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Hydrogen bonding mediated self-assembled
structures from block copolymer mixtures
to mesoporous materials

Shiao-Wei Kuo~

Abstract

The self-assembled structures formed through hydrogen bonding interaction of block copolymers in polymeric materials are
interesting materials because of their potential applications in biomedicine, nanopatterning and photonics, taking advantage
of their responsive and tunable properties. In this review, we discuss the self-assembled nanostructures that can be obtained
from hydrogen-bonded diblock copolymer/homopolymer (A-b-B/C) and diblock copolymer (A-b-B/C-b-D) mixtures in the bulk
and how these block copolymer mixtures can then be used to synthesize mesoporous silica, phenolic and carbon materials.

© 2021 Society of Industrial Chemistry.
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INTRODUCTION

Self-assembled supramolecular structures are relatively inexpensive
and simple to prepare with large-scale nanopatterning from block
copolymers, driven by a combination from repulsive interaction
because of immiscibility and attractive interaction arising from the
covalent linkage of their block segments. The well-defined self-
assembled structures that have been observed from diblock copol-
ymers in the bulk state have included alternative lamellae (LAM),
hexagonally packed cylinder (HPC), body-centered cubic (BCC)
and double-gyroid (DG) structures (Fig. 1(a)) and, in some cases,
Frank-Kasper phase structures (e.g. A15 and o phases). Further-
more, diblock copolymers can also self-assemble spontaneously in
solution to form typical vesicle, rod (worm-like), sphere and other
particular micellar structures (Fig. 1(b))."'® The nature of these
self-assembly behaviors in bulk or in solution depends primarily
on the degree of polymerization (N), the interaction parameter (y)
and, most importantly, the volume fraction; the polydispersity,
architecture, terminal functional units, common solvents, selective
solvents, temperature and additives can also have influences."'™"°
Because the use of living polymerization to vary the volume fraction
and the molecular weight of a block copolymer is generally synthet-
ically complicated, the blending of block copolymers (e.g. A-b-B)
with homopolymers or other block copolymers is a preferred
approach for the preparation of various well-defined self-assembled
nanostructures. In this review, we summarize the influence of hydro-
gen bonding strength on self-assembled nanostructures from block
copolymer mixtures, and how this concept can be used to synthe-
size mesoporous silica, phenolic and carbon structures.

HYDROGEN BOND MEDIATED
SELF-ASSEMBLY OF BLOCK COPOLYMERS

Hydrogen bonding results from dipole-dipole forces between
strongly electronegative atoms (e.g. nitrogen (N) or oxygen
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(O) atoms) and hydrogen (H) atoms; the presence of hydrogen
bonds in polymeric materials is of great interest because they
can impart interesting surface, thermal, mechanical and optoelec-
tronic properties.'® Hydrogen bonding in block copolymers with
low-molecular-weight compounds (e.g. long nonpolar alkyl units
with polar head moieties such as phenolic and COOH groups)
can result in comb-shaped materials displaying interesting hierar-
chical self-assembled structures; these systems have been studied
widely for almost 30 years.2>~>* As mentioned above,'™'° varying
block segment volume fractions can have a dramatic effect on the
different types of self-assembled structures that are formed, but
this approach can be time-consuming, expensive and compli-
cated when using living polymerization. Alternatively, blending
diblock copolymers with homopolymers or diblock copolymers
can provide various self-assembled structures because it imparts
greater control over each volume fraction of the block segment.
In the next sections, we discuss examples of the self-assembly
behavior of diblock copolymer/homopolymer and diblock copol-
ymer mixtures mediated through hydrogen bonding.

Diblock copolymer/homopolymer mixtures

Hashimoto and colleagues first reported the A-b-B diblock copol-
ymers blending with A or B homopolymers, observing macro-
phase separation or order-order morphological transitions that
strongly depended on the homopolymer's molecular weight.”®
Figure 2 displays three such cases: complete macrophase separa-
tion (@> 1) and ‘dry-brush’ (@ = 1) and ‘wet-brush’ (a < 1)
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Figure 1. Typical self-assembled structures from diblock copolymer (a) in bulk and (b) in solution.'

behavior, where a = M|,_a/M,_a is the molecular weight ratio of the
homopolymer to the A block segment.'® In the wet-brush system,
the homopolymer A is miscible with the A block, as expected,
potentially resulting in a change in domain size or even in the type
of self-assembled structure. In addition to A-b-B/A blends, A-b-B/C
blends capable of hydrogen bonding have also undergone the
order—order transition when the homopolymer C is capable of
hydrogen bonding with either the A or the B segment. We have
reported four different phenomena, either experimentally or theo-
retically, for such A-b-B/C blends during the last decade.'®'>2°

Immiscible A/B diblock, miscible C/B but immiscible C/A

binary pairs

Kwei and colleagues first proposed the possible phase behavior of
A-b-B/C blends. Examples include the blending of the hydrogen-
bond-accepting homopolymers (C) poly(4-vinylpyridine) (P4VP),

poly(methyl methacrylate) (PMMA) and poly(ethylene oxide)
(PEO) with poly(styrene-b-vinylphenol) (PS-b-PVPh) (A-b-B).>” The
PVPh block segment has phenolic OH units that could form inter-
molecular hydrogen bonding with these three homopolymers,
although they are all immiscible with the PS block. Table 1 summa-
rizes the inter-association equilibrium constants (K,) for various
hydrogen-bond-accepting homopolymers - including polyvinyl-
pyrrolidone (PVP), P4VP, PEO, poly(caprolactone) (PCL), poly(vinyl
acetate) (PVAc), PMMA, poly(vinyl phenyl ketone) (PVPK) and
poly(lactide acid) (PLA) - blended with hydrogen-bond-donor PVPh
segments (self-association equilibrium constant Kz = 66.8).'>%% The
Ikkala group reported the first self-assembled lamellae structure,
obtained from phenolic resin (C) blended with poly(2-vinylpyri-
dine)-b-polyisoprene (PI) (A-b-B), where the phenolic resin under-
went hydrogen bonding and exhibited miscibility with the P2VP
block but was immiscible with the Pl segment.?
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Figure 2. Phase behavior of diblock copolymer blending with homopolymers of various chain lengths (molecular weights): (a) macrophase separation,

(b) dry brush and (c) wet brush.'

Table 1. Values of K for hydrogen bond acceptors interacting with PVPh (K = 66.8)"°
H bond acceptor (K > Kg) Molecular structure Ka H bond acceptor (Kx < Kg) Molecular structure Ka
PvP 6000 PVAC 58
C—=C C——C
oot fro—
<j /&O
P4vp 1200 PMMA 37
S Cc
e |
te—oF
\N (ID 0
CH3
PEO 280 PVPK 10
/k\/o\% {—c——c—
@AO
PCL 90 PLLA <10
o] (0]
{\/\/\)J\oa/ ﬁ)J\O/)

Matsushita and colleagues systematically investigated the PVPh
homopolymer (C) blending with PS-b-P2VP (A-b-B), where the
PVPh/P2VP binary pair was miscible because of hydrogen bond-
ing while PVPh was immiscible with the PS segment.>° The molec-
ular weight (degree of polymerization) of the PVPh homopolymer
plays the key factor determining the nature of the self-assembled
structure. For example, the use of PVPh of lower molecular weight
(8 or 14 kDa) led to cylindrical structures, whereas PVPh of higher
molecular weight (52 kDa) resulted in a lamellar structure when
blended with PS-b-P2VP (34 kDa for the P2VP segment) at the
same PS volume fraction (f»s = 0.48), as displayed in Fig. 3.3 When
blending with shorter-chain-length PVPh, the distance between
the junction points and the chain conformation was affected

significantly relative to that observed with higher-molecular-
weight PVPh. The high-molecular-weight PVPh did not undergo
macrophase separation because the PVPh/P2VP domains fea-
tured strong hydrogen bonding, but only the entropy term of
the Gibbs free energy was reported from that study.

As a result, we systematically investigated the enthalpy term
(hydrogen bonding strength) of diblock copolymer/homopoly-
mer mixtures capable of hydrogen bonding.3>*3 For example,
we found that three hydrogen-bond-acceptor homopolymers
(P4VP, P2VP, PMMA) of similar molecular weights provided similar
entropy terms, but different enthalpy terms, when blending with
a PS-b-PVPh and measuring their Gibbs free energies of mixing.>*
As revealed in Table 1, the values of K, for PVPh/P4VP, PVPh/P2VP
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Figure 3. TEM images of PS-b-P2VP/PVPh mixtures incorporating PVPh homopolymers of various molecular weights and compositions.?' (Reprinted

with permission from American Chemical Society, 2009).

and PVPh/PMMA were 1200, 598 and 37.4, respectively; thus, the
hydrogen bonding strength followed the order PVPh/
P4VP > PVPh/P2VP > PVPh/PMMA. Figure 4(a) displays the self-
assembled structures from the PS-b-PVPh/P4VP blends, which
possess the strongest hydrogen bonding; a full order-order tran-
sition occurred from LAM to DG to HPC to BCC structures with the
increase of P4VP concentration. Furthermore, Fig. 4(b) reveals that
the self-assembled structures of PS-b-PVPh/P2VP blends also
underwent an order—order transition from LAM to HPC to BCC
structures upon increasing the P2VP concentration, but in this sys-
tem we did not observe the DG structure. Therefore, blending
with the strongly hydrogen bonding P4VP and P2VP homopoly-
mer caused these A-b-B/C blends both to display wet-brush
behavior. The blending of P4VP and P2VP with PS-b-PVPh resulted
in BCC structures obtained at only 60 wt% P4VP and 70 wt%
P2VP. In contrast, Fig. 4(c) reveals that the self-assembled struc-
tures of PS-b-PVPh/PMMA blends exhibited dry-brush behavior
at lower PMMA concentrations with no morphological transitions,
but higher PMMA concentrations led to macrophase separation.*®
The Shi group used the attractive interaction model featuring
hydrogen bonding to theoretically predict the experimentally
observed structures from A-b-B/C blends (Fig. 5(a)).>* Based on
the experimental and theoretical results, we confirmed that the
strength of hydrogen bonding is an important factor in the behav-
ior of such A-b-B/C blends. For example, when K,/Kg was less than
1, dry-brush behavior was observed; when K,/Kz was greater
than 1, wet-brush behavior resulted and the systems displayed
order-order transitions in the bulk state.** A-b-B/C blends have
also been investigated recently with the A, B and C components
being organic polymers or inorganic nanoparticles (e.g. gold,

CdTe or polyhedral oligomeric silsesquioxane (POSS) nanoparti-
cles), with strong hydrogen bonding interactions being pre-
sent.3>746

Immiscible A/B diblock; C/A and C/B are both miscible

binary pairs

The Kwei group proposed the first example of the system in which
the A/B block pair was immiscible while the C/A and C/B binary
pairs were both miscible; they were studying PS-b-PVPh/poly
(vinyl methyl ether) (PVME) blends.?” Because the PVME segment
was miscible with both PVPh and PS segments, a PVME content of
greater than 80 wt% in the ternary PS/PVPh/PVME blends resulted
in miscible behavior, with the PVME acting as the common sol-
vent for the PS and PVPh segments, stabilized through n-z and
hydrogen bonding interactions, respectively. In contrast, when
the PVME content was only 50 wt%, a single miscible phase was
observed for the PS-b-PVPh/PVME blend, indicating that the cova-
lent linkage in PS-b-PVPh resulted in a short-range attractive
interaction that suppressed the macrophase separation.?” Similar
A-b-B/C blends where homopolymer C can undergo hydrogen
bonding with both the A and B segments have been widely exam-
ined over the last decade.*’~>? In those studies, the value of AK was
found to strongly influence the self-assembly behavior, e.g. when
the B/C units (Ka) interact more strongly than the A/C units (Ko).
As examples, consider the PCL-b-P2VP/PVPh or PCL-b-P4VP/PVPh
blends that were first reported by the Guo group and by ourselves;
here, the hydrogen-bond-donor PVPh homopolymer interacts
intermolecularly with both the PCL and P2VP (or P4VP) segments,
resulting in miscible behavior for these binary blend systems; nev-
ertheless, the value of K, for the interaction with the P2VP (or P4VP)
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Figure 4. Self-assembled structures formed from PS-b-PVPh blended with various contents of (a) P4VP, (b) P2VP and (c) PMMA .33

block is higher than for the PCL segment (Table 1).*3*° Various self-
assembled structures were found as a result of this selective hydro-
gen bonding being dependent on the composition of PVPh. For
example, Fig. 6 summarizes the glass transition temperatures (Tg)
of PCL-b-P4VP/PVPh blends featuring miscible PVPh/P4VP pairs at
various PVPh/PCL ratios>® At relatively low PVPh/PCL ratios
(<0.7), the long-range-ordered sphere or cylinder structure was
observed because the OH groups of the PVPh units preferred to
interact with P4VP rather than PCL, suggesting a lower fraction of
hydrogen-bonded PCL C=0 groups (f,"=° = 0-0.13). As a resullt,
the long-range-order nanostructure was observed because the
PCL segment would undergo phase separation from the miscible
PVPh/P4VP phase. Increasing the PVPh/PCL ratio from 0.7 to
3 caused the OH groups of the PVPh units to interact also with
PCL (f,"=° = 0.15-0.45), thereby disrupting the PCL domains and
causing the structures to transform into worm-like structures. A fur-
ther increase in the PVPh/PCL ratio (>3.0) led to disordered struc-
tures because the larger content of OH groups resulted in a
higher fraction of them being hydrogen bonded with the PCL seg-
ment (f,<=° = 0.48-0.6).

Such A-b-B/C blends have also been prepared using PCL-b-
P2VP/poly(acrylic acid) (PAA), P2VP-b-PMMA/phenoxy, PEO-b-
PCL/PVPh, PCL-b-P2VP/phenoxy, PEO-b-PCL/phenolic, PEO-b-PCL/
benzoxazine and P2VP-b-PMMA/PVPh blends.>'~>° Figure 7 outlines
how competitive hydrogen bonding (AK effect) can determine the
morphological transitions and self-assembled structures in these
A-b-B/C blends.®® In the first case, a disordered and completely

miscible structure is found if the value of K, is equal to that of K.
In the second case, when the value of Kj is slightly higher than that
of K¢, an ordered self-assembled structure (a BCC or HPC structure) is
found at lower homopolymer C contents, becoming a miscible dis-
ordered structure at higher homopolymer C concentrations. In the
final case, when the value of K, is much higher than that of K¢, a full
order-order transition occurs at lower homopolymer C contents,
but a disordered structure exists at much higher homopolymer C
concentrations.

Miscible A/B diblock; C/A and C/B are both miscible binary pairs

Miscible binary polymer blends featuring hydrogen bonding gen-
erally possess disordered and irregular structures and undergo
uncontrollable assembly. Therefore, the preparation of regular
ordered structures involving hydrogen bonding when the A/B,
A/C and B/C binary pairs are individually miscible, but with differ-
ent K, values, has remained the great challenge. In ternary poly-
mer blends, phase-separated closed-looped phase diagrams
have been observed when all individual binary pairs are miscible,
because of the AK effect.5°™%* Therefore, a third homopolymer C
blended into the miscible A-b-B diblock copolymer may possess
nanometer-scale self-assembled structures as a result of micro-
phase separation. For example, PMMA-b-PVP/PVPh and PVPh-b-
PMMA/PVP blends have all displayed such self-assembled
structures.®*®> Although PVPh is miscible with both PVP and
PMMA through hydrogen bonding, the hydrogen bonding of
the binary PVPh/PVP blend (Kx = 6000) is much stronger than that
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Figure 5. Predicted phase diagrams for A-b-B/C blends: (a) PS-b-PVPh/
P2VP 3* and (b) PMMA-b-PVPh/PVP.? (Reprinted with permission from
American Chemical Society, 2013, and AIP Publishing LLC, 2009).

of the binary PVPh/PMMA blend (K = 37), with the PVP and PMMA
segments also being miscible. Microphase-separated closed-loop
regions were found in such PVPh-b-PMMA/PVP blends, with the
PMMA structures excluded from the miscible PVPh/PVP domains.
DSC revealed that the miscible PVPh-b-PMMA became immiscible
when the PVP content was 20-60 wt% (PMMA 57-26 wt%). At a
lower PVP concentration (>56 wt% PMMA), the PMMA block could
interact with the PVPh block through hydrogen bonding and form
a miscible phase. Furthermore, the PMMA block was also miscible
with the PVP at higher PVP contents (<27 wt% PMMA), stabilized
through C=0---C=0 dipole-dipole interactions. Thus, at these
critical concentrations the systems could form unusual self-
assembled structures, influenced by an intriguing balance of the
PMMA concentration. For example, the LAM structure was
observed when the PMMA content was 56 wt% (Fig. 8(a)), based
on TEM, with the peak ratio of 1:2 based on small-angle X-ray scat-
tering (SAXS) confirming the LAM structure. When the PMMA con-
tent was in the range 42-48 wt%, an HPC structure of PMMA
micro-domains was formed (Figs 8(b), 8(c), based on TEM), with
peak ratios of 1:V3:V4 confirming the HPC structure, based on SAXS
analysis (Figs 8(f), 8(g)). Spherical self-assembled structures of
PMMA micro-domains were observed when the PMMA content
was 27 wt% (Fig. 8(d), based on TEM), with the SAXS pattern sug-
gesting a mean diameter (d) of 8.1 nm (Fig. 8(h), dashed line).%®
This A-b-B/C blend has also been studied theoretically using self-
consistent field theory.?® A microphase-separation closed-loop
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phase diagram was observed because the A/B and A/C pairs pos-
sessed very different hydrogen bonding strengths (AK effect),
even though all the binary pairs were individually miscible. The
BCC, HPC and LAM structures were calculated to undergo an
order-order morphological transition upon increasing the homo-
polymer concentrations (Fig. 5(b)); however, we did not find the
inverse self-assembled nanostructures in an experimental setting
upon increasing homopolymer contents.%®

Miscible A/B diblock; miscible C/B and immiscible C/A binary pairs
The fourth case is when the A/B and B/C binary pairs are miscible
but the A/C binary pair is immiscible, with hydrogen bonding of
the B/C binary pair being significantly stronger than that of the
A/B pair. The PCL-b-PVPh/PVP blend is an example of such a sys-
tem that forms self-assembled structures. Here, the hydrogen
bonding of the PVPh/PVP pair (B/C; Ky = 6000) is much stronger
than that of the PVPh/PCL pair (A/B; Ka = 90), thereby inducing
the self-assembled structure of a PCL micro-domain, as revealed
in Fig. 9(A) through SAXS analyses.®” The pure PCL-b-PVPh pro-
vides a broad scattering pattern, indicating a miscible disordered
structure; scattering peaks gradually appear, however, upon
increasing the content of PVP, because of the excluded PCL
domains and the formation of highly ordered structures. For
example, the LAM structure was characterized for PCL-b-PVPh/
PVP = 50/50 mixture by SAXS peak ratios of 1:2:3; this structure
was confirmed using TEM (Fig. 9(B)). The LAM structure trans-
formed into an HPC structure upon increasing the content of
PVP to 60-70 wt%, as evidenced by SAXS peak ratios of 1:V3:2
(Figs 9(A), curve (e)) and confirmed by TEM (Fig. 9(C)). Figure 9
(D) summarizes the self-assembly behavior.®”

Diblock copolymer mixtures

A few types of self-assembled structures have only been observed
for diblock copolymers, as mentioned above, with the LAM struc-
ture generally existing in a very narrow range of volume fraction
when the two block segments are similar; thus, the symmetric
LAM structure has usually been observed for block copolymers.
Nevertheless, Kim and colleagues prepared interesting asymmet-
ric LAM structures when blending highly asymmetric PS-b-PVPh
diblock copolymers with highly asymmetric PS-b-P2VP or PS-b-
P4VP diblock copolymers — namely, A-b-B/A-b-C blends where
the B/C binary pairs are capable of hydrogen bonding (i.e. the
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Figure 7. Proposed self-assembled structures of A-b-B/C blends in which the A/B diblock is immiscible but the C/A and C/B units are both miscible.*®
(Reprinted with permission from AIP Publishing LLC, 2009).

PVPh/P4VP and PVPh/P2VP binary pairs) while also featuring a
highly asymmetric PS volume fraction (fps = 0.8).°3~"2 Such struc-
tures are not usually observed for conventional diblock copoly-
mers — the BCC spherical structures were observed in individual
diblock copolymers, but they transformed into highly asymmetric
LAM structures after blending (Fig. 10). A more highly
asymmetric LAM structure formed when blending PS-b-P4VP, rel-
ative to that formed with PS-b-P2VP, since hydrogen bonding of
P4VP is stronger than P2VP as expected.®®

ABC triblock copolymers are also attractive since they can form
self-assembled hierarchical structures different from those of
diblock copolymers.”*78° Nevertheless, using A-b-B/C-b-D blends
and varying the hydrogen bonding strength is a relatively facile
approach toward the preparation of such hierarchical structures
while avoiding the generally complicated and difficult synthesis
of ABC triblock copolymer.2’ We have found experimentally that

three different phenomena occur in A-b-B/C-b-D mixtures featur-
ing strong hydrogen bonds (Fig. 11).2% Matsushita and colleagues
first reported the blending of immiscible PS-b-PVPh (A-b-B) with
immiscible P2VP-b-Pl (C-b-D), where the PVPh/P2VP miscible
binary pair featured strong hydrogen bonding but the PS/PI
binary pair was immiscible.®* Two different hierarchical structures
were observed: (i) a LAM-within-LAM structure formed from PSs,-
b-PVPhs/P2VPso-b-Plsy = 50/50 (Figs 12(a)-12(c)) and (ii) an iso-
lated cylinder structure formed between the LAM layers from
PSgo'b'PVPh-]0/P2VP10'b'P|90 = 50/50 (Flgs 12(d)-1 2(f)) in which
the miscible PVPh/P2VP domain featured an alternating LAM or
isolated cylinder structure and the Pl and PS blocks were arranged
in alternate LAM structures.®®> We describe this A-b-B/C-b-D mix-
ture as having a ‘2 + 2 = 3 phase’ system, as shown in Fig. 11(a).

We have also investigated PS-b-PVPh blending with P4VP-b-
PMMA or P4VP-b-PCL2*#* In these two blend systems, the PVPh
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Figure 8. TEM and SAXS analyses of (a), (€) PVPh3o-b-PMMA,/PVP = 80/20, (b), (f) PVPh4o-b-PMMA,/PVP = 80/20, (c), (g) PVPh3o-b-PMMA,/PVP = 60/40
and (d), (h) PVPhss-b-PMMA,s/PVP = 60/40 blends.®®
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Figure 9. (A) SAXS patterns, (B), (C) TEM images and (D) possible self-assembled structures of PCL-b-PVPh/PVP blends.%”

block can interact with both P4VP and PMMA/PCL segments, but  structures — upon varying the blend compositions and volume
the competitive hydrogen bonding can lead to various hierarchi-  fractions.

cal structures — including core/shell HPC (Figs 13(a)-13(c)), HPCin We have found that a second system, the so-called 2 + 1 =3
LAM (Figs 13(d)-13(f)) and core/shell DG (Figs 13(g)-13())  phase’ system, formed when blending immiscible A-b-B with
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Figure 10. Schematic representation of asymmetric A-b-B/A-b-C blends and their asymmetric LAM structure based on TEM and AFM images.®®

(Reprinted with permission from American Chemical Society, 2012).
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Figure 11. Cartoon representation of A-b-B/C-b-D mixtures stabilized through hydrogen bonding: (a) 2 + 2 = 3 phase, (b) 2 + 1 = 3 phase and (c) 1

+1=2phase?

miscible C-b-D, as displayed in Fig. 11(b), e.g. PS-b-P4VP/PVPh-b-
PMMA and PS-b-PVPh/P4VP-b-PEO mixtures.®*®° These mixtures
feature miscible PVPh/P4VP binary pairs and immiscible
PS/PMMA or PS/PEO binary pairs, resulting in three-phase LAM
(Figs 14(a), 14(b)) or core/shell (coaxial) HPC (Figs 14(c), 14(d))
structures.®2> We have also observed a third system formed from
two miscible disordered PMMA-b-PVPh/P4VP-b-PEO blends, a
so-called ‘1 + 1 = 2 phase’ structure (Fig. 11(c)), featuring one mis-
cible PMMA/PEO and another miscible PVPh/P4VP domain; two-

phase behavior existed, providing both worm-like and LAM
structures.?”

More complicated block copolymer mixtures have been investi-
gated from triblock copolymer/diblock copolymer mixtures. For
example, Abetz and colleagues prepared PS-b-PB-b-poly(tert-
butylmethacrylate) (PtBMA) (SBT, ABC) triblock copolymers by varying
the degree of hydrolysis of the PtBMA segment (SBT) and blended
them with P2VP-b-poly(cyclohexyl methacrylate) (PCHMA) and
PS-b-P2VP (D-b-E).28 Hierarchical self-assembled structures were

Polym Int 2021

© 2021 Society of Industrial Chemistry.

wileyonlinelibrary.com/journal/pi



http://wileyonlinelibrary.com/journal/pi

0]
:
where science

meets business WWW.soci.org S-W Kuo

(@) (b) (d) ()
FTEY B INNNNNNNNERN

AEENNNENERNNN]
INRERNNENEERD
(ARNRRARRARE
INNNRNNENNNND

()

Figure 12. (a), (d) TEM images, (b), (e) schematic representation of the micro-domain arrangement and (c), (f) possible self-assembled structures of (a)-

() PSso-b-PVPhso/P4VPso-b-Plsy and (d)-(f) PSeg-b-PVPh;o/P4VP-b-Plyy = 50/50 blends.® (Reprinted with permission from American Chemical
Society, 2005).
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Figure 13. (a), (b) TEM images and (c) schematic representation of the possible core/shell HPC structure of PMMA-b-P4VP/PVPh-b-PS = 30/70. (d), (e) TEM
images and (f) schematic representation of the possible close HPC within LAM structure of PMMA-b-P4VP/PVPh-b-PS = 20/80. (g), (h) TEM images and (i)
schematic representation of the possible core/shell DG structure of PMMA-b-P4VP/PVPh-b-PS = 20/80. The PS domains appear white, the PVPh/P4VP
domains appear dark and the PMMA domains appear gray in the TEM images.5?
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Figure 14. (a) TEM image and (b) schematic representation of the three-
phase LAM structure of PS,g3-b-P4VP,os/PVPh;37-b-PMMA ;35 = 70/30. (c)
TEM image and (d) schematic representation of the core/shell HPC struc-
ture of PSye3-b-P4VP14/PVPh,3,-b-PMMAss = 70/30.8°

observed upon changing the hydrogen-bond-donor concentra-
tion of the SBT triblock copolymers. Matsushita and colleagues
reported the blending of P2VP-b-PI-b-P2VP (ABA) with a PS-b-
PVPh (C-b-D), where the PVPh/P2VP miscible binary pair featured
strong hydrogen bonding® but the PS/Pl binary pair was
immiscible, similar to their previous study.®* More complicated
hierarchical structures were observed for the PSgy-b-PVPh;o/
Plgg-b-P4VP,o-b-Plgg = 1/1 blend, forming a (3%.4%) Archimedean
tiling pattern (Figs 15(a), 15(b)), and the PSgy-b-PVPh,¢/Plgg-b-
P4VPo-b-Plgo = 2/1 blend, forming a (3.4.6.4) Archimedean tiling
pattern (Figs 15(c), 15(d)).®° They also studied the blending of the
star PI-b-PS-b-P2VP (ABC) with a PVPh-b-PMMA (D-b-E), where
PVPh/P2VP formed a miscible binary pair while the PI, PS and
PMMA segments were individually immiscible; this system dis-
played a [4.8.8] Archimedean tiling (Fig. 16).°° There are 11 Archi-
medean tiling patterns and we suspect that further explorations
of diblock copolymer mixtures will reveal other examples of these
hierarchical structures. In addition, diblock copolymer/homopol-
ymer mixtures and diblock copolymer mixtures featuring hydro-
gen bonding of various strengths have also been found, over
the last two decades, to self-assemble spontaneously into various
interesting micellar structures.®'~'%°

USING HYDROGEN-BONDED BLOCK
COPOLYMER MIXTURES TO PREPARE
MESOPOROUS MATERIALS

Mesoporous silica materials

Based on the IUPAC definition, mesoporous materials have pore
sizes between 2 and 50 nm; when prepared by using block copol-
ymers as templates, they have generally been formed with highly
ordered structures featuring high surface area or high pore vol-
ume. As a result, the design of mesoporous silica and phenolic/
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Figure 15. (a) TEM image and (b) schematic representation of the (334
Archimedean tiling pattern of the PSgq-b-PVPh,¢/Plgg-b-P4VPo-b-Plgg = 1/1
blend. (c) TEM image and (d) schematic representation of the (3.4.6.4)
Archimedean tiling pattern of the PSgy-b-PVPh,¢/Plgy-b-P4VP4-b-
Plgo = 2/1 blend.®® (Reprinted with permission from American Chemical
Society, 2006).

carbon materials is similar to that of diblock copolymer/homopol-
ymer mixtures mediated by hydrogen bonds. Several factors can
affect the synthesis of highly ordered mesoporous silicas, includ-
ing (i) the nature of the hydrogen bonding between the silica pre-
cursor (tetraethyl orthosilicate (TEOS)) and the template, (ii) the
self-assembly behavior of the template in response to the solvent,
and (iii) the sol-gel process of TEOS (Fig. 17)."°

Mesoporous silicas templated by block copolymers

The first example of mesoporous silicas templated by block copol-
ymers involved the use of water-soluble PPO-b-PEO-b-PPO (ABA)
(e.g. P123 and F127) and precipitation-based methods.'"'°
Nevertheless, most diblock copolymers are water-insoluble
(e.g. PE-b-PEO, PEO-b-PCL, PEO-b-PS, PEO-b-PLA and PEO-b-
PMMA) with long hydrophobic block segments; in this case, the
evaporation-induced self-assembly (EISA) method can be used
for the synthesis of large mesoporous silicas.”'""® For example,
we have used PEO-b-PCL as the template for the preparation of
mesoporous silicas (Fig. 18)."">''® Upon increasing the length
of the PCL chain, the mesoporous silicas transformed from BCC
to HPC structures, with the pore size increasing upon increasing
the TEOS/PEO-b-PCL ratio."’® In addition, we found that the
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Figure 16. (a) Schematic representation of the star Pl-b-PS-b-P2VP (ABC)
triblock copolymer blended with PVPh-b-PMMA (D-b-E) and stabilized
through hydrogen bonding interactions. (b) TEM image (scale bar
50 nm) of ISP/HM-0.30. (c) Schematic representation of the chain confor-
mation and domain orientation, based on the TEM image; yellow, white,
gray and black regions correspond to the PVPh/P2VP domain and PMMA,

Figure 17. Main factors influencing the design of highly ordered meso-
porous silicas.

solvent was another key factor affecting the synthesis of these
mesoporous silicas. Improving the solubility or miscibility
between the solvent (acetone, in this case) and the PEO-b-PCL
diblock copolymer led to more highly ordered mesoporous silicas

compared with those formed using tetrahydrofuran or CH,Cl, as
the solvent.""”

Mesoporous silicas templated by block copolymer/homopolymer
blends
As discussed above, blending A-b-B with homopolymers can be a
facile approach for preparing different self-assembled structures;
indeed, mesoporous silicas can also be prepared by using A-b-B/B
mixtures as templates. For example, we reported mesoporous silicas
templated by PEO-b-PCL/PEO and PEO-b-PCL/PCL blends.''® When
blended with the short-chain-length homopolymer PCL,, the pore
size was increased upon increasing PCL,o homopolymer concentra-
tions due to the wet-brush behavior; the system displayed dry-
brush behavior, however, when the blend contained the high-
molecular-weight homopolymer PCL,qg. Furthermore, an order-
order mesophase transition occurred when blending with low-
molecular-weight star PEO, because of improved miscibility within
the silicas."'®

Watkins and colleagues proposed mesoporous silicas tem-
plated by F127/PAA and F127/PVPh blends."?® Compared with
the use of F127 alone as the template, stronger phase segregation
occurred on blending with the PVPh and PAA homopolymers,
leading to much more highly ordered mesoporous structures.
We have also prepared mesoporous silicas templated by PEO-b-
PCL/phenolic blends (A-b-B/C), where the phenolic acted addi-
tionally as a pore expander.'?’

Mesoporous silicas templated by ABC triblock copolymers

Because ABC triblock copolymers can self-assemble into various
self-assembled hierarchical structures, these kinds of triblock
copolymers can act as the templates to achieve hierarchical meso-
porous silicas.'?>'?> For example, we have prepared hierarchical
mesoporous silicas templated by PE-b-PEO-b-PCL or PE-b-PEO-b-
PLA triblock copolymer as single templates,'®"'?® obtaining
mesopores of two different sizes, as confirmed through SAXS,
TEM and Brunauer-Emmett-Teller (BET) analyses (Fig. 19).'2%"%
The FCC combining tetragonal cylinder structures have been
observed using TEM (Figs 19(1)-19(n), from the [001], [10],
[11] directions, respectively). Tetragonal packing with two differ-
ent pore sizes is observed in Fig. 19(l), with smaller mesopores
(3.8 nm) formed because of the PE segment and larger cylindrical
mesopores (8.6 nm) formed because of the PCL segment, similar
to the findings of BET analyses (Fig. 19(k)). An FCC combined with
tetragonal cylinder structure, viewed from the [10] direction, is
displayed in Fig. 19(m), and a spherical structure observed around
the 2, helix (zigzag-like) wall, viewed from the [11] direction, is
presented in Fig. 19(n). In addition, we prepared PE-b-PEO-b-PCL
with various lengths of PCL blocks and used them as single tem-
plates in the preparation of hierarchical mesoporous silicas
(Fig. 19(a)). We observed an alternate BCC hierarchical nanostruc-
ture templated by the PE;3-b-PEO,,-b-PCLy triblock copolymer,
where the crystallographic sites possessed one BCC structure
occupied at (1/4, 1/4, 1/4) and the other occupied at (0, 0, 0), as
revealed by TEM (Figs 19(b)-19(d)), the corresponding fast Fourier
transform (FFT) patterns (Figs 19(e)-19(g)) and the corresponding
phase structures (Figs 19(h)-19(j)) viewed from the [100], [110],
[210] planes.'?®*'?” Furthermore, we have also used PE-b-PEO-b-
PLA as a single template to synthesize a hierarchical mesoporous
silica and observed similar tetragonal cylinders with FCC struc-
tures."”® When applying this mesoporous silica for the loading
of fluorescein isothiocyanate isomers, we found that the maxi-
mum drug loading capacity was 90.4 pg mg™~".
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Figure 19. (a) Hierarchical mesoporous silicas templated by PE-b-PEO-b-PCL triblock copolymers featuring PCL segments of various chain lengths.
(b)-(d) TEM images, (e)-(g) FFT patterns and (h)-(j) phase diagrams viewed from the (h) [100], (i) [110] and (j) [210] directions of the alternative
BCC structures templated by PE;3-b-PEO,,-b-PCL,. (k) Pore size distribution curve and (I)-(n) TEM images viewed from the (I) [001], (m) [10] and
(n) [11] directions (inset: FFT pattern) of the tetragonal cylinders with FCC structures templated by PE;3-b-PEQ4,-b-PCLs;.'%%'%7

Mesoporous phenolic/carbon materials have many interesting applications in catalysis, adsorption,
Mesoporous phenolic/carbon materials templated by block photonics and separation. In general, there are two types of
copolymers phenolic resin: novolac and resol. Similar to the preparation

Much like mesoporous silicas, mesoporous phenolic and carbon  of mesoporous silicas, mesoporous phenolic resins are formed
materials displaying high pore volumes and surface areas also  in several steps: (i) thermal curing of the phenolic in an acidic

Polym Int 2021 © 2021 Society of Industrial Chemistry. wileyonlinelibrary.com/journal/pi
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Figure 20. (a), (b) In situ SAXS patterns of phenolic/PEO-b-PCL/HMTA mixtures recorded during thermal curing and (c) schematic representation of the
mesophase transformation. (d) In situ SAXS patterns of self-assembled phenolic recorded during thermal calcination. (e) Enlarged SAXS pattern of the
mesoporous phenolic after thermal calcination. (f)-(h) TEM images of the mesoporous phenolic with DG structure viewed from the (f) [111], (g) [110]

and (h) [311] directions.'*’

or basic medium, (ii) self-assembly in block copolymer/phenolic
blends during a thermal curing process, (iii) removal of the
template and (iv) carbonization.'*'*' Many long-range-
ordered mesoporous phenolic/carbon materials have been
prepared using F127, P123, PS-b-P4VP, PEO-b-PCL, PEO-b-PLA,
PEO-b-PS, PEO-b-PMMA and PEO-b-poly(y-benzyl-L.-glutamate)
(PBLG) as templates.'®*">2 For instance, we have proposed
the synthesis of mesoporous phenolic resins templated by
various PEO-b-PCL through thermal crosslinking with hexa-
methylenetetramine (HMTA).>® Because the K, value of pheno-
lic/PEO is larger than that of phenolic/PCL binary pairs, a
microphase-separation closed-loop phase diagram formed as
a result of the AK effect. By varying the volume fraction of
PEO-b-PCL and content of phenolic, mesoporous phases with
HPC and DG structures were obtained. After thermal calcination
under an N, atmosphere, the DG mesoporous phenolic resins
were transformed into mesoporous carbons with a high surface
area (ca 860 m? g™').

To examine the self-assembly behavior of the DG mesoporous
phenolic resin, we used in situ SAXS patterns to measure the trans-
formations of phenolic/PEO-b-PCL mixtures with HMTA (Figs 20
(a)-20(c)).""" The SAXS patterns revealed a transformation from
disordered to HPC and, finally, to DG structures under thermal cur-
ing, summarized in Figs 20(a), 20(b), through a process of ‘reac-
tion-induced microphase separation’. Figure 20(d) displays in
situ SAXS patterns measured under the thermal calcination pro-
cess; the highly ordered peaks in a ratio of V6:N8:14:N16:720:122
became sharper as the electron density contrast increased after
removal of the template (Fig. 20(e)), as confirmed by TEM images

viewed from the [111], [110], [311] planes (Figs 20(f)-20(h)), sug-
gesting la3d symmetry.'*!

Mesoporous phenolic/carbon templated by block copolymer/
homopolymer
Because mesoporous silicas could be templated by block copoly-
mer/homopolymer, the same concept was applied to the prepara-
tion of mesoporous phenolic/carbon materials. For example, Zhao
and colleagues obtained large-pore mesoporous carbons tem-
plated by PEO-b-PMMA/PMMA and PEO-b-PS/PS, where the
PMMA and PS homopolymers could act as the pore expanders;
disordered porous carbons were observed, however, at higher
concentrations of the PS and PMMA homopolymers because of
macrophase separation occurring at these compositions.'*'4
By mediating the hydrophilic PEO volume fraction, we obtained
the highly ordered mesoporous phenolic templated by the PEO-
b-PCL/PEO mixture.'** Using star-type PEO-POSS in place of the
PEO homopolymer resulted in the phase diagram presented in
Fig. 21(a). The mesoporous phases transformed from LAM to DG
to HPC to BCC structures with increase of the volume fraction of
the PEO domain, similar to the typical phase diagram of a diblock
copolymer (Fig. 21(b))."** Recently, we prepared silica-doped
mesoporous carbon materials from N-resol phenolic templated
by PEO-b-PCL/TEOS mixtures; the mesophases transformed from
DG to HPC to LAM structures upon increasing the content of TEOS;
after removal of the template, such mesoporous carbon/silica
materials displayed potential for application as supercapacitors
for energy storage.*
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Figure 21. (a) Mesoporous phenolic structures templated by PEO-b-PLC/PEO-POSS blends at various PEO-POSS concentrations, with HMTA as the curing
agent. (b) Phase diagram of mesoporous phenolic structures templated by PEO-b-PLC/PEO-POSS blends containing various weight fractions of PEO

+ PEO-POSS.™**

Mesoporous phenolic/carbon materials templated by ABC

triblock copolymers

ABC copolymers can be used as the single templates to synthe-
size mesoporous phenolic/carbon. For example, mesoporous
carbons have been obtained from resol/PEO-b-PMMA-b-PS
and resol/PEO-b-PS-b-PI blends.'”*'>* Because the hydrogen
bonding in phenolic/PEO blends is stronger than in phenolic/
PMMA blends, the pore wall thickness could be varied by
changing the ratio of the blocks in the triblock copolymer. In
addition, carbon materials with highly ordered and large meso-
pores (ca 39 nm) have been obtained using PEO-b-PS-b-PI as
the template."*® We have prepared a mesoporous phenolic
templated by PEO-b-PCL-b-(poly-t-lactic acid) (PLLA) with HMTA
(Fig. 22(a))."*> These phenolic/PEO-b-PCL-b-PLLA blends pos-
sessed the following gradient in their hydrogen bonding
strengths: phenolic/PEO > phenolic/PCL > phenolic/PLLA.

Mesoporous phenolic resins featuring disordered, DG, HPC
and BCC structures were obtained by varying the content of
the phenolic resin (Figs 22(b)-22(e)). At a higher content of
phenolic resin (>60 wt%), all of the OH units of the phenolic
could interact with the PEO, PCL and PLLA segments, thereby
inducing a miscible disordered structure; in contrast, using only
30-50 wt% of the phenolic led to the formation of highly
ordered mesoporous structures as a result of greater balance
between the phenolic composition and the hydrogen bonding
interactions.'® The use of ABC triblock copolymer as a single
template to synthesize hierarchical mesoporous phenolic/car-
bon structures has not been reported to date since the stron-
gest hydrogen bond units should be located in the B
segment while the A/C segments must be immiscible. Such
structures remain a future challenge for the design of hierarchi-
cal mesoporous phenolic/carbon.
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Figure 22. (a) Mesoporous phenolic structures templated by the triblock copolymer PEO;4-b-PCL4s-b-PLLAg, with HMTA as the curing agent. (b)-
(e) Corresponding TEM images of mesoporous phenolic structures templated by phenolic/PEO,4-b-PCL4s-b-PLLAg, with (b) 30/70, (c) 40/60, (d) 50/50

and (e) 60/40.">°

CONCLUSIONS

This review summarizes the recent progress made in the use of
hydrogen bonding to mediate the formation of self-assembled
structures from block copolymer/homopolymer and block copol-
ymer mixtures in the bulk state. By varying the copolymer compo-
sition and the volume fractions of blocks in the copolymer
mixtures, various self-assembled structures can be obtained,
including typical LAM, DG, HPC and BCC structures as well as such
hierarchical structures as three-phase LAM, core/shell HPC, HPC in
LAM, core/shell DG, and even Archimedean tiling patterns. Using
this concept of hydrogen-bond-mediated self-assembly of block
copolymer mixtures, it is also possible to synthesize mesoporous
silica, phenolic and carbon materials. The construction of these
hierarchically mesoporous materials is interesting to both acade-
mia and industry, with various diverse potential applications in,
for example, photocatalysis, CO, uptake, energy storage and con-
version, and drug delivery. A challenge remains, however, to
develop approaches for the design of hierarchical mesoporous
materials with new Archimedean tiling patterns and Frank—Kasper
phases.156’157
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