCPOSS diblock
copolymers, the endothermic peak is also diminished, and the glass
transition temperature from 80 °C of PEO-b-PCHC shifted to 75 °C and
67 °C for 2 wt% and 5 wt% POSS compositions, respectively. Since the
bulky POSS case as the side chain might increase the free volume and
induce the dilution effect, which also decrease the intramolecular
hydrogen bonding or dipole-dipole interactions and of PCHC segment as
discussed in our previous study?’-3® The thermal stability of these
polymers was also evaluated by TGA under nitrogen as displayed in
Fig. 2(f). Neat PEO shows a single, rapid weight-loss event at higher
temperature, whereas PEO-b-PCHC exhibits a noticeable shift of the
degradation onset to lower temperature, reflecting the decreasing the
thermal stability of the carbonate-containing block. Incorporation of
POSS could improve the high-temperature behavior: both PEO-b-
PCHCPOSS diblock copolymers display slightly higher decomposition
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to the ther-

mally robust silsesquioxane cages. All physical properties of these

diblock copolymers used in this study were summarized in

Table 1.

3.2. The preparation of Phenolic/PEO-b-PCHCPOSS binary blends

Fig. 3(a) and 3(b) display DSC thermal analyses of phenolic/PEO-b-
PCHCPOSS blends containing (a) 2 wt% and (b) 5 wt% POSS, which all
reveal two distinct T values across all blend compositions. Pure
phenolic resin exhibits a Ty value near —53 °C, while the diblock co-
polymers show progressively higher Ty value depending on their

composition and POSS content as shown in Fig. 2(e).

The lower-

temperature Ty value is associated with the rich phenolic/PEO domain
phase, whereas the higher-temperature T, value corresponds to the rich
phenolic/PCHCPOSS domain phase. The presence of two Tg values
demonstrates that the blends are not fully miscible and may form
partially miscible or microphase-separated structures. The composition
dependence of Ty values for these three diblock copolymers (PEO-b-
PCHC, PEO-b-PCHCPOSS-2, and PEO-b-PCHCPOSS-5) and the T,
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Fig. 3. DSC analyses of (a) phenolic/PEO-b-PCHCPOSS-2 blends and (b) phenolic/PEO-b-PCHCPOSS-5 blends, (c) T; composition behavior of phenolic/PEO-b-
PCHCPOSS blends, and (d) the scheme of hydrogen bonding interaction of inter-association and self-association equilibrium constant in phenolic/PEO blend (K =
264.7), pure phenolic (K = 52.3), phenolic/POSS blend (K5 = 38.6), and phenolic/PCHC blend (K5 < 10).
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composition plots confirm the existence of two distinct thermal transi-
tions for all blends as displayed in Fig. 3(c).

TGA curves of representative phenolic/PEO-b-PCHCPOSS-5 blends
have been added to evaluate their thermal stability and decomposition
behavior, as shown in Fig. S2. Compared to the neat copolymer, the
blends exhibit significantly higher thermal residue, which increases with
phenolic content. This indicates the formation of a thermally stable
carbonaceous network derived from phenolic resin. In addition, the
gradual weight loss at elevated temperatures suggests the coexistence of
polymer decomposition and carbonization processes. The presence of
POSS further contributes to the formation of inorganic Si-O residues,
which enhances the thermal stability of the system. These results sup-
port that, although partial decomposition of organic components occurs
below 300 °C, the overall system evolves into a stable hybrid (carbon/
silica-like) framework, which is essential for maintaining the meso-
structure after template removal.

Fig. 4 shows the FTIR spectra of the phenolic/PEO-b-PCHCPOSS bi-
nary blends, focusing on the OH stretching region (3800-3200 cm™)
and the carbonyl (C=0) stretching region (1780-1700 em™) at two
POSS loadings (2 wt% and 5 wt%). The systematic peak shifts observed
for both functional groups provide direct evidence of hydrogen-bonding
interactions between phenolic hydroxyl groups and the ether groups of
PEO, carbonate carbonyl groups of PCHC and siloxane group of POSS
cage in the block copolymer matrix. For both 2 wt% (a) and 5 wt% (c)
POSS-containing samples, the broad OH stretching band progressively
shifts from higher wavenumber (3520-3480 em™) toward lower
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Fig. 4. FTIR spectra of (a) OH and (b) C=O regions of phenolic/PEO-b-
PCHCPOSS-2 blends, (c) OH and (d) C=O0 regions phenolic/PEO-b-PCHCPOSS-5
blends recorded at room temperature.
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wavenumber (3400-3350 c¢cm™!) as the phenolic content increases from
30/70 to 70/30, indicating the hydrogen bonding environments become
more heterogeneous.

The carbonate C=0 stretching region of PCHCPOSS exhibits two
characteristic peaks where the absorption peak at 1763 cm ™" due to the
free C=0 units and 1738 cm™! corresponding to the intramolecular
hydrogen bonding of C=0---H-C unit in six-membered ring as shown in
Fig. 4(b) and (d), confirming that the PCHC backbone inherently con-
tains both free and hydrogen bonded C=O species. Carbonate C=0
stretching peak of PCHCPOSS gradually shifts to lower wavenumbers
upon increasing phenolic contents. In addition, a peak appears for the
C=0 units at 1720 cm ™}, suggesting the formation of intermolecular
hydrogen bonding interaction between phenolic OH units and the C=0
units of PCHCHPOSS units. To quantify these different C=0 units of
each peaks, Fig. 5(a) and (c) exhibit the curve fitting results of the
carbonate C=0 groups of phenolic/PEO-b-PCHCPOSS-2 and phenolic/
PEO-b-PCHCPOSS-5 binary blends with various compositions, which
were summarized in Fig. 5(b) and (d). Increasing the phenolic compo-
sitions, free and intramolecular hydrogen bonded C=0 units were both
decreased and the intermolecular hydrogen bonded C=0 units with
phenolic OH units were slightly increased and the POSS loading with 5
wt% is generally lower than 2 wt% since the distinct screening effect
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Fig. 5. FTIR spectra curve fitting results of C=0 region of (a) phenolic/PEO-b-
PCHCPOSS-2 blends and (b) their corresponding area percentage, (c) phenolic/
PEO-b-PCHCPOSS-5 blends and their corresponding area percentage of free,
intra-HB and inter-HB C=O0 units.
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from the POSS cage structure and phenolic OH units also prefer to
interact with siloxane group of POSS cage (K5 = 38.6) rather than PCHC
C=O0 units (Kp < 10). Briefly, K5 and Kg are equilibrium constants
defined based on the Painter—Coleman association model [46,47]. Ka
represents intermolecular hydrogen bonding between different func-
tional groups, while Kg corresponds to self-association (OH:--OH) within
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the phenolic matrix. All possible hydrogen bonding interactions in
phenolic/PEO-b-PCHCPOSS binary blends were summarized in Fig. 3(d)
[29,30,46]. We could understand that the hydrogen bonding strength of
phenolic OH units in phenolic/PEO-b-PCHCPOSS blends by the
following order: phenolic/PEO (Kp = 286) > phenolic/phenolic (K =
52.3) > phenolic/POSS (Kp = 38.6) > phenolic/PCHC (Kp < 10).

(b)
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Fig. 6. SAXS patterns of phenolic/PEO-b-PCHCPOSS blends before and after thermal curing at 150 °C: (a) PCHCPOSS-2 before curing, (b) PCHCPOSS-2 after thermal

curing, (c) PCHCPOSS-5 before curing, and (d) PCHCPOSS-5 after thermal curing.
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Consequently, the FTIR analysis provides a coherent molecular-level
picture indicating that hydrogen bonding competition, especially be-
tween phenolic/PEO and phenolic/POSS, plays a dominant role in
dictating the miscibility and interaction landscape of these blend sys-
tems. In contrast to previous studies on PEO;14-b-PCHCy4g blends, the
incorporation of POSS significantly alters the distribution of inter- and
intramolecular free C=0 and hydrogen-bonded C=O groups. Further-
more, the addition of Phenolic moieties effectively promotes the for-
mation of robust intermolecular interactions, as evidenced in Figs. S3
and S4 [29].

3.3. Reaction induced self-assembled behavior of phenolic/PEO-b-
PCHCPOSS binary blends

Fig. 6(a) shows the SAXS analyses of the phenolic/PEO-b-
PCHCPOSS-2 blends containing different ratios of phenolic resin. Pure
PEO-b-PCHCPOSS2 diblock copolymer exhibits no discernible SAXS
peak, indicating that the system lacks long-range microphase separa-
tion, which is also consistent with DSC analysis based on single Ty value.
The solubility parameter of PEO and PCHC is 9.4 and 10.2 (cal/cm®)!/?
[47], respectively, and thus the yN may not be high enough to form
microphase separation. After adding phenolic resin could induce selec-
tive and compete hydrogen bonding within the PEO domain rather than
PCHCPOSS domain, increasing AK and effective y value, which gener-
ated clear compositional contrast that produces a primary SAXS peak.
All blend systems exhibit a single, composition-dependent scattering
peak, corresponding to a characteristic domain spacing (d = 2n/q), in
the range of 30-44 nm. Because phenolic resin acts as both a hydrogen-
bond donor and a diluent, it increases the effective volume fraction of
the PEO rich phase, thereby expanding or swelling the domain spacing
where the g* value generally shifted toward lower g value. For example,
the d-spacing of phenolic/PEO-b-PCHCPOSS-2 = 40/60 blend was
30.65 nm, which was increased to 43.63 nm for 70/30 blend. The
absence of higher order scattering peaks, suggesting that the system does
not form a well-ordered long-range periodic morphology and the
microphase separation with short-range order because of the strong
concentration fluctuations induced by hydrogen bonding. Fig. 6(c) also
displays the SAXS profiles of the phenolic/PEO-b-PCHCPOSS-5 blends
containing different phenolic resin ratios. The similarly trend was
observed compared with phenolic/PEO-b-PCHCPOSS-2 blends where
the pure PEO-b-PCHCPOSS-5 diblock copolymer exhibits no discernible
SAXS peak and after adding phenolic resin, only the primary scattering
peak was observed. The overall trend of g* shifting to lower values with
increasing phenolic content is observed in both 2 wt% and 5 wt% POSS
blends because phenolic selectively partitions into the PEO-rich domains
through strong hydrogen bonding, thereby enhancing compositional
contrast. However, the d-spacing in the 5 wt% POSS system is smaller
because the higher POSS loading significantly reduces the swelling
capability of the PEO-rich domains. Phenolic molecules are partially
diverted toward hydrogen bonding with the siloxane surfaces of POSS
cages, leaving fewer phenolic species available to swell the PEO chains.
Moreover, the rigid POSS nanocages impose packing constraints and
local structural frustration, suppressing domain expansion. As a result,
the domain spacing remains smaller than that in the 2 wt% POSS blends
despite exhibiting the same compositional trend.

Fig. 6(b) and 6(d) display the SAXS profiles of the phenolic/PEO-b-
PCHCPOSS-2 and phenolic/PEO-b-PCHCPOSS-5 blends after thermal
curing at 150 °C. Compared with the uncured samples at 25 °C, all
thermal curing blends exhibit a shift of the primary scattering maximum
q toward higher q values, corresponding to a reduction of the domain
spacing from ca. 30-44 nm before curing to ca. 25-38 nm for the 2 wt%
POSS system and 20-26 nm for the 5 wt% POSS system. This indicates
that the overall microdomain size contracts during phenolic curing. The
decrease in d-spacing could be rationalized by the thermal curing
chemistry of the phenolic resin. At lower temperatures, phenolic chains
strongly hydrogen-bonded to the PEO/POSS-rich domains and act as a
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swelling agent, enlarging the characteristic length scale. Upon thermal
curing at 150 °C, the structural evolution was observed due to the
reaction-induced microphase separation (RIMPS) process. As a result,
the thermal cured blends display much ordered microphase separation
structure than the uncured samples, evidenced by the emergence of a
single pronounced g* peak ratios with \/ 3 and even \/ 4 shoulder at 30
and 40 wt% phenolic resin with PEO-b-PCHCPOSS-2 blends, suggesting
that local hexagonal packing cylinder is achieved. For the 5 wt% POSS
blends (Fig. 6(d)), the d-spacing is further reduced relative to the 2 wt%
POSS analogues. The higher POSS loading introduces more rigid inor-
ganic cages in the diblock copolymer, which restricts phenolic-induced
swelling and imposes additional packing constraints, effectively
“condensing” the microdomains. In addition, phenolic OH groups pref-
erentially interact with the siloxane surfaces of POSS, further decreasing
the amount of phenolic available to swell the PEO chains. As a result,
after curing the 5 wt% POSS systems retain the same qualitative g* trend
with composition as the 2 wt% systems, but with systematically smaller
domain spacing and a more confined morphology that is essentially
frozen in by the crosslinked phenolic network. In Fig. S5, after thermal
curing of the phenolic/PEO-b-PCHCPOSS-5 at 150 °C, the morphology
observed by TEM is consistent with the SAXS analysis, exhibiting a cy-
lindrical structure. However, because the template has not yet been
removed, it may hinder the visualization of the mesoporous structure,
rendering the pore features in the TEM images not clearly
distinguishable.

3.4. Mesoporous phenolic resin templated by PEO-b-PCHCPOSS diblock
copolymer

To obtain mesoporous phenolic resins templated by PEO-b-
PCHCPOSS, the thermal analyses of pure PEO-b-PCHCPOSS diblock
copolymers were determined by TGA analyses as displayed in Fig. 2(f),
the much lower thermal decomposition temperature of diblock co-
polymers were found than pure PEO segment that are suitable as a
template for mesoporous materials. Thermal calcination at 350 °C was
used to remove PEO-b-PCHCPOSS diblock copolymer that is the same of
PEO-b-PCL template to prepare mesoporous phenolic in this study as
shown in Scheme S2 [17]. Fig. S6 displays the SAXS analyses of the
phenolic/PEO-b-PCHCPOSS-2 = 40/60 blend before and after thermal
treatment that removes the PEO-b-PCHCPOSS template. In Fig. S6(a),
the primary scattering peak is observed at ¢* = 0.212 nm™!, corre-
sponding to the d-spacing of 29.64 nm. The absence of clear higher-
order reflections suggests that the self-assembled structure lacks long-
range order after thermal curing and is most consistent with disor-
dered micellar order or wormlike structure. After thermal curing and
template removal (Fig. S6(b)), the intensity of SAXS pattern increased
significantly and became more ordered structure. A sharper primary
peak was appeared at g* = 0.274 nm ™", corresponding to the d-spacing
of 22.91 nm. In addition, the peaks ratios of /3 and even /4 shoulder
with a more regular hexagonal cylindrical structure. The thermal py-
rolysis could reduce the domain size about 22.7% and such shrinkage is
a typical for mesoporous phenolic resin after thermal condensation.

Fig. 7(a)-7(c) display SAXS analyses of the mesoporous phenolic
materials templated from phenolic/PEO-b-PCHCPOSS-2 blends after
thermal curing and pyrolysis at 350 °C. Fig. 7(a) exhibits the meso-
porous phenolic material formed from phenolic/PEO-b-PCHCPOSS-2 =
30/70 blend, only a primary scattering maximum (g*) at 0.235 nm™!
with d-spacing of 26.74 nm, suggesting relatively loosely micellar or
disordered cylinders, as confirmed by TEM image in Fig. 7(d). This
feature indicates short-range ordering but no long-range periodic
structure. The Ny adsorption-desorption isotherm as shown in Fig. 7(g)
shows a type-IV profile with an H3-type hysteresis loop, characteristic of
disordered mesoporous frameworks with interconnected or slit-like
pores.

This behavior is fully consistent with the SAXS result and TEM image
with reveal disordered micellar-like pore arrangements without long-
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Fig. 7. SAXS profiles, TEM and N, adsorption-desorption isotherms of mesoporous phenolic materials derived from phenolic/PEO-b-PCHCPOSS-2 blends with
compositions of (a, d, g) 30/70, (b, e, h) 40/60, and (c, f, i) 50/50 after thermal calcination at 350 °C.

range hexagonal order. Further increasing phenolic resin to 40 wt%,
Fig. 7(b) displays SAXS pattern of mesoporous phenolic resin templated
by phenolic/PEO-b-PCHCPOSS-2 = 40/60 blend, with the peak ratio of
1: \/ 3: \/ 4 with more regular hexagonal cylindrical structure and already
as mentioned in Fig. S6(b) (¢* = 0.274 nm_l, d-spacing = 22.91 nm), as
also confirmed by TEM image in Fig. 7(e). It reveals a denser array of
nanoscale pores with relatively narrow size distribution and homoge-
neous spatial arrangement. The N» adsorption-desorption isotherm as
shown in Fig. 7(h) shows a type-IV profile with an H3-type hysteresis
loop, characteristic of slit-shaped or wormlike inter-particle mesopores.
An extended uptake at high relative pressures (P/Py = 0.7-1.0) indicates
an interconnected mesopore network rather than isolated spherical
pores. The SAXS pattern of mesoporous phenolic resin templated by
phenolic/PEO-b-PCHCPOSS-2 = 50/50 blend shows the primary peak
(g*) at 0.295 nm ™! with d-spacing of 21.29 nm. A weak but visible
secondary feature at q/q* = \/ 3 indicates the short-range hexagonal-like
correlations. Fig. 7(f) reveals the TEM image with a densely packed
nanostructure consisting of uniform, closely spaced mesopores with
narrow size distribution, matching the SAXS analyses. Ny adsorp-
tion-desorption measurements exhibit a Type-IV isotherm with a strong
H3 hysteresis loop as shown in Fig. 7(i), consistent with an accessible

network of interconnected wormlike or slit-shaped mesopores.

Fig. 8(a)-8(c) show SAXS patterns of mesoporous phenolic resin
templated from phenolic/PEO-b-PCHCPOSS-5 blends after thermal
curing and pyrolysis at 350 °C. Fig. 8(a) displays the mesoporous
phenolic resin templated by phenolic/PEO-b-PCHCPOSS-5 = 30/70
blend where the primary scattering peak at g* = 0.215 nm™! with d-
spacing = 29.22 nm. The presence of a weak secondary feature at g/q* =
\/3 suggests the short-range hexagonal-like structure. However, the
higher-order reflections are notably weaker and less well resolved than
those in the 2 wt% POSS samples, indicating reduced long-range struc-
tural coherence. This behavior implies that increasing the POSS content
to 5 wt% does not significantly alter the average pore—pore spacing, but
instead disrupts the regular packing of the templated domains. The
higher concentration of rigid silsesquioxane cages increases local
packing frustration and suppresses the development of long-range pe-
riodic order, leading to a mesostructure dominated by short-range cor-
relations, as confirmed by TEM image as shown in Fig. 8(d). The
wormlike and locally distorted mesoporous domains suggests that
increased POSS loading introduces packing frustration and suppresses
long-range ordering while preserving the characteristic mesoscale
length. The Ny adsorption-desorption isotherm of the mesoporous
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phenolic resin templated by the 5 wt% POSS-containing diblock copol-
ymer (Fig. 8(g)) also exhibits a Type IV profile, characteristic of meso-
porous materials. A pronounced H3-type hysteresis loop is observed
over the intermediate-to-high relative pressure range (P/Py ~ 0.4-1.0),
indicating the presence of interconnected, non-cylindrical mesopores,
such as slit-like or wormlike pore geometries.

Further increasing phenolic resin to 40 wt%, Fig. 8(b) displays SAXS
pattern of mesoporous phenolic resin templated by phenolic/PEO-b-
PCHCPOSS-5 = 40/60 blend, with the peak ratio of 1:1/3 with short-
range hexagonal cylindrical structure (g* = 0.211 nm ™, d-spacing =
29.79 nm), as also confirmed by TEM image in Fig. 8(e). A highly ho-
mogeneous mesoporous morphology composed of densely packed
nanoscale pores with a relatively narrow size distribution. Although no
long-range periodic lattice is observed, the pores exhibit clear short-
range positional correlations, forming locally ordered domains with
uniform spacing. The corresponding N5 adsorption—desorption isotherm
(Fig. 8(h)) displays a type IV profile, characteristic of mesoporous ma-
terials, together with a pronounced H3-type hysteresis loop over the
relative pressure range of P/Py ~ 0.4-1.0. This hysteresis behavior in-
dicates the presence of interconnected mesopores with slit-like or
wormlike geometries, rather than isolated cylindrical pores. The SAXS
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pattern of mesoporous phenolic resin templated by phenolic/PEO-b-
PCHCPOSS-5 = 50,50 blend shows the primary peak (g*) at 0.208 nm "
with d-spacing of 30.21 nm. The shift of the primary peak toward lower
q values indicates an increased pore-pore center distance, consistent
with a higher effective volume fraction of the block-copolymer template
and reduced framework contraction. Only a weak but visible secondary
feature at q/q* = /3 is discernible, and higher order reflections are
absent, suggesting microphase separation occurring, the limited short-
range order. The uniformly dispersed yet weakly interacting meso-
pores is confirmed by TEM image (Fig. 8(f)) and a Type IV N3 sorption
isotherm with a subdued hysteresis loop, indicating reduced pore con-
nectivity (Fig. 8(i). The BET surface area, pore size and pore volume of
the mesoporous phenolic resins are summarized in Table 2.

In general, the total BET surface area and the pore volume were
decreased upon increasing phenolic concentrations of the templated
PEO-b-PCHCPOSS diblock copolymers. To the best of our knowledge,
this study is the first to fabricate mesoporous phenolic resin using POSS-
based diblock copolymer. Because the POSS units are covalently grafted
to the PCHC backbone, they are confined to the PCHC-rich domains
during RIPS. Upon pyrolysis, PCHC is removed to form mesopores, while
the phenolic carbon matrix shrinks and rigidifies, forcing the thermally
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Table 2
Textual properties of the mesoporous phenolic materilas templated from PEO-b-
PCHCPOSS-2 and PEO-b-PCHCPOSS-5.

Phenolic/ d-spacing  Sggr Poresize  Pore volume (cm®/g)
PEO-b-PCHCPOSS-2 (nm) (m%/g)  (nm)
30/70 26.74 536.9 11.36 0.146
40/60 23.02 427.7 11.04 0.144
50/50 21.29 3109 11.32 0.111
Phenolic/
PEO-b-PCHCPOSS-5
30/70 29.22 419.3 10.76 0.112
40/60 29.72 375.2 10.81 0.108
50/50 30.21 171.2 12.65 0.056

stable POSS residues to remain anchored at the pore walls rather than
migrating into the pore center. This wall-selective retention of POSS is
thermodynamically favored due to the strong interfacial affinity of the
Si-O cage toward the phenolic surface, consistent with the SEM EDS
mapping results as shown in Fig. 9, which reveals a heterogeneous
surface morphology featuring nanoscale domains uniformly embedded
within the polymer matrix, indicating good dispersion without obvious
macroscopic phase separation or aggregation (Fig. 9(b)), corresponding
EDS spectra confirm the elemental composition of the composite,
showing dominant signals from C (Fig. 9(c)) and O (Fig. 9(d)), consistent
with the organic polymer backbone. A distinct Si signal is also observed,
verifying the successful incorporation of POSS cages into the polymer
matrix (Fig. 9(e)).

4. Conclusions

In summary, POSS-containing COs-derived diblock copolymer tem-
plates were successfully developed to generate thermally robust meso-
porous phenolic resin. Blending with phenolic resin produced
microphase separation, as evidenced by two composition-dependent T,
behavior and FTIR analysis revealed competitive hydrogen bonding
among phenolic OH groups, PEO ether units, PCHC carbonate groups,
and POSS siloxane cages. SAXS further showed that phenolic addition
induces the microphase separation in otherwise weakly segregated PEO-
b-PCHCPOSS diblock copolymer, and that thermal curing at 150 °C
promotes reaction-induced microphase separation to lock in locally or-
dered self-assembled nanostructures. Subsequent pyrolysis at 350 °C
removed the PEO-b-PCHCPOSS diblock copolymer template and yielded
mesoporous phenolic frameworks with tunable pore as also confirmed
by TEM image and BET analyses. The POSS moieties covalently
anchored to the PCHC segments are preferentially retained at the pore
walls after template removal, leading to inorganic cage-enriched pore
surfaces that enhance structural stability and inhibit pore collapse dur-
ing thermal processing. Increasing the POSS loading from 2 to 5 wt%
largely preserved the mesoscale spacing but diminished structural
coherence, consistent with packing frustration introduced by the rigid
cages and partial diversion of phenolic hydrogen bonding toward POSS
surfaces, which limits phenolic-driven swelling and suppresses the
development of more ordered pore correlations. Overall, this work es-
tablishes a COz-derived diblock copolymer/POSS hybrid templating
platform in which the mesoscale structure and porosity of phenolic
frameworks could be systematically tuned through controlled hydrogen-
bonding competition, POSS content, and thermal processing.
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