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ABSTRACT: We used ring-opening living polymerization to synthesize various linear poly(ethylene oxide−b−caprolactone)
(PEO-b-PCL, EC) diblock copolymers featuring PCL blocks of various molecular weights and prepared phenolic resins with various
double-decker silsesquioxane (DDSQ) cage compositions in the form of phenolic/DDSQ (PDDSQ) hybrids. Upon forming
PDDSQ/EC blends, competitive hydrogen bonding of the phenolic OH units of PDDSQ occurred with both ether units of the PEO
block and C�O units of the PCL block, with the fraction of hydrogen-bonded C�O groups increasing upon increasing the
PDDSQ compositions but decreasing upon increasing the molecular weight of the PCL block in EC diblock copolymers. Small-angle
X-ray scattering revealed the self-assembled structures and corresponding phase diagram of these PDDSQ/EC blends after thermal
polymerization at 150 °C, with the d-spacing increasing upon increasing the molecular weight of PCL block in the EC diblock
copolymers. After removal of the EC diblock copolymer template, we obtained mesoporous phenolic/DDSQ hybrids possessing
high surface areas and pore volumes, with the highly ordered mesoporous structures featuring double-gyroid, hexagonal-packing
cylindrical, spherical, and even Frank−Kasper (FK) structures depending on the molecular weight of PCL block and the content of
the PPDSQ hybrid. Overall, this study provides a general principle for obtaining mesoporous double-gyroid and FK phases mediated
by diblock copolymer compositions through competitive hydrogen-bonding interactions.

■ INTRODUCTION

The self-assembly of linear diblock copolymers in the bulk
state, forming body-centered cubic (BCC), hexagonal-packing
cylinder (HEX), double-gyroid (DG), and lamellae (LAM)
structures, mediated by the interaction parameter (χ), volume
fraction ( f), and molecular weight (N), is being investigated
widely because of their potential applications in nanopatterns,
nanocomposites, drug delivery, and electronic and photonic
devices.1−10 Blending diblock copolymers with homopolymers,
copolymers, nanoparticles, and organic−inorganic hybrids to
vary the volume fractions and interaction parameters, mediated
by hydrogen-bonding interactions, is another simple approach
toward fabricating various self-assembled structures.11−25

Recently, Frank−Kasper (FK) phases, including A15, σ, C14,
and C15 phases, have also been observed in the phase

diagrams of diblock copolymers through both experimental
studies and theoretical predictions.26−41

The highly ordered local and complex lattice structures of
FK phases were first found in metal alloys; here, the
coordination number (CN) should be greater than 12 for at
least one polyhedron, while other topologically close-packed
polyhedrons should have CNs of 12, 14, 15, or 16.42−45

Slightly distorted tetrahedra are always observed because
regular tetrahedra could not occupy the space completely;
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thus, these tetrahedra would be impossible to exist if all of the
polyhedra were exactly highly regular.42−45 The FK phases
C14, C15, A15, σ, H, and Z (and 22 others) have been
observed experimentally in soft-matter systems, including
block copolymers, liquid crystals, dendrimers, and giant
amphiphiles based on inorganic polyhedral oligomeric
silsesquioxane (POSS) cages or other inorganic nano-
particles.46−53

FK σ and A15 phases have appeared in block copolymers
with asymmetric compositions, conformations, or architec-
tures; for example, a complex tetrablock copolymer could
possibly self-assemble into the A15 phase at a certain
temperature or at a small compositional window while
heating.54 Therefore, nonlinear materials, such as star
architectures or conformationally asymmetric structures (e.g.,
ABCA or ABn materials), were usually found to possess FK
phases in earlier studies.32,55,56 Nevertheless, simple linear
diblock copolymers displaying conformational asymmetry with
various segment lengths (e.g., linear poly(dodecyl acrylate-b-
lactide) diblock copolymers) have also been observed to form
the σ or A15 phase.57 Small-angle X-ray scattering (SAXS) and
the predictions of self-consistent field theory have revealed that
a volume fraction of the lactide block copolymer segment of
0.23−0.25 could possibly form the A15 phase. In addition,
blending a homopolymer with a diblock copolymer�for
example, poly(1,4-butadiene) with poly(styrene-b-1,4-buta-
diene)�can also result in FK C14, C15, and σ phases. Here,
varying the molecular weight of the poly(1,4-butadiene)
homopolymer can lead to wet- or dry-brush behavior, thereby
optimizing the minimal surface free energy and maxima of the
local particle sphericity, resulting in the formation of FK
phases; in this case, a higher molecular weight of poly(1,4-
butadiene) has led to stronger localization in the spherical
region.38,58 We have proposed that the mesoporous FK phases
could also be obtained through the templation of linear PEO-
b-PCL diblock copolymers into phenolic/double-decker
silsesquioxane hybrids (PDDSQ hybrids).59 Although our
group has widely studied the self-assembly of the PEO114-b-
PCL87 ( f PCL = 0.67; LAM) diblock copolymer as the template
for mesoporous silica, phenolic, and phenolic/silica hybrids,
only the HEX and BCC structures have been observed in silica
and phenolic/silica hybrids and the DG, HEX, and BCC

structures in the phenolic matrices.23,60−67 As a result, the
PDDSQ/EC hybrid system was the first ever found to feature
mesoporous FK phases templated by a linear symmetric block
copolymer in an organic/inorganic PDDSQ hybrid.59

In this present study, we investigated the phase diagram of
mesoporous PDDSQ hybrids templated by various PEO-b-
PCL diblock copolymers to understand the general principles
affecting these systems. We used ring-opening living polymer-
ization to prepare various linear PEO-b-PCL diblock
copolymers featuring different molecular weights of the PCL
block and prepared phenolic resins with various DDSQ cage
contents in the form of PDDSQ hybrids. Fourier transform
infrared (FTIR) spectra and the phase diagram constructed
based on small angle X-ray scattering (SAXS) analyses revealed
that competitive hydrogen bonding occurred within the
PDDSQ/EC blends, with the phenolic OH units of PDDSQ
interacting with both ether units of the PEO block and the
C�O units of the PCL block. After the removal of the EC
diblock copolymer template, we used SAXS, N2 adsorption/
desorption isotherms, and transition electron microscopy
(TEM) images to investigate the structures of the resulting
self-assembled mesoporous PDDSQ materials. Overall, this
study provides a general principle for obtaining mesoporous
double-gyroid and FK phases by varying the compositions of a
block copolymer and influencing its competitive hydrogen
bonding interactions.

■ EXPERIMENTAL SECTION
Materials. Phenyltrimethoxylsilane, methyldichlorosilane, nadic

anhydride, triethylamine, sodium hydroxide (NaOH), Pt(dvs),
phenol, 4-aminophenol, charcoal, magnesium sulfate (MgSO4),
CH2O, 2-propanol, tetrahydrofuran, methanol, toluene, dimethylfor-
mamide (DMF), acetonitrile, 1,4-dioxane, ethyl acetate (EtOAc), and
hydrochloric acid (HCl) were purchased from Acros. PEO-b-PCL
diblock copolymers (Scheme 1a; 1H and 13C NMR spectra in Figures
S1 and S2) and phenolic/DDSQ hybrids (Scheme 1b; FTIR spectra
in Figure S3) were synthesized according to previously reported
procedures.59−68 The molecular weights, polydispersity indices (PDI),
and compositions of PEO-b-PCL diblock copolymers (abbreviation as
EC diblock copolymer; EC1 and EC5 indicated the lowest and
highest degree of polymerization of PCL block segment in these
diblock copolymers, respectively) and phenolic/DDSQ hybrids

Scheme 1. Using (a) EC as Templates in (b) Phenolic/DDSQ Hybrids, with Evaporation Induced Self-Assembly (EISA) and
Thermal Curing Leading to (c) PDDSQ/EC Blends, with Subsequent Thermal Calcination Removing the EC Templates and
Forming (d) Mesoporous PDDSQ Hybrids
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(abbreviation as PDDSQ in Scheme S1)68 are summarized in Tables
S1 and S2.

Self-Assembled PDDSQ/EC Blends and Mesoporous PDDSQ
Hybrids. Various amounts of PDDSQ (featuring various DDSQ cage
compositions) and EC diblock copolymers (with various volume
fractions of their PCL blocks) were stirred in THF until complete
dissolution. The solution was placed in an Al pan, and the solvent was
then slowly evaporated for 2 days at 45 °C, with the structure formed
based on evaporation-induced self-assembly. The resulting solid
compound was heated at 150 °C for 1 day to provide the self-
assembled structures of PDDSQ/EC hybrids through thermal curing
polymerization (Scheme 1c). The EC diblock copolymers were
subsequently removed through pyrolysis at 400 °C for 1 day to obtain
the mesoporous PDDSQ hybrids (Scheme 1d).

■ RESULTS AND DISCUSSION
FTIR Spectra and SAXS Analyses of PDDSQ-25/EC

Blends. In previous reports, we have widely discussed the
hydrogen-bonding interactions of phenolic OH groups with
ether units of PEO block and the C�O units of PCL
block.69−71 For convenience, in this study, we selected the
PDDSQ-25/EC2, PDDSQ-25/EC3, and PDDSQ-25/EC4
blends as examples for FTIR spectral analyses, as displayed
in Figure S4. The spectrum of pure PDDSQ-25 containing 25
mol % DDSQ displayed two signals for its OH groups at 3545
and 3385 cm−1, representing free and self-association hydro-
gen-bonded OH units, respectively. The intensity of free OH
units was decreased upon increasing the content of the EC
copolymer; the signal for the self-associated OH units was
shifted to lower wavenumber (to 3240 cm−1), because of the
OH···ether intermolecular hydrogen bonding, at lower
PDDSQ contents, whereas it became broad at higher
PDDSQ contents because of hydrogen bonding with both
the PEO and PCL blocks. Because the intermolecular
hydrogen bonding in PDDSQ/PEO blends (KA = 264) is
stronger than that in PDDSQ/PCL blends (KA = 116), as we
have discussed widely in previous reports,59,69−71 the phenolic
OH units were preferred to interact with PEO block at lower
PDDSQ concentrations; however, they interacted with both
PEO and PCL blocks at relative higher PDDSQ contents.
Most importantly, the C�O units of PCL block segments in

EC diblock copolymers were sensitive to the presence of the
phenolic OH groups in the PDDSQ hybrids (Figure 1). FTIR
spectra of the pure EC diblock copolymers all featured two
absorptions at 1734 and 1724 cm−1, representing the
amorphous (or free) and crystalline C�O units, respec-
tively.69,70 Upon increasing the PDDSQ-25 concentration to
50 wt %, the absorption for the crystalline C�O groups at
1724 cm−1 disappeared for the PDDSQ-25/EC2 and PDDSQ-
25/EC3 blends (Figure 1a,b), but it remained for the PDDSQ-
25/EC4 blend (Figure 1c), indicating that an increase in the
molecular weight of PCL block in EC diblock copolymer led to
the decrease in the fraction of C�O groups hydrogen bonding
with phenolic OH groups as expected. Further increasing the
PDDSQ-25 content to greater than 60 wt % led to another
new absorption appearing near 1703 cm−1 due to the
intermolecularly hydrogen-bonded C�O units of the PCL
segment. The fraction of hydrogen-bonded C�O units could
be determined through curve fitting, revealing that it increased
upon increasing the PDDSQ compositions in these three
PDDSQ-25/EC blends. Figure 1d summarizes the hydrogen-
bonded C�O fractions in all of these PDDSQ-25/EC blends;
these values increased upon increasing the PDDSQ content

but decreased upon increasing the molecular weight of the
PCL block in the EC diblock copolymers, as expected.

To examine their self-assembled structures of PDDSQ-25/
EC blends after thermal curing at 150 °C, Figure 2 and Figure
S5 present their SAXS patterns. The pure EC diblock
copolymers possessed LAM character, with SAXS peak ratios
of 1:2, as displayed in Scheme 2a; this character was confirmed
using TEM.60−67 All of the PDDSQ-25/EC1 blends possessed
micelle spherical structures based on their single broad peaks,
as displayed in Figure S5. Because the low molecular weight
(low N) of the PCL block would enhance the weak segregation
strength (low χN), these blends displayed the short-range
order of spherical structures. Figure 2 reveals the behavior of
the other EC diblock copolymers as templates. At a PDDSQ-
25 concentration of 50 wt %, the long-range order of the LAM
structure was evident in Figure 2a−d, with peak ratios of 1:2:3
and the first-order q* peaks shifted to slightly lower q values,
indicating that the content of the micro-phase domain
increased with the increase of molecular weight of PCL
block in EC diblock copolymers as expected. Increasing the
PDDSQ content to 60 wt % resulted in the long-range order of
bicontinuous DG structures being observed, with the peak
ratio of 2 : 6 : 8 : 14 : 16 : 20 : 22 : 24 appearing in the
pattern of the PDDSQ-25/EC2 = 60/40 blend in Figure 2e.
The other PDDSQ-25/EC3, PDDSQ-25/EC4, and PDDSQ-
25/EC5 = 60/40 blends all retained LAM structures, with peak
ratios of 1:2:3 (Figure 2f,h). Further increasing the PDDSQ

Figure 1. (a−c) FTIR spectra for C�O absorption recorded at room
temperature of (a) PDDSQ/EC2, (b) PDDSQ/EC3, and (c)
PDDSQ/EC4 blends after thermal curing at 150 °C. (d) Area
fraction of the hydrogen-bonded C�O units in PDDSQ/EC-x
blends.
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concentration to 70 and 80 wt % resulted in the appearance of
peak ratios of 1: 3 : 4 , and even 7 , 9 , or 12 , being
observed (Figure 2i−p), indicating that all of the blends
possessed the long-range order of HEX structures. Further-
more, the patterns of all of the PDDSQ-25/EC = 90/10 blends
also featured a single broad peak, similar to those in Figure S5,
indicating the presence of micelle spherical structures (for
brevity, data not shown). Based on the SAXS analyses in
Figure 2, we conclude that the d-spacing increased upon
increasing the molecular weight of the PCL block in the EC
diblock copolymers. For example, the d-spacing increased from
30.63 to 39.74 nm upon proceeding from the PDDSQ/EC2 to
PDDSQ/EC5 = 70/30 blend, because the hydrogen-bonded

C�O fraction was decreased upon increasing the molecular
weight of PCL block in EC diblock copolymer; thus, the
domain size of the HEX structure formed from free isolated
PCL domain would expand as displayed in Scheme 2b.

More interestingly, we observed the DG structure for the
PDDSQ-25/EC2 = 60/40 blend system in Figure 2e. As
mentioned above, only HEX and BCC self-assembled
structures have formed when using the EC2 diblock copolymer
as the template for silica and phenolic/silica hybrids, with the
DG structure never observed; in contrast, the DG structure has
been obtained in mesoporous phenolic resin. As a result, we
became interested in examining the evolution of the DG
structure for this present blend system. Figure 3 displays the in

Figure 2. SAXS patterns of PDDSQ-25/EC blends after thermal curing at 150 °C: (a−d) 50/50, (e−h) 60/40, (i−l) 70/30, and (m−p) 80/20
blends with (a, e, i, m) EC2, (b, f, j, n) EC3, (c, g, k, o) EC4, and (d, h, l, p) EC5.
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situ SAXS patterns determined during the thermal curing
procedure. At room temperature, we observed the short-range
order of the HEX structure, with peak ratios of 1: 3 : 4 ;
increasing the temperature to 65 °C (above the melting points
of the PEO and PCL blocks), we observed the long-range
order of the HEX structure because the crystalline domain
effect of the PEO and PCL segments had disappeared. The
first peak shifted to a lower value of q (d = 26.49 nm at 25 °C)

upon increasing the thermal curing temperature to 100 °C (d =
28.03 nm) because of the thermal expansion, as expected. After
thermal curing at 150 °C, the long-range order of a
bicontinuous DG structure was observed with peak ratios of

2 : 6 : 8 : 14 : 16 : 20 : 22 : 24 . This phenomenon is
the result of so-called “reaction-induced microphase separa-
tion” in thermoset/thermoplastic blend systems.72−75 During
thermal curing, the molecular weight of PDDSQ would
increase significantly and the entropy of mixing would decrease
significantly, resulting in an unfavorable Gibbs free energy and,
thus, microphase separation from the block copolymers.
Because the DG structure is generally observed in the weak-
segregation region (low χN), the lower molecular weight of the
PCL block in the EC2 diblock copolymer (EC2) may have
induced the presence of the DG structure in the PDDSQ
matrix, a structure that we did not observe with EC3, EC4, and
EC5. A high-molecular-weight EC diblock copolymer used as a
template to form phenolic/silica hybrids could be considered
to be providing a high value of χN because the inorganic silica
or POSS cage would induce a high value of χ due to
immiscibility with the organic polymer matrix.

Figure 4 summarizes the phase diagram of all the PDDSQ/
EC blends featuring different molecular weights for the PCL
block in the EC diblock copolymers. With the lowest
molecular weight of PCL found in the EC1 diblock copolymer,
most of its blend compositions featured the micelle spherical
structure, with the only disorder structure appearing for
PDDSQ-25/EC1 = 90/10. The PDDSQ-25/EC2 blend system

Scheme 2. Possible Self-Assembled Structures, Hydrogen-Bonding Interactions, and Mesopore Sizes for PDDSQ/EC System
Prepared with Various Molecular Weights of the PCL Block in the EC Diblock Copolymers

Figure 3. In situ SAXS patterns of PDDSQ/EC2 = 60/40 blends,
recorded after thermal curing at various temperatures.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c01585
Macromolecules 2022, 55, 8918−8930

8922

https://pubs.acs.org/doi/10.1021/acs.macromol.2c01585?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01585?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01585?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01585?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01585?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01585?fig=fig3&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c01585?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


formed a full array of self-assembled structures, extending from
LAM, DG, HEX, and finally to spherical structures. Increasing
the molecular weight of the PCL block in the EC diblock
copolymers to give EC3, EC4, and EC5 resulted in only the
LAM, HEX, and spherical structures being observed, consistent
with the predicted phase diagram.69 As a result, we conclude
that the PDDSQ/EC blend system displayed wet-brush
behavior76,77 because the self-assembled structures were readily
tuned upon increasing PDDSQ content due to intermolecular
hydrogen bonding of the phenolic OH groups of PDDSQ with
both the PEO and PCL blocks, as displayed in Scheme 2b.

Mesoporous PDDSQ Hybrids. After thermal curing, we
used thermal calcination to remove the EC templates and
obtain mesoporous PDDSQ-25 hybrids. Figure 5 compares the
SAXS patterns recorded before and after the calcination
procedure. The first peaks shifted to higher values of q after
thermal calcination of both PDDSQ-25/EC2 = 60/40 and
PDDSQ-25/EC4 = 70/30, indicating that the domain size of

the mesoporous materials had decreased due to shrinkage of
the PDDSQ framework during the thermal calcination, as
expected. Figure S6 presents the SAXS patterns of the
mesoporous PDDSQ hybrids templated by the PDDSQ-25/
EC-x = 50/50 and PDDSQ-25/EC-x = 90/10 blends. We
obtained disordered patterns for the mesoporous PDDSQ
hybrids templated at a 50 wt % PDDSQ content (Figure S6a),
originally featuring LAM structures (Figure 2a−d); thus, the
LAM structures were presumably destroyed, forming silt
structures or disordered mesoporous structures.

Figure 6 presents the SAXS patterns and TEM images of the
mesoporous PDDSQ hybrids templated by the various EC
block copolymers at 60 wt % PDDSQ-25 content. For the
mesoporous PDDSQ hybrid templated from PDDSQ-25/EC1
= 60/40, Figure 6a reveals the short-range order of micelle
spherical structures based on the single broad peak, as
confirmed through TEM analysis in Figure 6f. Figure 6k
presents the N2 adsorption/desorption isotherms of these
mesoporous PDDSQ hybrids recorded at 77 K. The isotherms
featured typical type IV curves, with values of P/P0 ranging
from 0.40 to 0.80 for the capillary condensation step and H2
hysteresis loops observed in the relative pressure range from
0.4 to 0.7, implying inkbottle-shaped pore structures. Figure
6b,c displays the SAXS patterns of the mesoporous PDDSQ
hybrids formed from PDDSQ/EC2 and PDDSQ/EC3 = 60/
40, indicating the long-range order of DG structures with peak
ratios of wi : 6 : 8 : 14 and 6 : 8 , respectively, as
confirmed from the TEM images in Figure 6g,h. Figure 6l,m
provides the corresponding N2 adsorption/desorption iso-
therms of these three mesoporous PDDSQ hybrids recorded at
77 K. The typical type IV curves featured sharp capillary
condensation steps at values of P/P0 from 0.85 to 0.95 and H1
hysteresis loops in the relative pressure range from 0.4 to 0.9,
implying the presence of large and branched cylindrical pore
structures as well as the presence of mesoporous DG
structures.

Further increasing the molecular weight of the PCL block in
the templating EC diblock copolymer, Figure 6d,e displays the
long-range order of mesoporous HEX structures with peak
ratios of 1: 3 : 4 : 7 : 9 , as confirmed in the TEM images in
Figure 6i,j and the corresponding N2 adsorption/desorption
isotherms in Figure 6n,o. Again, the typical type IV curves
revealed sharp capillary condensation steps at values of P/P0
from 0.85 to 0.95, but in these cases, we observed H2a
hysteresis loops appearing in the relative pressure range from
0.4 to 0.9, suggesting the presence of large buckled cylindrical
and cage-like mesoporous structures. The mesoporous
PDDSQ hybrids prepared at 60 wt % PDDSQ content and
templated by EC2 possessed the same DG structure as that
prior to thermal calcination, as revealed in Figure 4. In
contrast, we obtained mesoporous DG and HEX structures for
the PDDSQ hybrids templated from the LAM structures of
PDDSQ-25/EC3 and PDDSQ/EC4 = 60/40, respectively.
This result is similar to that reported previously for the
mesoporous phenolic resin templated from the PEO-b-PCL-b-
PLLA triblock copolymer at a 30 wt % content of phenolic
resin, where an LAM to DG or HEX structural transformation
also occurred after thermal calcination.78 This phenomenon
can be explained by considering that the domain sizes of
PDDSQ/EC = 60/40 blends likely decreased during thermal
calcination and that the fraction of hydrogen-bonded C�O
groups in the PCL segment decreased upon increasing the

Figure 4. Phase diagram of the PDDSQ/EC blends after thermal
curing at 150 °C based on data from SAXS patterns.

Figure 5. SAXS patterns of (a) PDDSQ-25/EC2 = 60/40 and (b)
PDDSQ-25/EC3 = 80/20 recorded before and after thermal
calcination at 400 °C.
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Figure 6. (a−e) SAXS patterns and (f−j) TEM images recorded at room temperature and (k−o) N2 sorption/desorption isotherms recorded at 77
K for mesoporous PDDSQ hybrids templated from PDDSQ/EC-x = 60/40 systems with (a, f, k) EC1, (b, g, l) EC2, (c, h, m) EC3, (d, i, n) EC4,
and (e, j, o) EC5.

Figure 7. (a−e) SAXS patterns and (f−j) TEM images recorded at room temperature and (k−o) N2 sorption/desorption isotherms recorded at 77
K for mesoporous PDDSQ hybrids templated from PDDSQ/EC-x = 70/30 systems with (a, f, k) EC1, (b, g, l) EC2, (c, h, m) EC3, (d, i, n) EC4,
and (e, j, o) EC5.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c01585
Macromolecules 2022, 55, 8918−8930

8924

https://pubs.acs.org/doi/10.1021/acs.macromol.2c01585?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01585?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01585?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01585?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01585?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01585?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01585?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01585?fig=fig7&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c01585?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


molecular weight of the PCL block in EC diblock copolymer.
To maintain the thermodynamically stable mesoporous
structure, the shrinkage of the PDDSQ framework could
then lead to the transformation to a DG or HEX structure due
to minimization of the surface free energy and surface area
upon proceeding from the LAM to DG or HEX structure.
Nevertheless, this phenomenon did not occur for the LAM
structures formed at 50 wt % PDDSQ content in the PDDSQ-
25/EC blends, which all transformed into disordered
mesoporous PDDSQ hybrids. At relatively lower PDDSQ
contents (<50 wt %), the blend systems did not contain
enough PDDSQ relative to the EC diblock copolymer; in
addition, the fraction of hydrogen-bonded C�O groups of the
PCL block was lower than that at higher PDDSQ contents, as
displayed in Figure 1, and therefore, a disordered structure was
formed.
Figure 7 presents the SAXS, TEM, and Brunauer−Emmett−

Teller (BET) data of the mesoporous PDDSQ hybrids
templated by various EC templates after increasing the
PDDSQ content to 70 wt %.
Similar to the system in Figure 6a,f,k, the mesoporous

PDDSQ hybrid templated from PDDSQ-25/EC1 = 70/30 also
displayed the short-range order of a micelle spherical structure
with inkbottle-shaped pore structures (Figure 7a,f,k). The
SAXS patterns of the mesoporous PDDSQ hybrids prepared
with other templates revealed the long-range order of HEX
structures, with peak ratios of 1: 3 : 4 : 7 : 9 (Figure 7b−
e), as confirmed by the TEM images in Figure 7g−j. Figure
7l−o presents the corresponding N2 adsorption/desorption
isotherms of these mesoporous PDDSQ hybrids recorded at 77
K. Each provided a typical type IV curve with an H1 hysteresis
loop, suggesting a large and branched cylindrical pore

structure, namely, a mesoporous HEX structure; accordingly,
these structures were the same (HEX) before and after thermal
calcination, as displayed in Figure 4.

Figure 8 provides the SAXS, TEM, and BET data of the
mesoporous PDDSQ hybrids templated by various EC block
copolymers after further increasing the PDDSQ content to 80
wt %.

The SAXS pattern of the mesoporous PDDSQ hybrid
templated from EC1 (Figure 8a) featured a single broad peak,
suggesting a spherical micelle structure as confirmed by the
TEM image in Figure 8f. Its corresponding N2 adsorption/
desorption isotherm (Figure 8k) revealed a typical type IV
curve with the H2a hysteresis loop, indicating a cage-like
mesoporous structure. Figure 8b displays the SAXS pattern of
the mesoporous PDDSQ hybrid templated from EC2,
revealing an HEX structure with a peak ratio of 1: 3 : 4 :

7 : 9 ; this structure was confirmed by the TEM image in
Figure 8g. The corresponding N2 adsorption/desorption
isotherm in Figure 8l reveals a typical type IV curve with an
H1 hysteresis loop, indicating a cylindrical-like mesoporous
structure. Figure 8c,d displays multiple peak ratios, indicating
the presence of local FK σ and Z phases as confirmed by the
TEM images in Figure 8h,i. The detailed scheme of the TEM
image along the [001] direction of the FK σ phase, featuring a
typical 32.4.3.4 tiling number, is provided in Figure S7a; that of
the FK Z phase, featuring a typical 36 tiling number, is
presented in Figure S7b. Their corresponding N2 adsorption/
desorption isotherms (Figure 8m,n) also revealed typical IV
curves with H1-like hysteresis loops; nevertheless, two sharp
hysteresis curves could be observed during the desorption
procedure in the relative pressure ranges from 0.80 to 0.70 and
from 0.70 to 0.40, suggesting two kinds of ordered mesopore

Figure 8. (a−e) SAXS patterns and (f−j) TEM images recorded at room temperature and (k−o) N2 sorption/desorption isotherms recorded at 77
K for mesoporous PDDSQ hybrids templated from PDDSQ/EC-x = 80/20 systems with (a, f, k) EC1, (b, g, l) EC2, (c, h, m) EC3, (d, i, n) EC4,
and (e, j, o) EC5.
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sizes as displayed in the insets of Figure 8m,n.79 The mean
pore sizes based on the Harkins and Jura model were 14.8 and
18.2 nm in Figure 8m and 13.3 and 18.1 nm in Figure 8n, with
the smaller and larger pore sizes corresponding to CNs of 12
and 14 spheres, respectively. Upon increasing the molecular
weight of the PCL block in the EC diblock copolymer, the
pore size arising from the CN of 14 spheres increased as
expected. This result is consistent with our PDDSQ-30/EC3
system, which also displayed the FK phases.59 Further
increasing the molecular weight of the PCL in the EC5
diblock copolymer caused the system to return to a highly
ordered HEX structure, with a peak ratio of 1: 3 : 4 : 7 in
the SAXS pattern (Figure 8e) as confirmed by the TEM image
in Figure 8j; its N2 adsorption/desorption isotherm also
featured a typical type IV curve with an H1 hysteresis loop,
indicating that a cylindrical-like mesoporous structure had
again formed. Most importantly, the PDDSQ hybrids formed
at an 80 wt % PDDSQ content and templated by EC2 and
EC5 displayed the same HEX structure both before and after
thermal calcination, as displayed in Figure 4; in contrast, they
transformed to the mesoporous FK σ phase from the HEX
structure when templated by EC3 and EC4. Again, we suggest
the same explanation as that for the systems prepared with
PDDSQ at 60 wt %: that shrinkage of the PDDSQ framework

led to the transformation to the FK spherical structure due to
minimization of the surface free energy and surface area upon
proceeding from the HEX structure to the FK spherical
structure. Nonetheless, the system returned to the HEX
structure when templated by the EC5 diblock copolymer; here,
because the copolymer featured the highest molecular weight
of the PCL block and the lowest fraction of hydrogen-bonded
C�O groups in its PCL block, the volume fraction of the
isolated PCL domain was too large and thus could not form
the FK spherical structure.

Furthermore, the transformation from a disordered structure
to a long-range-ordered spherical structure occurred upon
increasing the molecular weight of the PCL block in the
templating EC diblock copolymer when preparing mesoporous
PDDSQ hybrids templated at a 90 wt % PDDSQ content
(Figure S8b). In addition, the d-spacing of these mesoporous
hybrids increased, and more ordered mesoporous structures
formed with multiple scattering peaks when the molecular
weight of the PCL block in the EC diblock copolymer
increased in the PDDSQ/EC-x = 90/10 blends (Figure S8b).
For example, the mesoporous PDDSQ hybrid templated from
PDDSQ-25/EC5 = 90/10 provided a peak ratio of 1: 3 : 7
and a d-spacing of 47.57 nm, much higher than that for
PDDSQ-25/EC2 = 90/10 (42.72 nm) with a single broad

Figure 9. (a−d) SAXS patterns and (e−h) TEM images measured at room temperature and (i−l) N2 sorption/desorption isotherms recorded at
77 K for mesoporous PDDSQ hybrids templated from PDDSQ-x/EC5 = 90/10 systems with (a, e, j) PDDSQ-1, (b, f, j) PDDSQ-2, (c, g, k)
PDDSQ-3, and (d, h, l) PDDSQ-4.
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peak. Accordingly, we inferred that the volume fraction of the
isolated PCL domain should further decrease for the various
mesoporous PDDSQ hybrids prepared from the PDDSQ-x/
EC5 = 90/10 blends. Here, all of the SAXS patterns and TEM
images (Figure 9a−h) revealed local FK phases regardless of
the DDSQ content in the PDDSQ hybrids; in addition, the N2
adsorption/desorption isotherms revealed typical type IV
curves with H1 hysteresis loops, indicating cage-like meso-
porous structures as displayed in Figure 9i−l.
Table 1 and Table S3 summarize the SAXS and BET data of

all of the mesoporous PDDSQ hybrids prepared in this study.

We make several conclusions. First, the d-spacings and pore
sizes of these mesoporous PDDSQ hybrids increased upon
increasing the molecular weight of the PCL block in the EC
diblock copolymer templates. Second, all of the mesoporous
PDDSQ hybrids in this study had high BET surface areas,
mesoporous surface area (SM), and pore volumes much higher
than those of the mesoporous phenolic resins templated by
similar PEO-b-PCL diblock copolymers in a previous study.62

For example, the mesoporous PDDSQ hybrids templated from
the PDDSQ/EC-x = 60/40 systems had surface areas ranging
from 524 to 676 m2/g, much higher than those of the
mesoporous phenolic resins templated from phenolic/EC-x =
60/40 systems (only ranging from 61 to 137 m2/g).62

This phenomenon can be explained by considering that the
cage structure of DDSQ may have provided the additional pore
volume and surface area to the porous structure. Third, the
surface areas and pore volumes of the mesoporous PDDSQ
hybrids templated from the PDDSQ/EC-x = 80/20 systems
were generally higher than those of their blend compositions,
indicating that the closed packing of the spherical porous
structures of the FK phases provided higher BET surface areas,

mesoporous surface areas, and pore volumes when compared
with those of the DG, HEX, and only BCC spherical
structures. In addition, the HEX and FK mesoporous
structures also have higher surface area compared with other
mesoporous structures. Finally, the existence of the meso-
porous FK phase in this system was strongly dependent on the
volume fraction of the isolated PCL domain, itself related to
the molecular weight and fraction of hydrogen-bonded C�O
groups of the PCL block.

Figure 10 summarizes the phase diagram of all of the
mesoporous PDDSQ hybrids templated from all of the

PDDSQ-25/EC blends with various molecular weights for
the PCL block in the EC diblock copolymers. Again, we reach
several conclusions. First, the phase diagram of the
mesoporous PDDSQ hybrids was different from that of the
PDDSQ/EC blends (Figure 4), suggesting a different type of
self-assembly during thermal calcination. Shrinkage of the
PDDSQ framework could lead to transformations from LAM
structures to DG or HEX structures and from HEX to FK
spherical structures due to minimization of the surface free
energy and surface area at certain PDDSQ/EC blend
compositions as displayed in Scheme 1d. Second, a full
phase transition could be obtained in the mesoporous PDDSQ
hybrids, from a disordered structure to DG, HEX, FK, and
spherical structures especially in the PDDSQ/EC3 blend
system. Third, the phase behavior was strongly dependent on
the PDDSQ content and the molecular weight of the PCL
block in the EC diblock copolymer; it was correlated to the
volume fraction of the isolated PCL domains, itself influenced
by the fraction of hydrogen-bonded and free C�O groups in
the PCL block as displayed in Scheme 1c,d. For example, a
lower molecular weight for the PCL block in the EC diblock
copolymer could result in the formation of the DG structure
but not at a higher molecular weight because this structure has
generally been observed only in the weak-segregation region
(low χN), whereas the FK phase existed only for higher
molecular weights of the PCL block in the strong-segregation
region (high χN) and for highly asymmetric block copolymer
compositions. Finally, this study provides a general principle
for the synthesis of tunable mesoporous structures by taking

Table 1. The Properties of Mesoporous PDDSQ Hybrids
Templated by EC Diblock Copolymers in This Study Based
on SAXS and N2 Adsorption/Desorption Isotherm Analyses

samples

d-
spacing
(nm)

SBET
(m2/g)

SM
(m2/g)

pore
volume
(cm3/g)

pore
size
(nm)

PDDSQ/EC1 = 6/4 21.28 524 388 0.32 5.2
PDDSQ/EC2 = 6/4 24.43 676 495 0.52 8.6
PDDSQ/EC3 = 6/4 32.53 525 448 0.31 12.6
PDDSQ/EC4 = 6/4 37.15 565 426 0.42 15.4
PDDSQ/EC5 = 6/4 42.14 509 426 0.40 20.8
PDDSQ/EC1 = 7/3 19.74 567 408 0.38 5.9
PDDSQ/EC2 = 7/3 30.63 601 429 0.49 12.6
PDDSQ/EC3 = 7/3 32.87 632 466 0.28 15.4
PDDSQ/EC4 = 7/3 36.94 609 450 0.61 18.8
PDDSQ/EC5 = 7/3 39.74 504 436 0.40 21.7
PDDSQ/EC1 = 8/2 21.14 719 602 0.39 6.2
PDDSQ/EC2 = 8/2 30.63 832 701 0.53 11.2
PDDSQ/EC3 = 8/2 33.58 732 560 0.59 14.8,

18.2
PDDSQ/EC4 = 8/2 39.49 805 651 0.63 13.3,

18.1
PDDSQ/EC5 = 8/2 49.44 902 740 0.68 23.2
PDDSQ/EC1 = 9/1 504 518 0.27
PDDSQ/EC2 = 9/1 42.72 535 442 0.32 11.3
PDDSQ/EC3 = 9/1 46.17 501 432 0.32 14.6
PDDSQ/EC4 = 9/1 46.51 532 457 0.35 17.6
PDDSQ/EC5 = 9/1 47.57 489 410 0.30 8.6,

20.4

Figure 10. Phase diagram of mesoporous PDDSQ hybrids templated
from PDDSQ/EC blends after thermal calcination at 400 °C based on
data from SAXS patterns and TEM images.
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into account completive hydrogen-bonding interactions and
microphase separation behavior. A future study should reveal
the detailed phase diagram of these PDDSQ-x systems upon
changing the DDSQ cage content at various PEO-b-PCL
molecular weights and other POSS composite with FK
phases.79−82

■ CONCLUSIONS
We have synthesized a series of linear PEO-b-PCL diblock
copolymers featuring various PCL molecular weights through
ring-opening living polymerizations and prepared various
PDDSQ hybrids. Competitive hydrogen-bonding interactions
occurred between the OH groups of PDDSQ and both the
PEO and PCL blocks, with the fraction of hydrogen-bonded
C�O groups of the PCL block increasing upon increasing the
content of PDDSQ or decreasing the molecular weight of the
PCL block in the EC diblock copolymer. SAXS analyses
allowed us to obtain the detailed phase diagram of the
PDDSQ/EC blends after thermal polymerization at 150 °C,
with a full phase transformation from LAM to DG, HEX, and
spherical structures occurring because of wet-brush behavior
upon changing the volume fraction of the isolated PCL
domains as a result of the competitive hydrogen-bonding
interaction. After removing the templating EC diblock
copolymers, we obtained mesoporous phenolic/DDSQ hybrids
having high surface areas and pore volumes, with a range of
highly ordered mesoporous structures, including DG, HEX,
spherical, and even FK structures, as influenced by the
molecular weight of the PCL block and the content of
PPDSQ hybrids. Overall, this study provides a general
principle for obtaining mesoporous DG and FK phases
mediated by the composition of a block copolymer, thereby
influencing competitive hydrogen-bonding interactions.
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