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ABSTRACT: In this study, poly(methyl methacrylate-b-4-
vinylpyridine) (PMMA-b-P4VP) and poly(vinylphenol-b-
styrene) (PVPh-b-PS) block copolymers were synthesized
through anionic living polymerization; together, they featured
one hydrogen bonded donor segment (PVPh) and two
hydrogen bonded acceptors (PMMA and P4VP). Initially we

investigated diblock copolymer/homopolymer blends of % TTIITA
PMMA-b-P4AVP/PVPh blends, where PVPh homopolymer PVPh 1 :P4VP
(C) could act as the common solvent for PMMA-b-P4VP (A- ‘PMMA RN

b-B) copolymer. Short range ordered of self-assembled
structure formed for pure PMMA-b-P4VP copolymer and

pubs.acs.org/Macromolecules

for its blends with PVPh at lower concentrations; at higher PVPh concentrations, however, miscible disordered structures
formed because of OH units of PVPh both interacted with P4VP and PMMA segments. In addition, blending the immiscible
PMMA-b-P4VP into the PVPh-b-PS diblock copolymer resulted in full morphological transitions: from the lamellae, double
gyroid, cylinder, sphere, and, finally, to disordered structures. Therefore, the AK effects for competitive hydrogen bonding
among PVPh/PMMA and PVPh/P4VP binary pairs, these PMMA-b-P4VP/PVPh-b-PS blends exhibited several hierarchical

nanostructures, including core/shell (coaxial) cylinder, cylinder-in-lamellae, and core/shell double-gyroid structures.

B INTRODUCTION

Self-assembly nanostructures from immiscible diblock copoly-
mers (A-b-B) including alternative lamellar, double-gyroid,
hexagonal packed cylinder, and spherical structures have
potential applications in nanocomposites, photonic crystals,
and nanomedicines.' > Because the volume fraction or degree
of polymerization of each block segment can be difficult to
control through living polymerization, blending of a homopol-
ymer C capable of noncovalent bonding (e.g, electrostatic,
ionic, or hydrogen bonding interactions) into the A-b-B
diblock copolymer is a relative simpler approach for mediating
the volume fraction of each block copolymer segment. 6710 1n
previous theoretical and experimental studies, we have
investigated the behavior of four different A-b-B/C blends
mediated through hydrogen bonding interaction.' ™" We
observed two-phase systems [Scheme 1a] for these A-b-B/C
blends, with the nature of the self-assembly nanostructures
typically formed—Ilamellar, cylinder, spherical, or even double-
gyroid morphologies—strongly dependent on the relative
hydrogen bonding strength between hydrogen bond donors
and acceptors of each block segment. 15=17 Bor example, PVPh-
b-PS exhibited dry-brush or disordered self-assembled
structures when blended with the PMMA homopolymer,
with which it interacted weakly through hydrogen bonding; in
contrast, it exhibited wet-brush behavior with a full order—
order transition as blending with the P4VP homopolymer, with
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which it experiences strong hydrogen bonding.'>'® These
phenomena are directly related to the hydrogen bonding
strengths. The interassociation equilibrium constants (K,) in
PVPh/PMMA and PVPh/P4VP are 37.4 and 1200,
respectively, while the self-association equilibrium constant
(Kg) of PVPh is 66.8; thus, the ratio K,/Kg could act as the
factor determining the type of self-assembly nanostructure
from such A-b-B/C blend, and it can also be predicted
theoretically using the attractive interaction model (AIM)."”
In addition to AB diblock copolymer, more complex ABC
triblock copolymer have received much attention because they
also form various hierarchical nanostructures, including core/
shell (coaxial) cylinder, three-phase lamellae, cylinder-in-
lamellae, core/shell double-gyroid, and other complicated
nanostructures.””*" As an alternative to the potentially difficult
and complicated syntheses of ABC triblock copolymers, the
blending of AB and CD diblock copolymer with hydrogen
bonding is the relatively simpler approach for preparing such
hierarchical nanostructures. Three different systems have been
developed for these AB/CD mixtures stabilized through
hydrogen boncling.32_40 The first, proposed by Matsushita et
al,, featured immiscible PS-b-PVPh (AB) blended with
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Scheme 1. Cartoon Representations of the Transformations
of System Experiencing Specific Interactions: (a) A-b-B + C
Becoming a Two-Phase System (2 Phases + 1 Phase
Becoming 2 Phases), (b—d) A-b-B + C-b-D for (b)
Becoming a Three-Phase System (2 Phases + 2 Phases
Becoming 3 Phases), (c) Becoming a Three-Phase System
(2 Phases + 1 Phases Becoming 3 Phases), and (d)
Becoming a Two-Phase System (1 Phases + 1 Phases
Becoming 2 Phases)
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immiscible poly(2-vinylpyridine—b—isoprene) (P2VP-b-PI,
CD), with a miscible PVPh/P2VP (B/C) domain (featuring
strong hydrogen bonding) and immiscible PS (A) and PI (D)
block segments; these systems formed a lamellar-within-
lamellar structure as a three-phase system (2 + 2 phase
becomes 3 phase), as shown in Scheme 1(b).** We developed
the second system by blending immiscible PS-b-P4VP (AB)
with miscible disordered PVPh-b-PMMA (CD), giving a so-
called “2 + 1 phase becomes 3 phase” system, where the
PMMA block domain (D) was excluded from the miscible

PVPh-b-PMMA through the introduction of strong hydrogen
bonding for miscible PVPh/P4VP (B/C) domain, resulting in
immiscible PS (A) and PMMA (D) block segments.”® A
similar system formed as blending immiscible PS-b-PVPh with
miscible disordered P4VP-b-PEO, leading to one miscible
PVPh/P4VP (B/C) domain as well as immiscible PS (A) and
PEO (D) block segments, resulting in core/shell (coaxial)
cylindrical or three-phase lamellar structures [Scheme 1c].*
We also developed the third system from two miscible
disordered P4VP-b-PEO and PMMA-b-PVPh mixtures, which
formed one miscible PVPh/P4VP (B/C) domain and another
miscible PMMA/PEO domain, giving a so-called “1 + 1 phase
becomes 2 phases” structure, as depicted in Scheme 1d.*

In this present study, we combined the concepts in Scheme
la,b to investigate the self-assembly nanostructures from
related diblock copolymer mixtures. As mentioned above, the
self-assembly structures for A-b-B/C blends are dependent on
the relative hydrogen bonding strength: for example, PVPh-b-
PS blended with the P4VP homopolymer exhibits wet-brush
behavior with strong hydrogen bonding, whereas it displays
dry-brush behavior when blended with the PMMA homopol-
ymer with weak hydrogen bonding.'> Therefore, we were
interested in covalently linking these homopolymers into a
PMMA-b-P4VP and blending it with PVPh-b-PS to form
potentially interesting related self-assembled nanostructures.
Furthermore, in the “2 + 2 phase becomes 3 phase” system in
Scheme 1b, PVPh segment usually interacts only with the
P2VP or P4VP block segment, and not with the A or D block
segment (e.g., PS or PI). As a result, we suspected that related
hierarchical nanostructures—including core/shell cylinder,
cylinder-in-lamellae, and core/shell double-gyroid struc-
tures—would form from PMMA-b-P4VP/PVPh-b-PS blends
where PVPh block could both interact with P4VP and PMMA
segments by hydrogen bonding. Herein, we report the results
of such studies, along with corresponding examinations of the
miscibility behavior and competitive hydrogen bonding.

B MATERIALS

Styrene, 4-tert-butoxystyrene, 4-vinylpyridine, and methyl methacry-
late were purchased from Aldrich. sec-Butyllithium (1.3 M in
cyclohexane) was obtained from Acros. Diblock copolymer of
PVPh,,y-b-PS|y, was prepared by anionic living polymerization

Scheme 2. Synthesis of the Diblock Copolymers (a) PMMA-b-P4VP and (b) PVPh-b-PS by Sequential Anionic Living

Polymerization
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Table 1. Molecular Weights, Molar Volumes, Solubility Parameters, Values of K, and Kg, and Scattering Length Densities of
Each Block Segment in This Tested Diblock Copolymer Blends

molecular weight molar volume

solubility parameter

equilibrium constants scattering length density

block (g/mol) (mL/mol) (cal/mL)*?
PMMA 100.0 84.9 9.1
P4VP 10S.1 84.9 10.8
PVPh 120.1 82.3 11.0
PS 104.1 93.9 9.5

K, Ky K, (1075/A%)
374 10.841
1200 10.063
21.0 66.8 10.520
9.516

“Self-association equilibrium constants: K, (dimer) and Ky (multimer); interassociation equilibrium constant: K.

while using the tert-butyloxy group as a protective unit for poly(4-tert-
butoxyystyrene-b-styrene) (PtBOSS-b-PS), as displayed in Scheme 2a;
this approach is discussed in detail elsewhere.*' PMMA54-b-P4VP ¢,
was also synthesized by anionic living polymerization, with the
addition of MeOH terminating the polymerization, as displayed in
Scheme 2b; the degrees of polymerization of the PVPh and P4VP
segments were similar.***> The PVPh,3, homopolymer was prepared
through anionic polymerization.

PMMA-b-P4VP/PVPh-b-PS Blends. The PMMA-b-P4VP/PVPh-
b-PS blends were prepared by the solution-blending. Mixtures (10 wt
%) of the diblock copolymers were prepared by dissolving in DMF,
which was the common solvent for each block segment. Each diblock
copolymer mixture was stirred overnight at 40 °C and then cast on a
Teflon disk. DMF was evaporated at 80 °C for 3 days, and then the
sample was dried under a vacuum at 100 °C over 1 week.

B RESULTS AND DISCUSSION

Synthesis of PMMA-b-P4VP and PVPh-b-PS Diblock
Copolymers. We synthesized PMMA-b-P4VP by sequential
anionic living polymerization, as presented in Scheme 2(a).
FTIR spectrum of the PMMA-b-P4VP featured [Figure S1(a)]
the C = O absorption at 1731 cm™' (from the PMMA
segment) as well as signals for the pyridyl units at 1598 and
993 cm™' (from the P4VP segment). Its 'H NMR spectrum
[Figure S1(b)] featured a signal for the O—CH,(peak g) group
of the PMMA segment at 3.56 ppm and signals for the pyridyl
units of the P4VP segment at 6.56 and 8.22 ppm. The molar
ratio of the P4VP segment was much higher than that of the
PMMA segment, based on '"H NMR spectral analysis; the
molecular weight of PMMA;4-b-P4VP ¢, (PDI = 1.09) was
determined through SEC analysis. The synthesis of PVPh-b-PS
through sequential anionic polymerization has been applied
widely, with a tert-butyl group used as a protective unit, as
displayed in Scheme 2b.*"~* We used the polymerization of
the PVPh homopolymer as a model reaction, with phenolic
OH groups observed (based on FTIR and NMR spectroscopic
analyses) after total removal of tert-butyl units (Figure S2).
The broad absorption appeared at 3340 cm ™', representing the
OH units, after hydrolysis, as displayed in Figure S2(A)-(b).
Furthermore, the signal at ca. 1.30 ppm [Figure S2(B)-(c)]
representing the tert-butyl units disappeared after the
deprotection, with a new signal appearing at 8.93 ppm,
representing the OH groups of PVPh homopolymer, as
displayed in Figure S2(B)-(d). The spectra of the PVPh-b-
PS diblock copolymer displayed features similar to those of the
PVPh homopolymer, as presented in Figure S3; the molecular
weight of PVPhj,5-b-PS;y, (PDI = 1.05) was determined
through SEC.

Self-Assembled Structures of PMMA-b-P4VP/PVPh Blends.
Table 1, Scheme 1b, and Scheme S1 summarize the physical
properties for PMMA-b-P4VP/PVPh-b-PS blends. Six different
interaction parameters of AB/CD blends could be expected
(Scheme S1): two of them are negative, namely those for the

8376

PVPh/PMMA and PVPh/P4VP binary pairs, indicating these
two blend systems have disordered structures or are miscible
blend systems, while the other four are positive, namely those
for the PVPh/PS, PAVP/PS, PAVP/PMMA, and PS/PMMA
blends, which are either phase-separated or immiscible blend
systems. This system possessed an additional miscible binary
pair relative to the PI-b-P4VP/PVPh-b-PS system,”* which
exhibited only one miscible binary pair (the miscible PVPh/
P4VP domain). Furthermore, the K, value of the PVPh/P4VP
(1200) was much higher than the PVPh/PMMA blend (37.4),
implying that PVPh prefers to interact with the P4VP block,
rather than the PMMA block, through hydrogen bonding.
Following on from our earlier studies of the self-assembled
nanostructures formed when blending PVPh-b-PS with P4VP
or PMMA homopolymer (wet-brush behavior with a full
order—order transition upon blending with P4VP with strong
hydrogen bonding; dry-brush or disordered structure upon
blending with PMMA with weak hydrogen bonding),"® we
began our investigation of the miscibility and self-assembly
structures of PMMA-b-P4VP/PVPh blend for comparison with
that of PMMA-b-P4VP/PVPh-b-PS blends. Figure 1A presents

(A) (B)
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k=1,q=210
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240

210

Heat Flow (Edno,Down)

- 150

T T T T 120
0.2 0.4 0.6 0.8 1.0

PVPh (Weight Fraction)

T T T
50 100 150 200 0.0

Temperature (°C)

Figure 1. (A) DSC thermograms of PMMA-b-P4VP/PVPh blends:
(a) 100/0, (b) 90/10, (c) 80/20, (d) 70/30, (e) 60/40, (f) 50/50,
(g) 40/60, (h) 30/70, (i) 20/80, (j) 10/90, and (k) 0/100. (B) Glass
transition temperatures of the miscible P4VP/PVPh domains of the
PMMA-b-P4VP/PVPh blends.

the second heating scans of the DSC analyses for PMMA-b-
P4VP/PVPh blends. Our pure PMMA-b-P4VP displayed a
glass transition temperature (Tg) near 150 °C for the P4VP
segment; we did not observe glass transition behavior for the
PMMA segment, presumably because its degree of polymer-
ization was lower than that of the P4VP segment in this
diblock copolymer. Furthermore, we also observed a T, value
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Figure 2. (a—j) SAXS and (k—t) TEM analyses for the PMMA-b-P4VP/PVPh blends (a, k) 100/0, (b, 1) 90/10, (c, m) 80/20, (d, n) 70/30, (e, o)
60/40, (f, p) 50/50, (g, q) 40/60, (h, r) 70/30, (i, s) 80/20, and (j, t) 90/10.

of approximately 180 °C for our PVPh homopolymer. The T,
value for P4VP segment increased significantly after blending
with the PVPh homopolymer, due to strong intermolecular
hydrogen bonding in PVPh/P4VP domain. The highest value
of Tg was approximately 221 °C for the PMMA-b-P4VP/PVPh
= 50/50 blend; this value is much higher than that of the
homopolymer blend P4VP/PVPh = 50/50 (T, = 190 °C)
prepared from DMF solution, presumably due to the
nanoconfinement effect from diblock copolymer. Figure 1B
displays the behavior of the values of T, for PVPh/P4VP
domain in PMMA-b-P4VP/PVPh blends. The glass transition
temperatures for miscible PVPh/P4VP complex domains
deviated positively from the linear equation; the Kwei equation
can usually predict such values for strongly hydrogen bonding
systems:44
WT, + kW,T,

T, = M A4

W, + kW, (1)

where W, and W, are the weight fractions and Ty and T, are
the glass transition temperatures for PVPh and P4VP
segments, respectively, while k and q are the corresponding
fitting constants. Using a fitting procedure, we obtained a value
of k of 1 and a value of g of 210, implying that this blend was a
strongly hydrogen bonding system. Notably, this value of g was
much higher than that of homopolymer blend for PVPh/P4VP
system (g = 100).*

Figure 2 displays small-angle X-ray scattering (SAXS) and
transmission electron microscopy (TEM) analyses of PMMA-
b-P4VP/PVPh blends at various PVPh homopolymer concen-
trations. Pure PMMA-b-P4VP exhibited the short-range order
of the cylinder structure [Figure 2a], based on a scattering
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peak ratio of 1:\/ 3, which is confirmed by TEM analysis
[Figure 2k]. This self-assembled nanostructure was destroyed
upon blending with the PVPh homopolymer, with only a broad
peak observed for all PMMA-b-P4VP/PVPh blend composi-
tions, as displayed in Figure 2b—j. Nevertheless, the TEM
images of the samples obtained with PVPh concentrations of
less than 70 wt % displayed [Figure 2l—r] the short-range
order of wormlike or micelle structures. The broad SAXS
patterns may have correlated with electron density differences
that were not sufficiently high to observe the g reflections at
these compositions. As PVPh concentration was higher than
80 wt %, the miscible disordered structures were observed
[Figure 2s,t]. This result is consistent with previous studies of
immiscible A-B diblock copolymers, where the C homopol-
ymer is both miscible with the A and B blocks. For example,
many reports of PCL-b-P2VP, PCL-b-P4VP, or PMMA-b-
P2VP blends with PVPh have revealed that the self-assembled
nanostructures vary from ordered structures to miscible
disordered structures, dependent on the degree of the AK
effect.'®™*° This AK effect is because of the different hydrogen
bonding strengths of the B/C units (e.g,, K, = 1200 for PVPh/
P4VP blends) compared with the A/C units (e.g, Ko = 37.4
for PVPh/PMMA blends; K¢ = 90 for PVPh/PCL blends).*

Figure 3 displays FTIR spectra of the PMMA-b-P4VP/PVPh
blends at various compositions, presenting the regions for the
vibrations of the C = O units for PMMA segment [Figure 3a]
and the pyridyl units for PAVP segment [Figure 3b]. As noted
in Figure S1(a), the pure PMMA-b-P4VP diblock copolymer
exhibited signals at 1731 cm™ for free C = O units for PMMA
block and at 993 cm™ for free P4VP pyridyl unit. When
blended with the PVPh homopolymer at concentrations
greater than 80 wt %, the new signal was appeared at 1705
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Figure 3. FTIR spectral analyses of PMMA-b-P4VP/PVPh mixtures:
(a) C=0 and (b) pyridyl vibrations.

cm™!, as displayed in Figure 3a, corresponding to hydrogen-

bonded PMMA C = O groups, while another new signal
appeared at 1005 cm™’, corresponding to the hydrogen-
bonded P4VP pyridyl units, as displayed in Figure 3b. Both of
these signals were fitted well using Gaussian functions; notably,
to calculate the area fraction for hydrogen-bonded pyridyl
units, we had to digitally subtract the signal from the PVPh
homopolymer at 1013 cm™.*

Figure 4 summarizes the area fractions for hydrogen-bonded
pyridyl and C=0O units for the PMMA-b-P4VP/PVPh blends;

1.0 H

(A) H-Bonded Units Blending with PVPh

(a) =@ Pyridiene Unit

(b) =@~ C=0 Unit

(B) H-Bonded Units Blending with PVPh-b-PS
(c) Pyrideine Unit
C=0

0.8

)
d

0.6

0.4

0.2+

Area Fraction of H-Bonded Units
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T T T
0.4 0.6 0.8

0.2
PVPh or PVPh-b-PS Weight Fraction

0.0 1.0

Figure 4. Area fractions of hydrogen-bonded (a, c) pyridyl and (b, d)
C=O0 groups of (A) PMMA-b-P4VP/PVPh and (B) PMMA-b-
P4VP/PVPh-b-PS blends.

both values were increased with the increase of PVPh
concentration. At lower PVPh concentrations (<70 wt %),
we did not observe any area fraction for PMMA C=0 groups,
because all of the PVPh OH units interacted with the P4VP
pyridyl units—a result of K, value for PVPh/P4VP being
much higher than the PVPh/PMMA blend system. When the
PVPh concentration was higher than 80 wt %, the area fraction
of the hydrogen-bonded pyridyl units was close to 100%, such
that free PVPh OH groups could also interact with the PMMA
C=0 groups through hydrogen bonding. As a result, as the
PVPh concentration was higher than 80 wt %, the short-range-
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ordered self-assembled structure transformed into miscible
disordered structures, as revealed using TEM images [Figure
2s,t], because the PVPh OH groups both interacted with P4VP
and PMMA segments by hydrogen bonding, such that the
PVPh homopolymer could act as the common solvent for
PMMA-b-P4VP [24]. We conclude that, for this PMMA-b-
P4VP/PVPh blend, short-range ordered of self-assembly
nanostructures formed at lower PVPh concentrations, and
they became miscible disordered structures at higher PVPh
concentrations because the PVPh homopolymer (C) was the
common solvent for both the PMMA (A) and P4VP (B)
segments.

Self-Assembled Structures of PMMA-b-P4VP/PVPh-b-PS
Blends. We expected to obtain six different interaction
parameters for these PMMA-b-P4VP/PVPh-b-PS blends, as
well as three types of phase behavior for the PMMA, PVPh/
P4VP, and PS domains. Figure SA presents the second heating

(a) PMMA-b-P4VP/PVPh-b-PS (b)
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Figure S. (a) DSC thermograms of PMMA-b-P4VP/PVPh-b-PS. (b)
Glass transition temperatures of the miscible P4VP/PVPh domain of
PMMA-b-P4VP/PVPh-b-PS blends.

thermograms in the DSC analyses for PMMA-b-P4VP/PVPh-
b-PS blends. Pure PMMA-b-P4VP displayed a glass transition
temperature of approximately 150 °C for the P4VP segment, as
mentioned earlier. Pure PVPh-b-PS exhibited two values of T,:
at 180 °C for the PVPh domain and at 100 °C for the PS
domain, implying that the PVPh and PS segments were
microphase-separated. All of DSC thermograms of PMMA-b-
P4VP/PVPh-b-PS featured two values of Tg. The higher of
these values are corresponded to the miscible PVPh/P4VP
domains; these values were much higher than those of the
individual block segments, because of strong hydrogen
bonding. The lower values of T, corresponded to the PS
segments, because the glass transition of the PMMA segment
was not observed in DSC traces of PMMA-b-P4VP. Figure 5B
also displays the T, behavior for PVPh/P4VP domain and PS
block segment for the PMMA-b-P4VP/PVPh-b-PS blends.
Notably, the value of T, of PS block increased upon increasing
the PMMA-b-P4VP composition, because of the hard
nanoconfinement effect of the high value of T, from the
miscible PVPh/P4VP domain. Furthermore, the highest value
of Tg was located near 230 °C for the PMMA-b-P4VP/PVPh-
b-PS = 40/60 blend system; this value is much higher than that
of PMMA-b-P4VP/PVPh = 50/50 (Tg =221 °C). As a result,
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Figure 6. (a—h) SAXS patterns and (i—p) TEM images of the PMMA-b-P4VP/PVPh-b-PS blends (a, i) 100/0 (cylinder), (b, j) 60/40 (spherical
micelle), (c, k) 50/50 (spherical micelle), (d, 1) 40/60 (cylinder), (e, m) 30/70 (cylinder), (f, n) 20/80 (cylinder), (g, 0) 10/90 (double-gyroid),

and (h, p) 0/100 (lamellae).

we obtained a value of k of 1 and a value of g of 245, indicating
a strongly hydrogen bonding system; this g value was higher
than the PVPh/P4VP and PMMA-b-P4VP/PVPh mixtures,
presumably due to the additional hierarchal nanoconfinement
of both PS and PMMA blocks Nevertheless, the three-
microphase behavior for this PMMA-b-P4VP/PVPh-b-PS
blend was difficult to distinguish from the DSC thermograms.

Figure 6 presents SAXS and TEM images for PMMA-b-
P4VP/PVPh-b-PS blends containing various contents of
PVPh-b-PS. The SAXS pattern for pure PMMA-b-P4VP
[Figure 6a] exhibited the short-range order of the cylinder
structure, the same as that in Figure 2a, based on a scattering
peak ratio of 1:\/ 3, consistent with the TEM analysis (Figure
6i); the first peak in the SAXS pattern appeared at a value of ¢*
of 0.137 nm™ (d = 45.83 nm). Furthermore, pure PVPh-b-PS
diblock copolymer possessed a lamellar structure, as displayed
in Figure 6h, based on a scattering peak ratio of 1:2, which is
confirmed by TEM [Figure 6p]; the first peak appeared in the
SAXS pattern at a value of g* of 0.241 nm™"' (d = 26.05 nm)
and the PS volume fraction was approximately 0.47 in this
block copolymer. For the sample PMMA-b-P4VP/PVPh-b-PS
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= 10/90, the TEM image [Figure 60] revealed the long-range
order of a double-gyroid structure from the [211] direction, as
confirmed through SAXS analysis [Figure 6g] with a peak ratio
of \/ 6: \/ 8:\/ 20:\/ 22. This interesting order—order transition
from lamellae to double-gyroid structures has been observed
previously for PVPh-b-PS/P4VP blends in which the PS
volume fraction was 0.41—0.48." In the sample PMMA-b-
P4VP/PVPh-b-PS 10/90, the PS volume fraction was
approximately 0.43, consistent with those previous findings.
When the PMMA-b-P4VP concentrations were 20, 30, and 40
wt %, TEM images showed the long-range order of cylinder
nanostructures [Figure 6n,m,, respectively], as confirmed
through SAXS analyses [Figure 6f,e,d, respectively] with peak
ratios of 1:4/3:1/4, where the PS volume fraction was in the
range 0.3—0.38, consistent with previous findings for PVPh-b-
PS/P4VP blends in which the PS volume fraction was in the
range 0.28—0.41 for the cylinder structures.'” Further
increasing PMMA-b-P4VP concentrations to S0 and 60 wt %
resulted in spherical micelle structures being observed in the
TEM images [Figure 6k,j], as confirmed by only a single broad
peak in the corresponding SAXS patterns [Figure 6c,b]. The
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SAXS patterns featured no obvious or broad peaks upon
increasing the P4VP-b-PMMA concentrations to 70—90 wt %
[Figures S4a—c], suggesting disordered and short-range
ordered micelle structures. This phenomenon is quite different
in comparison of PVPh-b-PS/P4VP blend system, in which
complete wet-brush behavior was observed with strong
hydrogen bonding, as displayed in Figure 7a, and from the
PVPh-b-PS/PMMA blend system, which exhibited only dry-
brush or disordered structures with weak hydrogen bonding, as
displayed in Figure 7c.!¢ Combining P4VP and PMMA as
block copolymer segments, this system displayed a full
morphological transition from lamellae to double-gyroid,
cylinder, sphere, and, finally, to disordered structures upon
the addition of PMMA-b-P4VP into the PVPh-b-PS, as shown
in Figure 7b. This result is novel because we observed all of the
self-assembled nanostructures as well as a disordered structure,
a finding that has never been reported previously. For example,
even when decreasing the value of K, by introducing P4VP
into the PMMA segment, providing hydrogen bonding
strength similar to that of the P2VP homopolymer, the
double-gyroid structure was not found for the P2VP/PVPh-b-
PS blend system.'®

We also used FTIR spectroscopy to examine the
intermolecular hydrogen bonding for the PMMA-b-P4VP/
PVPh-b-PS mixtures (Figure 8). The area fraction of hydrogen-
bonded P4VP pyridyl units was increased upon increasing the
PVPh-b-PS concentrations [Figure 8B], but it was lower than
PMMA-b-P4VP/PVPh system in Figure 4. This result is
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Figure 8. FTIR spectral analyses for PMMA-b-P4VP/PVPh-b-PS
blends: (a) C=O0 groups and (b) pyridyl units.

reasonable because the PVPh volume fraction would decrease
after covalent bonding with the PS block segment and because
the area fraction of the pyridyl units did not reach 100%. As a
result, we could not detect signals for any hydrogen-bonded
PMMA C=0 groups in Figure 8A or in Figure 4 for PMMA-
b-P4VP/PVPh-b-PS mixtures. Based on this result, we
conclude that the PVPh OH groups interacted only with
P4VP, and not with PMMA, and, thus, we observed three-
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phase behavior with only PS, PVPh/P4VP, and PMMA
domains. However, the SAXS data in Figure 6 suggest that
the scattering patterns were complicated for the PMMA-b-
P4VP/PVPh-b-PS mixtures: the electron density difference
(Table 1) among the two phases also featured six electron
density differences, and thus, some g reflections might not have
been clear, also probably because of the possible hierarchal
nanostructures observed in this study.

For clarity, we further stained the diblock copolymer
mixtures with RuO, for TEM imaging. P4VP block domains
were revealed after staining with I, in TEM images, and PVPh
and PMMA block domains were revealed after further staining
with RuO,; thus, PS block domain would appear white in
PMMA-b-P4VP/PVPh-b-PS blends. For this study, we selected
three compositions among the highly ordered self-assembled
nanostructures observed through the SAXS and TEM analyses
in Figure 6. Figure 9 displays TEM images for PMMA-b-

PAVP/PVPR

\ : PVPh \ : PAVP
\ :PS

Figure 9. (a—c) TEM images for PMMA-b-P4VP/PVPh-b-PS = 30/
70. (d—f) Schematic representation of the possible core/shell
cylindrical structure, where the PMMA domain appears gray,
PVPh/P4VP domain appears dark, and PS domain appears white.

" :PMMA

P4VP/PVPh-b-PS = 30/70 stained with I, and with both I,
and RuO,. We observed only the cylinder structure when
stained with I, [Figure 9a], whereas core—shell cylindrical
structures appeared when stained with both I, and RuO,
[Figure 9b,c] at this composition. The miscible PVPh/P4VP
domains appeared dark because of hydrogen bonding; PS
domains appeared white and the PMMA domain appeared
gray [Figure 9d—f].

Figure 10 presents TEM images of PMMA-b-P4VP/PVPh-
b-PS = 20/80 stained with I, RuO,, and stained with both I,
and RuO,. We observed only the closed cylinder structure
when stained with I, [Figure 10a]; the equilibrium microphase
separation of this closed cylinder structure was due to the
intermaterial dividing surface (IMDS)*'—the surface of
constant mean curvature between the two microdomains.
Because of the high value of T, of the miscible PVPh/P4VP
domain, the block chain conformation and corona thickness
were compressed, becoming smaller than the corona block in
terms of its unperturbed root-mean-square end-to-end
distance. In addition, the lamellar and layer structure and a
combination with a fuzzy cylinder structure appeared when
stained only with RuO, [Figure 10b]. In Figure 10c, for the
sample stained with both I, and RuO, the PS segment
appeared in the white region (i.e, without staining I, and
RuQ,) for the central cylindrical core of closed hexagonally

8381

{2 SRS

d) (e)
ps \ - PVPh & : P4VP
PVPW/P4VP (
PMMA SrPS ) :PMMA

Figure 10. (a—c) TEM images for PMMA-b-P4VP/PVPh-b-PS = 20/
80. (d, e) Schematic representation of the closed cylinder structure
within the lamellae structure, where the PMMA domain appears gray,
PVPh/P4VP domain appears dark, and the PS domain appears white.

packed structures. Surrounding the PS cylindrical core, we
observed the shell of a miscible PVPh/P4VP domain, which
appeared dark as a result of staining of the P4VP block with I,.
The corona of the miscible PVPh/P4VP domain shell, which
arose from the PMMA domain, had the shape of hexagonal
packing, and appeared as a result of staining with RuO,. Similar
to Figure 9d,e, the miscible PVPh/P4VP complex domain
appeared dark; the PS domain appeared white and the PMMA
domain gray, as displayed in Figure 10d,e. Finally, Figure 11

PVPh/P4VP

g

Figure 11. (a, b) TEM images for PMMA-b-P4VP/PVPh-b-PS = 10/
90. (c, d) Schematic representation of the core/shell double-gyroid
structure, where the PMMA domain appears green, the PVPh/P4VP
domain appears dark, and the PS domain appears blue.

M) PMMA

presents TEM images for PMMA-b-P4VP/PVPh-b-PS = 10/90
stained with both I, and RuO,. The TEM images in Figure
11a,b reveal the long-range order of a core/shell double-gyroid
structure from the [211] direction; the possible structures are
summarized schematically in Figure 11c,d, similar to those in
Figures 9 and 10.

B CONCLUSIONS

We have prepared PMMA-b-P4VP and PVPh-b-PS block
copolymers by sequential anionic living polymerization. In
PMMA-b-P4VP/PVPh blend system, the PVPh could act as
the common solvent for PMMA-b-P4VP because the OH
groups are able to interact with both pyridyl units and C=0
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groups through hydrogen bonding and, thus, the self-
assembled structures were observed to proceed from a cylinder
structure to the short-range order of wormlike or micelle
structures and, finally, to a miscible disordered structure. In
addition, a full morphological transition—from lamellae to
double-gyroid, cylinder, sphere, and, finally, disordered
structures—occurred upon blending immiscible PMMA-b-
P4VP into the PVPh-b-PS. Considering the AK effect, based
on the different hydrogen bonding strengths between the
PVPh/P4VP and PVPh/PMMA binary pairs, this AB/CD
diblock copolymer mixture could form hierarchical self-
assembled supramolecular structures, featuring PS, PVPh/
PMMA, and PMMA domains, including core/shell cylinder,
cylinder-in-lamellae, and core/shell double-gyroid structures.
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