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ABSTRACT: In recent decades, the microphase separation behavior of
diblock copolymers has been extensively discussed, whereby their N}

seit

inherent thermodynamic tendencies enable the bottom-up establish- ‘ e ® . @ . 5
ment of various self-assembled nanostructures. In this study, we ¥© oo o o ;
employed ring-opening polymerization (ROP) to synthesize three linear + 2EC .. & I . . z
poly(ethylene oxide-b-caprolactone) (PEO-b-PCL) diblock copolymers — o g 2 M 3
with different degrees of polymerization but similar volume fractions vut«\m £ - _ .. ‘ I A
and utilized phenolic resin modified with double-decker silsesquioxane 9 ° 9 ° h
(PDDSQ) for controllable wet-brush blending. FTIR analyses revealed """ 06 07 08 09

9nq o Weight fraction of PDDSQ
a competitive hydrogen bonding phenomenon and confirmed that canectone

increasing the chain length led to self-coiling of the segments,

weakening the extent of hydrogen bonding. Through the evaporation-induced phase separation (EISA) mechanism, the cross-
linking of PDDSQ, we obtained the mesoporous hybrid materials after template removal. Remarkably, through temperature-
dependent SAXS, we were able to reproduce the changes in surface energy and d-spacing during the curing process of PDDSQ,
demonstrating the mechanism of reaction-induced microphase separation leading to order—order phase transition. The presence of
DDSQ resulted in a relatively higher y value for the system, allowing for the formation of mesoporous structures such as lamella,
hexagonal-packing cylinder, double gyroid, sphere, and even the less common hexagonal-perforated layer (HPL) structure.
Additionally, the degree of polymerizations of the three diblock copolymers resulted in different a values (a = M}, A/M,, ) for the
blending system, whereby increasing the polymerization degree led to a decrease in the @ value under the same blending weight
fraction, prompting the system to form structures with higher interfacial curvature. TEM images and SAXS patterns served as
evidence of this order—order phase transition. In summary, this study manipulated the polymerization degree of diblock copolymers
to control the level of wet-brush blending in the system, presenting a mesoporous structure phase diagram for different weight
fractions and template chain lengths, providing new insights and the opportunity to form desired self-assembled mesoporous
structures at fixed volume fractions.

B INTRODUCTION relatively simpler method to mediate different self-assembled
structures for varying volume fractions."”

In addition, the molecular weight of the homopolymer in A-
b-B/A or A-b-B/B diblock copolymer/homopolymer blends
strongly affects the self-assembled structures, including order—
order morphological transition or macrophase separation,
which is first proposed by Hashimoto and colleagues.'* The
a value (& = M}, 2/M,}, ») is the ratio based on the molecular
weight of the A segment in the homopolymer and the diblock
copolymer that would have three different phenomena
including (1) wet-brush behavior (@ < 1), (2) dry-brush

Self-assembled structures such as typical lamella (LAM),
hexagonal packing cylinder (HPC), sphere, double gyroid
(DG), and even special Frank—Kasper phases' of immiscible
diblock copolymers (BCP) have been widely investigated
during recent years because of their potential applications
including soft lithography, photonic crystals, nanocomposites,
and mesoporous materials.””’ The synthetic strategies of BCP
with composition and structural variety are mainly from
sequential addition of monomer through controlled living
polymerization techniques or coupling reactions from the
active chain ends with two different polymer chains.*”™"" It is
well-known that the self-assembled structures are primarily
dependent on the volume fraction, interaction parameter (y),
and degree of polymerization (N); however, mediating the
volume fraction is complicated and time-consuming through
the controlled living polymerization.'” As a result, blending
homopolymer (A or B) into an A-b-B diblock copolymer is a
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Scheme 1. Chemical Structures of (a) PEO-b-PCL Diblock Copolymers with Various Chain Lengths and (b) PDDSQ-27
Hybrids and (c) the Phase Diagram of Mesoporous PDDSQ-27 Hybrids Templated by PEO-b-PCL Diblock Copolymers
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behavior (a = 1), and (3) total macrophase separation (a >
1)."*~"7 The dry-brush behavior (@ = 1) indicates that the self-
assembled structures did not change through the addition of
homopolymer into the diblock copolymer; however, a lower
molecular weight of homopolymer A is miscible within the A
block segment (& < 1), resulting in changes in domain sizes or
even changes in self-assembled structures (order—order
morphological transition), which is the “wet-brush” behav-
ior.

Recently, hydrogen bonding has been possible in diblock
copolymer/homopolymer (A-b-B/C) blends'®™' where the
hydrogen bonding interaction of the C homopolymer with
either the A or B block segment also undergoes the order—
order morphological transition even if the molecular weight of
the C homopolymer is larger than that of the corresponding
block copolymer segment (a > 1), as determined by
experimental or theoretical results.”””’ As a result, the enthalpy
term from the strong hydrogen bonding interaction of A/C or
B/C binary blends could overcome the entropy term decrease
from the higher molecular weight of the C homopolymer to
provide the negative value of the Gibbs free energy. For
example, Matsushita et al. used poly(styrene-b-2-vinylpyridine)
(PS-b-P2VP, A-b-B) diblock copolymer blended with poly-
(vinylphenol) (PVPh, C) homopolymer where the PVPh/
P2VP domain has strong intermolecular hydrogen bonding
with microphase separation from the immiscible PS block
segment.”* They observed that the molecular weight of the C
homopolymer strongly affects the self-assembled structures. At
the same volume fraction of the PS block segment (fps =
0.48), blending with a lower molecular weight PVPh
homopolymer (8 or 14 kDa) formed an HPC structure;
however, the higher molecular weight of PVPh (52 kDa) led to
the LAM structure where the molecular weight of the P2VP
block segment was 34 kDa. As a result, when > 1, blending
with 52 kDa PVPh homopolymer did not display macrophase
separation, because the PVPh/P2VP domain had strong
intermolecular hydrogen bonding and blending with the
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lower molecular weight PVPh homopolymer (a < 1); the
chain conformation and the junction point distance were
significantly influenced and thus have the better wet-brush
behavior.”*

During the past decade, the diblock copolymer/homopol-
ymer blends mediated by hydrogen bonding strength have
been widely used to synthesize mesoporous phenolic/silica
materials.”> "> For example, we used the poly(ethylene oxide-
b-caprolactone) (PEO-b-PCL) diblock copolymers where the
fixed molecular weight of PEO is S kDa as the template to
prepare the mesoporous phenolic, silica, or phenolic/silica
materials with DG, HPC, spherical, and Frank—Kasper phase
structures based on the wet-brush behavior by mediating the
competitive hydrogen bonding strength and block copolymer
compositions.”’ Based on these previous studies, we have
widely obtained the phase diagram of mesoporous phenolic,
silica, and phenolic/double-decker silsesquioxane hybrid
(PDDSQ_hybrid) templated by the PEO,;,-b-PCL,, diblock
copolymer with various degrees of polymerization of the PCL
block segment.32 However, in those previous studies,®' >* the
a value (a = M, phenotic/ Mape0 ©F My, popsq/ M, pro) is always
constant for blend systems such as phenolic/PEO,,-b-PCL,,
TEOS/PEO,,-b-PCL,, or PDDSQ/PEO,,-b-PCL,. In this
work, we have investigated the mesoporous PDDSQ_hybrid
phase diagram templated by different PEO-b-PCL diblock
copolymers (nEC) with different degrees of polymerization of
both PEO and PCL block segments, but the similar volume
fractions of block copolymer segments through ring-opening
polymerization required the addition of an equivalent amount
of different molecular weights of poly(ethylene oxide) methyl
ether (M, = 5, 10, and 20 kDa) and é-caprolactone. Small
angle X-ray scattering (SAXS) analyses provide the phase
diagram, and the competitive hydrogen bonding interactions
were characterized by Fourier transform infrared (FTIR)
spectra within the PDDSQ/nEC blends. After the removal of
nEC diblock copolymer templates, the mesoporous structures
based on PDDSQ hybrids were characterized by using SAXS,
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Figure 1. FTIR spectra of C=O0 regions recorded at room temperature of (a) PDDSQ-27/EC, (b) PDDSQ-27/2EC, and (c) PDDSQ-27/4EC
blends and (d) the area fraction of hydrogen bonded C=0 units of PCL segments of PDDSQ-27/nEC blends.

transition electron microscopy (TEM), and N, adsorption/
desorption analyses. Overall, this work could provide the
universal approach for the synthesis of mesoporous structures
by varying the wet-brush behavior by mediating the a value
with composition and competitive hydrogen bonding inter-
action.

B EXPERIMENTAL SECTION

Materials. The ¢-caprolactone monomer and toluene underwent
dehydration using CaH,, which was sourced from Sigma-Aldrich.
Chemicals such as 2-propanol, methanol, paraformaldehyde, tetrahy-
drofuran, acetonitrile, toluene, ethyl acetate, dimethylformamide
(DMF), 1,4-dioxane, hydrochloric acid, and hexane were obtained
from J. T. Baker. Dichloromethane and tin(II) 2-ethylhexanoate were
procured from Alfa Aesar. Various PEO-b-PCL diblock copolymers
with different degrees of polymerization but similar volume fractions
(Scheme 1a; FTIR, GPC, and 'H and "*C NMR analyses in Figure
S1) were prepared by ring-opening polymerization involving the
addition of an equivalent amount of different molecular weights of
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poly(ethylene oxide) methyl ether (M, = S, 10, and 20 kDa) and &-
caprolactone. A phenolic/DDSQ (PDDSQ) hybrid containing 27 wt
% DDSQ _(Scheme 1b; FTIR in Figure S2) was produced through the
step-growth reaction involving DDSQ-4OH, phenol, and paraformal-
dehyde in an alkaline setting.*>*® Composition of PEO-b-PCL
diblock copolymers, polydispersity indices (PDI), and molecular
weights (abbreviated as nEC diblock copolymer; 2EC has nearly two
times the molecular weight for both segments compared to EC) are
summarized in Tables S1. The molecular weight of the PDDSQ-27
hybrid was 4450 Da based-on GPC analysis, and the preparation
route was demonstrated in Scheme S1.%"*3°

Preparation of PPDSQ/nEC Blends and Mesoporous PDDSQ
Hybrids. The PDDSQ_ hybrid was synthesized by regulating the
concentration ratio between DDSQ-40H (POSS framework) and
phenol (resin branches). Specifically, the weight fraction of DDSQ
was maintained at 27 wt % in the PDDSQ matrix used in this study.
Diblock copolymers of PEO-b-PCL (nEC) with varying molecular
weights were prepared at a fixed volume fraction of fpgo = 0.32. To
dissolve blends of PDDSQ/nEC with different ratios, tetrahydrofuran
(THF) was employed, after which the solutions were transferred to an

https://doi.org/10.1021/acs.macromol.4c00665
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aluminum pan. Evaporation-induced self-assembly (EISA) was carried
out by gradually evaporating the solvent at 35 °C over a span of 36 h.
A thermal treatment at 150 °C for 12 h facilitated the cross-linking of
the phenolic groups, thereby solidifying the microstructure.
Subsequently, by subjecting the blends to temperatures exceeding
the pyrolysis threshold of 350 °C for 12 h, the diblock copolymer was
eliminated, leaving behind self-assembled PDDSQ mesoporous
hybrids (Scheme 1c). Finally, a heating process at 800 °C for 6 h
within a tube furnace under a nitrogen atmosphere resulted in the
formation of mesoporous PDDSQ_carbon materials.

H RESULTS AND DISCUSSION
FTIR, SAXS, and TEM Analyses of PDDSQ-27/nEC

Blends. In our previous studies, we extensively investigated
the hydrogen bonding interactions between the OH functional
groups of phenolic resin or PDDSQ_ hybrid and the ether
groups in the PEO block as well as the carbonyl groups in the
PCL block. In this study, our emphasis is on discussing the
influence of altering the overall degree of polymerization (N)
of these diblock copolymers on the hydrogen bonding
interactions within the PDDSQ_blending system, and the
induced structural formations. In Figure S3, upon analyzing the
FTIR spectra of PDDSQ-27/nEC blends, a signal is observed
at 3385 cm™, corresponding to the self-association hydrogen
bonding unit of the pure PDDSQ-27 hybrid in the OH stretch
region. With the incorporation of the various nEC diblock
copolymers, the self-association hydrogen bond shifts to a
lower wavenumber, specifically to 3240 cm™!, as the
concentration of nEC increases. This phenomenon arises due
to the pronounced manifestation of the OH—ether hydrogen
bond at relatively lower PDDSQ_concentrations.””~** Con-
versely, at higher PDDSQ_ concentrations, hydrogen bonds
could concurrently form within both the PEO and the PCL
segments. This phenomenon explains the FTIR spectra of
lower PDDSQ_concentrations presenting a plateau-like curve,
indicating that the OH stretch signal arises from the
superposition of peaks originating from distinct positions.
The intermolecular association constants (K,) for the
phenolic/PEO and phenolic/PCL blends are determined to
be 264 and 116, respectively.”’ > Such closely aligned values
instigate competitive phenomena within the system when
altering the concentration of the hydrogen bond donor,
PDDSQ, as extensively discussed in prior literature. At elevated
PDDSQ_concentrations, hydrogen bonds are established in
both the PEO and PCL block regions. Conversely, under lower
PDDSQ concentrations, preferential interactions are observed
to occur predominantly with the PEO block.

It is noteworthy that, through the analysis of the C=O0O
groups in PCL segments, multiple peaks are observed in the
C=O0 region due to the establishment of hydrogen bonds
facilitated by the presence of phenolic OH functional groups,
as displayed in Figure 1. In the FTIR spectra, pure nEC
diblock copolymers exhibit two absorption bands at 1734 and
1724 cm™, respectively, corresponding to the free (amor-
phous) and crystalline C=0 groups.”’~*’ Upon increasing the
concentration of PDDSQ-27 to 60 wt % and analyzing the
spectra through curve fitting (Figure S4), in addition to the
original peaks, new absorption peaks appear at 1706 cm™! for
blends with varying chain lengths, PDDSQ-27/EC (Figure 1a),
PDDSQ-27/2EC (Figure 1b), and PDDSQ-27/4EC (Figure
1c), these peaks signify the presence of C=0 units influenced
by intermolecular hydrogen bonding. As the concentration of
PDDSQ-27 rises to 70 wt %, PCL’s crystalline peak vanishes
for PDDSQ-27/EC and remains for 2EC and 4EC blends. This
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phenomenon could be explained by the self-screening effect
introduced by the chain length. As the degree of polymer-
ization increases, the segments have a higher chance of self-
coiling, limiting their contact with the functional groups and
reducing the number of formed hydrogen bonds with the
PDDSQ.***" The weaker hydrogen bonds between PDDSQ
and PCL prevent the disruption of crystalline regions in the
C=0 units of 2EC and 4EC. Consequently, we observe the
persistence of peaks at 1724 cm™" in the FTIR spectra. When
the concentration of PDDSQ-27 exceeds 80 wt %, all
crystalline C=O units are disrupted due to the formation of
hydrogen bonds with PDDSQ. Consequently, all block
copolymers with varying degrees of polymerization exhibit
only two distinct C=O peak values, corresponding to the
amorphous phase (free) and the hydrogen bonding influenced
PCL. Additionally, the fraction of hydrogen bonds under
different blending ratios could be similarly identified through
FTIR curve fitting. By analyzing the proportion of peak areas in
FTIR attributed to C=O units influenced by hydrogen
bonding (Figure 1(d)), we can elucidate factors influencing the
fraction of hydrogen bonds. As depicted in Figure 1(d), an
increase in the concentration of PDDSQ-27 provides
opportunities for hydrogen bond formation of the PCL block
segment. The phenomenon of self-coiling brought about by
longer chain segments results in a lower fraction of hydrogen
bonded C=O units of the PCL block segment under
conditions of equal PDDSQ-27 concentration compared to
shorter chain segments. Furthermore, this result can also be
explained by the higher molecular weight of the PEO block
segment; the OH units of the PDDSQ hybrid predominantly
interact with the PEO block segment rather than the PCL
block segment, and thus the lower a value (a = M, pppsq/
M, pgo) would reduce the fraction of hydrogen bonded C=0
units of the PCL block segment. A lower a value also indicates
the wet-brush behavior would have an easy order—order
morphological transition compared with results at a higher o
value as expected.” ™"’

Besides, Figure S5 focuses on the C—O—C stretch of the
PEO segment in the wavenumber range 1260—1170 cm™,
presenting the situation of different weight fractions of
PDDSQ/nEC room temperature blending samples. As an
example, for the pure diblock copolymer template (0/100),
there are two peaks in this range at wavenumbers 1243 and
1190 cm™!, representing the crystalline peaks of PEO itself.
With the introduction of PDDSQ, hydrogen bonds disrupt
crystallization, causing the peak at 1243 cm™' to broaden and
the crystalline peak at 1190 cm™' to disappear. Through peak
fitting, a new peak appears at 1223 cm™', representing the C—
O—C stretch affected by hydrogen bonding, causing the
adjacent crystalline peak at 1243 cm™" to broaden or even form
a plateau. From the FTIR information, as shown in Figure SS,
with the increase in chain length, the peak intensity of PEO
crystallization shows an increasing trend for samples with the
same blending ratio, especially for samples with blending ratios
of PDDSQ/nEC = 80/20 and 70/30, where the growth of the
crystalline peak (1190 cm™) and the weakening of the C—O—
C peak affected by hydrogen bonding (1223 cm™') are
particularly noticeable. This phenomenon could also be
attributed to the self-coiling phenomenon caused by
elongation of the chain length. The increased length of the
PEO segment makes it more prone to coiling and crystallizing.
At the same time, the chance of hydrogen bonding with the
ether functional group of PEO decreases, as evidenced by

https://doi.org/10.1021/acs.macromol.4c00665
Macromolecules 2024, 57, 5958—5970


https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c00665/suppl_file/ma4c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c00665/suppl_file/ma4c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c00665/suppl_file/ma4c00665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c00665/suppl_file/ma4c00665_si_001.pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c00665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

@ Poosa-27/ec = 60140 70130 SJ(“) 80720 (@F 9010 D-spacing Swell
g*=0.196 nm™ q,"=0.185nm" q*=0.185nm™" q q*=0.131 nm"
ol @ d=3275nm 9,9, d,=3396nm | 4} ¢  d=3396nm iy d=47.96mm
2 2
EC 2} % 32 N 2l ¢ V3 Y
K 3.9 u or Y
WA 5 VY ol
2
2
02 04 06 08 1.0 02 04 06 08 10 02 04 06 08 10 02 04 06 08 10
— (c).PDDSQ-27/2EC=60/4O (f)' (2) (h)
3 ) ¢"=0.14 nm"’ af q*=0.132nm] A q¢*=0123nm’ - g*=0.126 nm™'
- 3 . d =44 87 nm q d=47.59 nm d=51.08 nm q d = 4986 nm
2LC = Sy 2
2\y 2 2\ 2 K 2p 1v3
%4 Y
MANN~ ot
2 |\ . o\
2t
02 04 06 08 10 02 04 06 08 10 02 04 06 08 10 02 04 06 08 10
(i). PDDSQ-27/4EC = 60/40 () (k) ()
6 :
q*=0.087 nm"' q* =0.086 nm" N g*=0.084 nm™' ol - q*=0.081 nm’
arq’ d=72.18nm 419 d=173.02 nm 4rq d=7476nm 9 d=7757nm
4EC N N , 2 v\32
0 0 0
2
2 2

02 04 06 08 10 02 04 06 08

-2
1.0

02 04 06 08 10 02 04 06 08 10

q (nm™)

Figure 2. SAXS analyses of (a—d) PDDSQ-27/EC blends, (e—h) PDDSQ-27/2EC blends, and (i—1) PDDSQ-27/4EC blends with various

compositions.

FTIR analysis, explaining the fluctuation between the hydrogen
bonded C—O—C functional group and PEO crystallization
with the increase in the chain length.

Now, we magnify the observation on the scale from atom to
mesophase, where the hydrogen bonding and evaporation-
induced self-assembly (EISA) affect polymer chains collabo-
ratively, arranging them into specific geometry structures. To
characterize the self-assembled structures of PDDSQ-27/nEC
blends after EISA, we performed SAXS analyses on samples
under different conditions, as shown in Figure 2 at room
temperature. Based on Figure 2(a)—(d), starting with the
shortest EC diblock copolymer, the PDDSQ-27/EC = 60/40
blend has a hexagonal packing cylinder structure, with
characteristic g ratios of 1:\/ 3:2:\/ 7. As the concentration of
PDDSQ-27 reaches 70 wt %, some intriguing findings are
revealed in the SAXS patterns. Two first-order g* peaks are
labeled as g;* and g,*; this phenomenon is owing to the
coexistence of two structures, a hexagonal packing cylinder and
lamella. As we could observe, the relative spacing of q,*/q =
1:\/ 3:2 and ¢,*/q = 1:2:3 is consistent with our assumption.
This complex spacing ratio is distinctive and first discovered in
the phenolic/EC binary blend system. For the PDDSQ-27/EC
= 80/20 blend, the sharp peaks with q ratios of 1:\/ 3:2 prove
the existence of the cylinder structure. As the concentration
increases to 90 wt %, the morphology switches to sphere
structure, which is similar to all high phenolic concentration
blend samples.”’ ~*°

When the chain length of the template is doubled, the
regularity of the PDDSQ-27/2EC blend samples decreases, as
evidenced by the broadening and fuzziness of the SAXS peaks.
We regard that, under the conditions of a chain length of 2EC,
all PDDSQ-27 samples with concentrations ranging from 60 to
80 wt % exhibit a short-range ordered cylinder structure, while
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samples with a concentration of 90 wt % exhibit a spherical
structure, as presented in Figure 2(e)—(h). As mentioned
previously,”” the increase in the N value of block copolymer
chains leads to self-coiling, which weakens hydrogen bonding
with the PCL segment. This also signifies a decrease in the
driving force for microphase separation in the self-assembly
system, ultimately preventing the ideal formation of self-
assembled structures. This explains why, as the lengths of block
copolymer chains increase, the phase separation of the formed
structures becomes less clear. Similarly, PDDSQ-27/4EC
blending samples have one spherical micelle for the 90/10
blend and three disorder structures for the 80/20, 70/30, and
60/40 blends, as shown in Figure 2(i)—(1). Additionally, we
notice that, at the same volume fraction, increasing the N
values from EC to 4EC will lower the q* value and enlarge the
d-spacing. When the PDDSQ-27 concentration is fixed at 90
wt %, from EC to 2EC to 4EC, domain size is broadened from
47.96 to 49.86 to 77.57 nm. The variation of the d-spacing
implies that a higher degree of polymerization can affect the
intermolecular interaction and inflate the microphase separa-
tion region further. The result of short-range ordered structure
from PDDSQ-27/4EC = 80/20, 70/30, and 60/40 is due to
the level inflation exceeding the tolerance range of the forming
condition of the self-assembled structure.

What is even more remarkable is that the mixed samples of
the PDDSQ-27/EC 70/30 blend at room temperature
exhibit a unique complex dual-peak combination, simulta-
neously featuring distinct first-order g* peaks for both lamella
and hexagonal packing cylinder structures. Hence, we are
curious to explore how the reaction-induced changes in chain
segments within the system would influence the alterations in
the self-assembled structures. The variable temperature SAXS
patterns have done an excellent job of showcasing changes in
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Figure 3. Variable temperature SAXS patterns for (a) PDDSQ-27/EC = 70/30 and (b) PDDQ-27/EC = 80/20 blends.

morphologies and d-spacing upon heating to 180 °C. PDDSQ-
27 phenolic resin has a relatively high POSS concentration,
and thus, the blending system has a high y value. According to
self-consistent field theory (SCFT),*'~* a system that has a
high y value belongs to a strong segregation region. Thus, a
high y value will make the self-assembled structure more
distinct. Moreover, when the yN value belongs to the low part
of strong segregation region (usually high y and low N),
sophisticated architecture such as double gyroid and
hexagonal-perforated layer could be found. As displayed in
Figure 3(a), by checking the SAXS peaks of the PDDSQ-27/
EC = 70/30 blend, we could obtain two sets of q*/q ratios:
0.%/q = 1:\/3:2:\/7 and ¢,*/q = 1:3, where q,*/q has the
ratio of cylinder and larger d-spacing and g,*/q has the ratio of
lamella and smaller d-spacing. As the temperature rises, during
the 60—120 °C interval, we could clearly observe that the
intensity of q,* declines, while the intensity of g,* increases,
and other peaks become obscure as well. We consider this
phenomenon to be caused by reaction-induced microphase
separation and interfacial energy decrease due to the melting
behavior (T, = 60—70 °C) of PEO and PCL blocks and the
vanishing of hydrogen bonds under rising temperatures.**~*’
Based on thermodynamic theory, when the interfacial energy
decreases, the self-assembly micelle tends to increase its
interfacial surface area in order to minimize the Gibbs free
energy. Thus, the phase transition from the lamella/cylinder
mixture to lamella occurs because of the higher surface area of
the lamella structure. When the temperature reaches 150 °C,
the peaks of the lamella disappear and the structure transforms
to pure hexagonal packing cylinder. This second phase
transition is owing to the surface energy enhancement again;
once the thermal curing process of PDDSQ propagates,
especially over 120 °C, it is cross-linked with a high rigid
structure. As a result, the interfacial surface energy rises again.
Besides, the d-spacing increases along with the formation of the
cross-linked network structure of PDDSQ-27, from 27.31 to
35.69 nm. We also discuss the SAXS patterns of the PDDSQ-
27/EC = 80/20 blend, as shown in Figure 3(b). The room
temperature sample has hexagonal packing cylinder character-
istic q ratios of l:\/ 3:2, and 60—120 °C intervals have the first-
order phase transition from cylinder to lamella. The
languishing of the cylinder’s g* peak and rising of the lamella’s
q* peak and the two g* peak coexisting situations at 60 °C are
evidence of phase transition. The second phase transition
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happened at 150 °C, in which two different blending ratios
have identical temperatures. Lamella structure switches back to
cylinder can be identified by the rapid shrinking of the g* value
and the characteristic ¢* ratio of 1:\/3:\/7 at 180 °C.
Variation of d-spacing is abnormal; from room temperature, we
have 33.69 nm with the cylinder structure. During the first
phase transition, the appearance of the lamella structure makes
the d-spacing decrease, and not until the second phase
transition does the d-spacing rise again to 38.31 nm with the
emergence of the cylinder structure. These two high y blending
samples have clear order—order phase transition behavior and
are sensitive to the variation of interfacial energy, indicating
that, when the PDDSQ blended systems are heated, all of them
could be affected by this phenomenon but to different
degrees.’ "

In the temperature-dependent FTIR analysis, we could
observe the changes in the state of the blend and discuss the
mechanism of the reaction-induced phase separation. Figure S6
presents the variable temperature FTIR analysis in the C=0
stretch region for the blend ratio of PDDSQ-27/4EC = 70/30.
Similar to variable temperature SAXS, recordings were taken
every 30 °C starting from room temperature. In the graph, we
observe that, at 30 °C, the overall signal comprises three
overlapping peaks, representing amorphous PCL at 1734 cm ™,
crystalline PCL at 1724 cm™, and PCL affected by a H bond
at 1706 cm™". As the temperature rises to 60 °C, exceeding the
T,, of PCL, all peaks located at 1724 cm™" shift to 1734 cm™
due to the melting of crystalline PCL. This phenomenon
indicates a change in the microstructure under heating and
explains why a phase transition occurs in variable temperature
SAXS when the temperature reaches 60 °C. As the
temperature continues to rise, the peak at 1706 cm™" gradually
weakens, indicating a decrease in the strength of hydrogen
bonds between PCL and PDDSQ-27. We believe that this
change stems from two reasons. First, an increase in
temperature is unfavorable for the stability of hydrogen
bonds, leading to a decrease in the overall hydrogen bond
strength between PDDSQ-27 and PEO-b-PCL. Second, upon
heating, cross-linking decreases the concentration of —OH
functional groups, and since PEO has an association constant
(K4) higher than that of PCL, —OH groups in the blend
system gradually transfer from the PCL domain to PEO,
prioritizing hydrogen bond formation with PEO, thereby
reducing the hydrogen bond strength of PCL. From Figure S6,
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we observe that this weakening of hydrogen bonds is
consecutive and increases with temperature, which can explain
the reason for the phase transition observed in SAXS analysis
above 60 °C.

Mesoporous PDDSQ Hybrid Materials Templated by
EC Diblock Copolymers. After thermal curing, we used a
pyrolysis temperature of 400 °C for PEO-b-PCL and then
obtained mesoporous PDDSQ-27 hybrid materials. In this
section, mesoporous samples with different blending con-
ditions are introduced. First, we used SAXS patterns to display
the phase transition of morphologies before and after thermal
calcination. Fixing the blending ratio at 60 wt % PDDSQ-27,
SAXS stacking patterns of PDDSQ-27/EC and PDDSQ-27/
2EC blends are shown in Figure 4(a),(b), respectively. The
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Figure 4. SAXS patterns of (a) PDDSQ-27/EC = 60/40 and (b)
PDDSQ-27/2EC = 60/40 blends before (green line) and after (red
line) thermal pyrolysis at 350 °C.

PDDSQ-27/EC blend has a cylinder structure after thermal
curing, and removing the EC diblock copolymer makes the
morphology transform to a lamella structure with classical g*/q
= 1:2:3 ratios, as displayed in Figure 4(a). PDDSQ-27/2EC
exhibits disordered micelle structure after thermal curing and
becomes a double oid structure with peak ratios of
\/2:\/6:\/8:\/16:\/?;:\/50 after removal of the 2EC
template, as shown in Figure 4(b). Here, we observed the
appearance of a peak at the \/ 2 position, which is absent in the
typical double gyroid structure. The emergence of this peak
can be attributed to the deformation of the double gyroid
structure, where two coherent networks undergo deformation
after the removal of the PEO-b-PCL template. This alteration
breaks the inversion symmetry of the double gyroid phase,
resulting in SAXS patterns resembling those of the single
gyroid phase.***’

Herein, we could discover the d-spacing diminishes in both
chain lengths, from 31.4 to 29.91 nm and 51.79 to 44.56 nm
from PDDSQ-27/EC = 60/40 and PDDSQ-27/2EC = 60/40
samples. When the template is removed, the PDDSQ_region
loses the support, and therefore, the d-spacing shrinks.
Moreover, since the temperature is high during the thermal
calcination, the PDDSQ shell might distort slightly; two effects
collaborate to give the opportunity for phase transition to
happen. In Scheme 2, we have an illustration of self-assembled
structures of PDDSQ-27/nEC = 60/40 blends (Scheme 2(a)),
depicting the variation of morphologies after EISA, thermal
curing (Scheme 2(b)), and template pyrolysis (Scheme 2(c)),
respectively. For each thermal treatment, PDDSQ_blending
with EC, 2EC, and 4EC templates is arrayed from the bottom
to the top; the growth size of the model structures also
indicates the increase in the degree of polymerization and d-
spacing.

Figure S shows the self-assembled mesoporous structures
with different blending ratios templated by the shortest EC
chain based on TEM images, SAXS patterns, and N,

Scheme 2. Mesoporous PDDSQ-27 Hybrids (a) from Self-Assembled Structure of PDDSQ-27/nEC = 60/40 Blends, (b) after
EISA and Thermal Curing, and (c) from Template Pyrolysis Mediated by Different Chain Lengths of PEO-b-PCL Diblock

Copolymers

(a)

(b)

(c)

Free isolated PCL region

PEO, -b-PCL,
PDDSQ-27

EISA

Thermal Curing

Template Pyrolysis

Increasing the chain length of PEO-b-PCL

H-bonding in PDDSQ/PEO region
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Figure S. (a—d) SAXS measured at room temperature and (e—h) TEM images and (i—1) N, sorption/desorption isotherms and pore size
distribution for mesoporous PDDSQ hybrids at 77 K templated from PDDSQ-27/EC of (a, e, i) 60/40, (b, f, j) 70/30, (c, g k) 80/20, and (d, b, 1)

90/10 blends.

adsorption/desorption analyses. A long-range order lamella
structure is formed when the concentration of PDDSQ-27 is
60 wt %; SAXS patterns with peak ratios of 1:2:3 as shown in
Figure 5(a) and the TEM image in Figure 5(e) with black and
gray strip packing alternately could also be evidence. N,
adsorption/desorption isotherms recorded at 77 K are
displayed in Figure 5(i), revealing the typical type IV(a)
curve, with a value of P/P, from 0.4 to 0.8 for the capillary
condensation step. H; hysteresis loops are specified, represent-
ing the existence of both blocked and partially opened
mesopores within the slightly collapsed layered structure, and
the mean pore size was 18.9 nm calculated from the Harkins
and Jura model,*” as shown in the inset of Figure 5(i). Figure
6(b) is the TEM image of the B projection surface from the
[100] direction, which has an alternating black strip and
another black strip with equidistance rectangular pores; every
two adjacent strips that have rectangular pores possess
staggered arrangement, which is due to the perforation being
staggered between two neighbor layers. Clean lamella
projection is obtained and represents the projection image
from the C direction, which can prove the presence of an
alternating layer, denoted as C, as shown in Figure 6(c). In
Figure 6(d), we captured the projection of the B and C surface
interface, where the upper one is the [100] plane and the lower
one is the [010] plane, where two surfaces are separated well
and arranged reasonably. The SAXS pattern displays the g*/q
= 1:\/ 3:1/4:1/7 peak ratios, which could prove the existence
of the hexagonal-perforated layer (HPL) structure indirectly in
Figure S5(b), both the characteristic ratios of lamella and
cylinder are detected without any miss. The PDDSQ-27/EC =
80/20 blend has a long-range order double gyroid phase.
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(a) A (Invisible)

.::;_.::i. -

Figure 6. (a) Schematic representation of the HPL morphology and
its cross-sectional pattern from different Miller indices. TEM images
of the mesoporous PDDSQ_hybrid from PDDSQ-27/EC = 70/30
blend that has the same packing order as the projection of (b) B,
[100] direction, (c) C, [010] direction, and (d) interface of B and C,
[110] direction.

Figure S(g) is the TEM image of the (111) projection surface.
Besides, SAXS patterns (Figure 5(c)) with characteristic ratios
of V/2:1/6:/8:/ 16:\}22:\/38:\/50 could be compelling
evidence of the existence of the double gyroid structure.
Finally, this blending system ends up with normal spherical
mesoporous structure (Figure 5(d),(h)), based on SAXS and
TEM analyses, when the PDDSQ-27 concentration is 90 wt %.
Figure S5(i)—(1) shows that N, adsorption/desorption

https://doi.org/10.1021/acs.macromol.4c00665
Macromolecules 2024, 57, 5958—5970


https://pubs.acs.org/doi/10.1021/acs.macromol.4c00665?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c00665?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c00665?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c00665?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c00665?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c00665?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c00665?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c00665?fig=fig6&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c00665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

q (nm)

. V6q* = 0.141 nm’’ q*=0141nm7 4] g =0116nm| [ | q*=0.12nm
q* d=44.46 nm ‘v7 d=5425nm q d=52.35nm
4 4 .
S s 3 \3
< 4 3 y 3
= ¢ \N7 B 2
2 Y
- 1 1
0 0
02 04 06 08 10 02 04 06 08 1.0 02 04 06 08 10

100

Quantity Adsorbed (cm?g)

08

0 0.2 04 0.6 08 1 0 02 04 08 08 1

Relative Pressure (P/P,)

Figure 7. (a—d) SAXS measured at room temperature and (e—h) TEM images and (i—1) N, sorption/desorption isotherms for mesoporous
PDDSQ hybrids at 77 K templated from PDDSQ-27/2EC of (a, e, i) 60/40, (b, f, j) 70/30, (c, g, k) 80/20, and (d, h, 1) 90/10 blends.

isotherms of mesoporous PDDSQ_hybrids from PDDSQ-27/
EC = 70/30, 80/20, and 90/10 blends have typical type IV(a)
curves, and their capillary condensation steps occur at P/P,
from 0.8 to 0.95; H; hysteresis loops are observed from 0.4 to
0.9, 0.45 to 0.95, and 0.45 to 0.95, implying the existence of
long-range order cylindrical pores or double gyroid structures
in mesoporous scale, and the pore size curves are also
displayed as insets with each isotherm.

The degree of polymerization of the entire PEO-b-PCL
block copolymer was doubled, and PDDSQ mesoporous
hybrid materials were prepared by using 2EC as the template.
The SAXS, TEM, and N, adsorption/desorption analyses for
different blending ratios are presented in Figure 7. In Figure
7(a), SAXS peak ratios are observed as
\}2: \/6: \/8: \/16: \/22: \/24, corroborated by the TEM
projection image in Figure 7(e), confirming the presence of
a double gyroid structure in the mesoporous PDDSQ_hybrid
from the PDDSQ-27/2EC = 60/40 blend. Increasing the
PDDSQ-27 concentration to 70 wt % led to the emergence of
hexagonally packing cylinder structures, validated by the TEM
image and SAXS peak ratio of l:\/3:\/4: \/7 (Figure 7(b),(£)).
For PDDSQ-27 concentrations exceeding 80 wt %, SAXS peak
ratios of 1:\/3 were observed (Figure 7(c),(d)), and TEM
analyses (Figure 7(g),(h)) indicated the spherical micelle
structure. Mesoporous PDDSQ-27 materials templated by
2EC exhibited similar nitrogen adsorption—desorption iso-
therms across different ratios, all belonging to type IV(a), with
H, hysteresis types, as displayed in Figure 7(i)—(l).

Figure 8 consolidates all SAXS, TEM, and N, adsorption—
desorption analyses for blends of PDDSQ-27 with the longest
4EC chains at various weight ratios. According to Figure 8(a),
(b), the SAXS peak ratios of mesoporous PDDSQ_hybrids
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from PDDSQ-27/4EC = 60/40 and 70/30 blends are both
1:\/ 3:\/ 4:\/ 7:\/ 9, indicating the HPC structure. However,
TEM images in Figure 8(e),(f) reveal some irregularities in this
HPC structure. This irregularity can be attributed to the self-
coiling phenomenon mentioned earlier, where the highest
molecular weight of 4EC tends to self-coil in the system,
making hydrogen bonding less likely to occur. As shown in
Figure 1(d), 4EC has the lowest proportion of hydrogen
bonded C=0 units among all segments, especially when the
concentration of PDDSQ-27 is low. Consequently, these long
PCL segments may not be adequately restrained by PDDSQ-
27, leading to disordered self-assembled structures, resulting in
overexpanded mesopores or irregular arrangements. When the
weight percentage of PDDSQ-27 exceeds 80 wt %, spherical
micelle structures become the only self-assembled structures,
as evidenced by the 1:1/3 peak ratios in Figure 8(c),(d) and
TEM images in Figure 8(g),(h). Similar to PDDSQ-27/2EC,
nitrogen adsorption—desorption isotherms of mesoporous
PDDSQ hybrids from the PDDSQ-27/4EC samples all belong
to type IV(a), with H, hysteresis loops indicating pronounced
mesopore filling delays.

Additionally, by fixing the weight ratio of PDDSQ-27 and
PEO-b-PCL and focusing on observing the effects of increasing
the template’s degree of polymerization, we obtained a
captivating phase transition phenomenon. Figure S7(a)
shows the SAXS patterns of the mesoporous samples from
PDDSQ-27/nEC = 60/40 blends. We obtained the lamella
structure from the PDDSQ-27/EC sample, mentioned in the
last paragraph. As the template doubles the chain length from
EC to 2EC, a double gyroid complex structure is formed,
which is verified by SAXS peak ratios. It is the first time we
have discovered the phenolic resin-based hybrid materials with
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Figure 8. (a—d) SAXS measured at room temperature and (e—h) TEM images and (i—1) N, sorption/desorption isotherms for mesoporous
PDDSQ hybrids at 77 K templated from PDDSQ-27/4EC of (a, e, i) 60/40, (b, f, j) 70/30, (c, g, k) 80/20, and (d, h, 1) 90/10 blends.

a double gyroid structure in a high degree of polymerization
condition; normally, this complex structure tends to form at
high y and low N and transforms to pure cylinder or lamella as
the N value increases."”~'**"*°73% Once the chain length goes
up to 4EC, we obtain a slightly irregular HPC structure. To
explain the mechanism for this phase transition caused by an
increase of the degree of polymerization, a significant idea
needs to be elaborated, the wet-brush behavior of the blending
system and the screening effect of hydrogen bonding. In
Scheme 2, the PEO-b-PCL diblock copolymer has phase
separation and is split into two domains. After blending with
the PDDSQ-27 hybrid, the hydrogen bonding between PEO
and PDDSQ-27 will make them stick together, and because the
molecular weight of PDDSQ-27 is smaller than PEQO’s, it will
be dissolved in PEO chains and inflate the domain (brown
region); this phenomenon is also called wet brush. As the
degree of polymerization increases, 2EC has 2 times molecular
weight and chain length compared to EC, but the same volume
fraction for PEO and PCL block segments. Since the molecular
weight of the PDDSQ-27 remains unchanged, a,z¢ is smaller
than o, this means that the level of wet brush is higher when
the molecular weight of diblock copolymers increases. Thus,
PDDSQ-27/4EC has the greatest wet-brush condition, and
PDDSQ-27 are well dispersed in the PEO domain. We
consider that the level of wet brush is the indicator of the
tendency for chains to stretch. If we have two phase separation
cases with identical volume fractions, one consists of long
blocks (PCL) and the other consists of long blocks and short
chains in the wet-brush condition (PDDSQ-27 and PEO). The
wet-brush one has higher conformational entropy loss owing to
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the swells of the microdomain and the stretch of the chains.
Therefore, when the level of wet brush increases, the entropic
penalty becomes dominant, surpassing the enthalpic penalty,
raising the interfacial curvature between two domains.
Conclusively, the degree of polymerization increase will
enlarge the chain length difference between PDDSQ-27 and
block copolymers, and the wet-brush domains are prone to
stretch and swell, leading to larger interfacial curvature. With
this idea, we could understand why LAM transforms to DG
and why DG transforms to cylinder (CYL) structure when the
chain length increases because of the rising of interfacial
curvature. The model structures are displayed in Scheme 2(c).
Besides, it is worth mentioning that d-spacing rises obviously
from 31.25 to 44.46 to 64.11 nm as the chain length increases,
which is derived from the elongation of the template causing
the micelle to enlarge. For mesoporous materials, the larger
size of a micelle is equivalent to a bigger pore size; therefore,
the d-spacing is increased when the degree of polymerization is
raised.

When the PDDSQ-27 concentration is increased to 70 wt %,
HPL is formed from the PDDSQ-27/EC = 70/30 blend, as
explained in the previous paragraph. As the chain length rises,
both 2EC and 4EC samples are cylinder structures, verified by
the SAXS curve presented in Figure S7(b). Similarly, the phase
transition of PDDSQ-27/nEC = 70/30 blends occurs toward
the increase of interfacial curvature, consistent with the
enhancement of the wet-brush level. The d-spacing was
increased from 31.73 to 45.86 to 67.56 nm from EC to 2EC
to 4EC, respectively. Table 1 summarizes the BET information
for all of the mesoporous PDDSQ hybrids. Based on this data,
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Table 1. Mesoporous PDDSQ-27 Hybrids Templated by
nEC Diblock Copolymers from SAXS and N, Sorption/
Desorption Isotherm Analyses

d- Pore Pore

spacing SIZET SzM Vol%me size

Samples (nm) (m*/g) (m%/g) (cm’/g) (nm)
PDDSQ-27/EC = 6/4 31.28 432 382 0.071 18.9
PDDSQ-27/2EC = 6/4 44.46 538 447 0.157 27.1
PDDSQ-27/4EC = 6/4 64.11 642 580 0.216 S1.1
PDDSQ-27/EC = 7/3 31.81 327 299 0.086 159
PDDSQ-27/2EC = 7/3 45.86 359 319 0.126 25.6
PDDSQ-27/4EC = 7/3 67.56 487 446 0.198 44.6
PDDSQ-27/EC = 8/2 34.71 280 261 0.093 17.8
PDDSQ-27/2EC = 8/2 52.35 881 783 0.217 26.5
PDDSQ-27/4EC = 8/2 66.98 911 865 0.237 58.9
PDDSQ-27/EC = 9/1 49.43 501 432 0.068 14.4
PDDSQ-27/2EC = 9/1 54.25 609 471 0.114 39.7
PDDSQ-27/4EC = 9/1 71.31 733 663 0.169 42.1

several conclusions could be drawn. First, through the TEM
images and BET pore size information provided in the
preceding paragraphs, we could confirm that the pores of all
samples in this study belong to the mesoporous scale (2—50
nm). Second, as we increase the degree of polymerization of
the template, the pore size and surface area of the mesoporous
materials will definitely increase. Additionally, we observed
that, under the same template molecular weight, the surface
area of DG, LAM, and HPL structures is lower compared to
hexagonal (HEX) and spherical (SPH) structures. This
suggests that, in this system, the self-assembled micelles
arranged in HEX or SPH configurations pack more tightly
against each other.

Figure 9 and Scheme 1(c) depict phase diagrams of all
mesoporous PDDSQ-27 hybrids after template removal,

L = Lamellae, PL = Perforated Lamellae, G = Double Gyroid, C = Cylinder, S = Sphere

20,000

Molecular weight (g/mol)

©

10,000 T
0.6

0.7 0.8
PDDSQ Weight Fraction

Figure 9. Mesoporous structure phase diagram of the PDDSQ-27
hybrid templated from PDDSQ/nEC blends from SAXS and TEM
analyses.

illustrating different blending ratios and template molecular
weights. Here, two points need to be highlighted. First, it is
noticeable that the level of wet-brush behavior affects the phase
formation in the PDDSQ-27 blending system. As the chain
length enlarges, the a value becomes smaller, and the structure
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with high interfacial curvature starts to substitute for the low
interfacial curvature structure. For example, double gyroid
substitutes the lamella from EC to 2EC and cylinder
substitutes double gyroid from 2EC to 4EC. From another
perspective, as the chain length increases, the self-assembled
system would favor the formation of high interfacial structure
such as sphere or cylinder; thus, the appearance weight fraction
interval of these phases will dominate for the high N value
templated mesoporous PDDSQ hybrids. Second, a new phase
is discovered. So far, for structures that belong to the complex
packing window (CWP), only double gyroid is discovered in
the PDDSQ-25/EC blending system.”’ " In this section, we
apply the PDDSQ-27 and obtained the double gyroid in both
EC and 2EC chain lengths; furthermore, we observe a new
phase that has not been seen before in any mesoporous
PDDSQ or phenolic materials, hexagonally perforated layer
(HPL), whose authenticity is verified by TEM and SAXS. HPL
structures are typically metastable, as they may exist at
relatively lower energy states but can transition into more
stable structural forms, such as the double gyroid structure,
over prolonged periods or through annealing processes.
However, because the materials in this study underwent
thermal treatment for solidification, the mesoporous structure
remained stable, preventing such phase transitions. Therefore,
achieving a stable HPL structure is a particularly remarkable
outcome.

B CONCLUSIONS

Various PEO-b-PCL diblock copolymers with the same volume
fraction but each block segment with different degrees of
polymerization are synthesized via ring-opening polymer-
ization as the templates to prepare mesoporous hybrid
materials by blending with PDDSQ. By controlling the weight
ratios of the blends, competitive phenomena arise between the
OH groups of PDDSQ and the hydrogen bonds between PEO
and PCL blend segments. With an increasing template chain
length, the proportion of hydrogen bond-affected C=O
decreases gradually within the PCL segments. SAXS analysis
allows us to observe the phase-separated structures and
changes in d-spacing after EISA, particularly regarding the
enhancement of wet-brush behavior due to increased N values
leading to phase transitions and the appearance of a double
first-order peak in the LAM and CYL mixed structure. Phase
transitions caused by changes in surface energy due to melting
or curing of components are recorded in the temperature-
dependent SAXS overlays. A series of mesoporous PDDSQ
hybrids with different structures, including LAM, HPL, DG,
HPC, and SPH, are obtained after the high-temperature
decomposition of EC templates, all exhibiting high surface
areas and pore volumes. Through BET, SAXS, and TEM
analyses, we could understand the phase transitions brought
about by increasing the degree of polymerization of the
template while fixing the blending weight fraction, confirming
that increasing N values can regulate the degree of wet-brush
behavior in the system, thereby preparing self-assembled
ordered structures with different interfacial curvatures at the
same blending weight fraction. Overall, this work demonstrates
a method to obtain mesoporous structures in HPL and DG
configurations and explains why changing the degree of
polymerization of the block copolymer can induce phase
transitions through wet-brush theory and competitive hydro-
gen bonding phenomena.
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