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ABSTRACT: We used sequential anionic living polymerization to
synthesize poly(styrene-b-4-vinylpyridine) (PS-b-P4VP) and poly-
(vinylphenol-b-methyl methacrylate) (PVPh-b-PMMA) diblock
copolymers presenting various hydrogen bond donor or acceptor
units. Upon blending with the miscible disordered PVPh-b-PMMA
diblock copolymers, we observed order−order morphological
transitions from the bicontinuous gyroid structure of pure PS-b-
P4VP to lamellar, cylindrical, and worm-like structures, in a manner
strongly dependent on the concentration and vinylphenol content
of the PVPh-b-PMMA diblock copolymer. We took advantage of
competitive hydrogen-bonding interactions and ΔK effects between PVPh/P4VP and PVPh/PMMA domains when blending
immiscible A-b-B diblock copolymers with disordered miscible C-b-D diblock copolymers to form hierarchical self-assembled
nanostructures, including three-phase lamellar and core−shell cylindrical nanostructures.

■ INTRODUCTION

The self-assembly of diblock copolymers (A-b-B) into, for
example, lamellar, cylinder, double-gyroid, and spherical
nanostructures has possible applications in nanotechnology,
photonic crystals, and drug delivery.1−4 Nevertheless, control-
ling the volume fractions of the blocks with different molecular
weights through living polymerization can be complicated and
time-consuming; accordingly, blending a homopolymer C into
a diblock copolymer, with stabilization through hydrogen
bonding, has become a preferred method for varying volume
fractions and, thereby, preparing well-defined self-assembled
nanostructures.5−7 Four different systems have been reported,
either theoretically or experimentally, for such A-b-B/C blends
featuring hydrogen-bonding interactions.8−25 In general, only
typical self-assembled structures (e.g., lamellar, cylinder,
double-gyroid, and spherical nanostructures) have been
observed from the microphase separation of diblock
copolymers in A-b-B/C blends, forming so-called two-phase
systems (Scheme 1a). For example, the structures formed from
poly(styrene-b-vinylphenol) (PS-b-PVPh) blended with poly-
vinylpyrrolidone (PVP), poly(4-vinylpyridine) (P4VP), poly-
(2-vinylpyridine) (P2VP), polycaprolactone (PCL), and poly-
(methyl methacrylate) (PMMA) homopolymers;7,11−13 poly-
(isoprene-b-2-vinylpyridine) (PI-b-P2VP), PS-b-P2VP, and PS-
b-P4VP blended with phenolic8 and PVPh homopolymers;9,10

PCL-b-P2VP and PCL-b-P4VP diblock copolymers blended
with PVPh, phenolic, and phenoxy homopolymers;14−21 and
PVPh-b-PMMA and PVPh-b-PCL blended with PVP homo-
polymers32,33 have all been reported from experimental
observations.23,25
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Scheme 1. Cartoon Representations of the Self-Assembled
Structures Formed from (a) A-b-B/C (Two-Phase + One-
Phase Becomes Two-Phase), (b) A-b-B/C-b-D (Two-Phase
+ Two-Phase Becomes Three-Phase), and (c) (b) A-b-B/C-
b-D (Two-Phase + One-Phase Becomes Three-Phase)
Blends
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In addition to the A-b-B diblock copolymers that form only a
few self-assembled nanostructures, the various hierarchical self-
assembled structures (e.g., three-phase lamellar or core−shell
cylindrical structures) formed from A-b-B-b-C triblock
copolymers have also received significant interest recently.26,27

Nevertheless, the synthesis of A-b-B-b-C triblock copolymers is
even more difficult and complicated than that of diblock
copolymers. As a result, the blending of A-b-B and C-b-D
diblock copolymers, where the B and C block segments are
capable of intermolecular hydrogen bonding, while the A and
D block segments are relatively immiscible, has become a
simpler approach for the preparation of such hierarchical self-
assembled nanostructures, in a so-called three-phase system
(Scheme 1b).26−29 For instance, when blending PS-b-PVPh
with P4VP-b-PMMA and P4VP-b-PCL diblock copolymers, we
have observed three-phase nanostructures both in solution and
in the solid state.30−34 Furthermore, Matsushita et al.
investigated the blending of PS-b-PVPh and PI-b-P2VP diblock
copolymers and obtained hierarchical self-assembled struc-
tures, including lamellar-within-lamellar and cylinder-within-
lamellar nanostructures.28 Tang et al. also reported the
blending of PEO-b-(PS-r-PVPh) with (PS-r-P4VP)-b-PMMA
and the formation of critical cylindrical domains.35

On the basis of these results, we suspected that the blending
of an immiscible A-b-B diblock copolymer (two phases arising
from microphase separation of the diblock copolymer) with a
homopolymer C (disordered single phase), where the B and C
block segments are miscible through intermolecular hydrogen
bonding, should form only a two-phase system featuring typical
self-assembled nanostructures (i.e., a two-phase system plus a
one-phase system becomes a two-phase system), as displayed
in Scheme 1a. Furthermore, the blending of an immiscible A-b-
B diblock copolymer with an immiscible C-b-D diblock
copolymer (where the B and C segments are miscible through
intermolecular hydrogen bonding, while the A and D segments
are immiscible) should form hierarchical self-assembled
nanostructures (a two-phase system plus a two-phase system
becomes a three-phase system), as displayed in Scheme 1b.
Here, we report the blending of immiscible A-b-B diblock
copolymers with disordered miscible C-b-D diblock copoly-
mers to form hierarchical self-assembled nanostructures (i.e.,
two-phase system plus a one-phase system forming a three-

phase system), as displayed in Scheme 1c. In this study, we use
the immiscible PS-b-P4VP diblock copolymers with miscible
PVPh-b-PMMA diblock copolymers that also provide hier-
archical self-assembled nanostructures, including three lamellar
and core−shell cylinder nanostructures. We describe the
competitive hydrogen bonding, miscibility, and hierarchical
self-assembled nanostructures formed in these systems.

■ EXPERIMENTAL SECTION
Materials. Styrene (Aldrich, 99%), 4-vinylpyridine (Aldrich, 99%),

4-tert-butoxystyrene (tBOS, Aldrich, 99%), and MMA (SHOWA,
99%) monomers were distilled from CaH2 prior to use. sec-
Butyllithium (Acros, 1.3 M in cyclohexane) was used as an initiator
for anionic living polymerization. PS263-b-P4VP106 (Mn = 38600 g/
mol, PDI = 1.04) was synthesized through sequential anionic living
polymerization, as displayed in Scheme 2a and described else-
where.36,37 PVPh-b-PMMA copolymers featuring various PVPh
volume fractions were also prepared through sequential anionic living
polymerizations from the monomers tBOS and MMA.38 The tert-
butoxy protective units of these PtBOS-b-PMMA block copolymers
were removed through hydrolysis to form PVPh-b-PMMA block
copolymers, as described previously (Scheme 2b).38 The molecular
weights, polydispersities, and glass transition temperatures of these
diblock copolymers are summarized in Table 1.

PS-b-P4VP/PVPh-b-PMMA Diblock Copolymer Mixtures.
Mixtures of various PS-b-P4VP/PVPh-b-PMMA compositions were
prepared through solution blending. The diblock copolymers were
dissolved (5 wt %) in DMF, a common solvent for all of the four
block segments. The mixtures of diblock copolymer were stirred for
24 h at room temperature and then cast on an aluminum disk. The
DMF was evaporated slowly at 90 °C over 2 days; the samples were

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

Table 1. Molecular Weights and Glass Transition
Temperatures of PS-b-P4VP and PVPh-b-PMMA Diblock
Copolymers Synthesized in This Study

block copolymer Mn (g/mol) Mw/Mn Tg (°C)

PVPh20-b-PMMA176 20000 1.15 137
PVPh40-b-PMMA112 16000 1.11 148
PVPh137-b-PMMA135 30000 1.10 168
PVPh137-b-PMMA55 22000 1.13 181
PS263-b-P4VP106 38600 1.04 108/154
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then dried under vacuum at 130 °C for 5 days to remove residual
DMF.
Characterization. Fourier transform infrared (FTIR) spectra of

the diblock copolymer mixtures were recorded using the conventional
KBr disk method and a Bruker Tensor 27 FTIR spectrophotometer
(32 scans; spectral resolution: 4 cm−1). Thermal analyses were
performed using a TA Q-20 instrument operated at a heating rate of
20 °C min−1 from 30 to 250 °C. Small-angle X-ray spectroscopy
(SAXS) was performed using the BL23A1 (λ = 1.1273 Å) beamline at
the National Synchrotron Radiation Research Center (NSRRC),
Taiwan; the blend samples were sealed between Kapton windows, and
their spectra were recorded at room temperature. Transmission
electron microscopy (TEM) images of the diblock copolymer
mixtures were recorded using a JEOL 2100 microscope operated at
200 kV. The films of the diblock copolymer mixture were cut into
ultrathin sections using a Leica ultracut microtome featuring a
diamond knife. TEM images were recorded after staining with I2 (to
display the P4VP block domains) and RuO4 (to observe the PVPh
block domains). Accordingly, the PVPh/P4VP complex domains
appeared dark, the PMMA domains appeared gray, and the PS
domains appeared white.

■ RESULTS AND DISCUSSION
FTIR Spectroscopic Analyses of PS-b-P4VP/PVPh-b-

PMMA Diblock Copolymer Mixtures. We synthesize two
different diblock copolymers presenting hydrogen bond donor
or acceptor units through sequential anionic living polymer-
ization (Scheme 2). The interaction parameter, interassocia-
tion equilibrium constant, molecular weight, molecular volume,
and solubility parameter of each block segment are
summarized in Scheme 3 and Table 2. In total, six different

interaction parameters existed for these PS-b-P4VP/PVPh-b-
PMMA diblock copolymer mixtures; as displayed in Scheme 3,
four of the interaction parameters were positive, suggesting
that the PS/P4VP, PS/PVPh, PS/PMMA, and P4VP/PMMA
binary blend systems were immiscible or phase-separated.
Furthermore, two of the interaction parameters were negative:
those for miscible PVPh/P4VP and PVPh/PMMA binary
blends. Nevertheless, the interassociation equilibrium constant
of the PVPh/P4VP binary blend (KA = 1200)39,40 is
significantly higher than that of the PVPh-b-PMMA diblock
copolymer (KA = 47),38 implying that the OH units of PVPh
would prefer to interact with the pyridine units of P4VP rather
than the CO units of PMMA. As a result, the PMMA block
segments might undergo microphase separation from miscible
PVPh-b-PMMA diblock copolymers when blending with PS-b-
P4VP diblock copolymers, thereby inducing hierarchical self-
assembled nanostructures.
Figure 1 displays the FTIR spectra of various PS-b-P4VP/

PVPh-b-PMMA diblock copolymer mixtures at room temper-
ature, in the range from 1760 to 1680 cm−1 for the CO
stretching vibrations of the PMMA block segment. For the
pure PVPh-b-PMMA diblock copolymers, two absorption
peaks appeared at 1705 and 1730 cm−1, representing the
hydrogen-bonded and free CO units, respectively; they
could be fitted well by Gaussian functions. A higher fraction of
hydrogen-bonded CO units arose when the content of
vinylphenol units was higher in the PVPh-b-PMMA diblock
copolymers, as expected. The fraction of hydrogen-bonded
CO units of the PMMA block segments in all of the miscible
PVPh-b-PMMA diblock copolymers decreased significantly
upon increasing the concentration of the PS-b-P4VP diblock
copolymer.
Figure 2 displays FITR spectra (from 1020 to 980 cm−1)

revealing the signals of the pyridine units in the P4VP block
segments of various PS-b-P4VP/PVPh-b-PMMA diblock
copolymer mixtures at room temperature. The characteristic
peak at 993 cm−1 corresponds to the free pyridyl ring; a new
band appeared at 1005 cm−1 after blending with the PVPh-b-
PMMA diblock copolymers, representing the pyridyl rings
hydrogen-bonded with the OH units of the PVPh block
segments. Again, these two peaks were fitted well to Gaussian
functions. At the same PS-b-P4VP/PVPh-b-PMMA blend
ratio, the fraction of hydrogen-bonded pyridine rings also
increased upon increasing the content of vinylphenol units in
the PVPh-b-PMMA diblock copolymers. Figure 3A reveals that
the fractions of the hydrogen-bonded CO units of PMMA
decreased upon increasing the concentration of PS-b-P4VP,
and Figure 3B reveals that the fractions of the hydrogen-
bonded pyridine units of P4VP increased upon increasing the
concentration of PVPh-b-PMMA as would be expected. Most

Scheme 3. Interaction Parameters and Interassociation
Equilibrium Constants for Mixtures of PS-b-P4VP and
PVPh-b-PMMA Diblock Copolymers

Table 2. Molecular Weights, Molecular Volumes, Solubility Parameters, Equilibrium Constants, and Electron Density of the
Polymers Used in This Study

equilibrium constantsa

polymer
molar volume
(mL/mol)

molecular weight
(g/mol)

solubility parameter
[(cal/mL)1/2] K2 KB KA

scattering length density
(10−6/Å2)

PVPh 82.3 120.1 11.0 21.0 66.8 10.520
PMMA 84.9 100.0 9.1 47.1 10.841
P4VP 84.9 105.1 10.8 1200 10.063
PS 93.9 104.1 9.5 9.516

aSelf-association equilibrium constants: K2 (dimer) and KB (multimer); interassociation equilibrium constant: KA.
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importantly, we know that the KA value of PVPh/P4VP
domain (KA = 1200) is significantly higher than that of the
PVPh-b-PMMA diblock copolymer (KA = 47) as displayed in
Table 2, and thus the fraction of hydrogen-bonded CO units
of PMMA decreased upon increasing the concentration of PS-
b-P4VP in Figure 3A. This result implied that the OH units of
PVPh would prefer to interact with the pyridine units of P4VP
rather than the CO units of PMMA, and thus the PMMA
domain undergoes microphase separation from miscible PVPh-
b-PMMA diblock copolymers and then induces the hierarch-
ical self-assembled nanostructures.

Hierarchical Self-Assembled Nanostructures in PS-b-
P4VP/PVPh-b-PMMA Diblock Copolymer Mixtures.
Figure 4a presents the SAXS pattern of the pure PS-b-P4VP
diblock copolymer ( f v

ps = 0.67), suggesting the long-range
order of a bicontinuous gyroid structure having a peak ratio of
√6:√8:√20:√26:√54, with the first peak appearing at a
value of √6q* of 0.142 nm−1 (d = 44.22 nm). Figure 4f
displays a corresponding TEM image confirming the presence
of a bicontinuous gyroid structure from the [211] direction. At
30 wt % of the PVPh137-b-PMMA55 diblock copolymer, the
SAXS pattern (Figure 4b) suggested a cylindrical structure
having a peak ratio of 1:√3:√4, as confirmed in the TEM
image in Figure 4g. After staining with I2 (causing the PS block

Figure 1. FTIR spectra (CO stretching region, 1760−1680 cm−1), recorded at room temperature, of (a) PVPh137-b-PMMA55, (b) PVPh137-b-
PMMA135, (c) PVPh40-b-PMMA112, and (d) PVPh20-b-PMMA176 in the presence of various amounts of the diblock copolymer PS-b-P4VP.

Figure 2. FTIR spectra (pyridine vibration region, 1020−980 cm−1),
recorded at room temperature, of (a) pure PS-b-P4VP and (b−e) PS-
b-P4VP in the presence of the diblock copolymers (b) PVPh20-b-
PMMA176, (c) PVPh40-b-PMMA112, (d) PVPh137-b-PMMA135, and
(e) PVPh137-b-PMMA55 at (A) 30 and (B) 50 wt %.

Figure 3. (A) Fractions of hydrogen-bonded CO units in mixtures
of PS-b-P4VP/PVPh-b-PMMA diblock copolymers upon increasing
the concentration of the PS-b-P4VP diblock copolymer. (B) Fractions
of hydrogen-bonded pyridine units in mixtures of PS-b-P4VP/PVPh-
b-PMMA diblock copolymers upon increasing the PVPh volume
fraction in the PVPh-b-PMMA diblock copolymers.
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domains to appear as white regions and the P4VP-related
domains as dark), the continuous phase of the PS domain was
evident in Figure 4f, but it changed to the disperse phase of a
cylindrical structure after blending with 30 wt % of the
PVPh137-b-PMMA55 diblock copolymer (Figure 4g). Further-
more, in the presence of 30 wt % of the diblock copolymers
PVPh137-b-PMMA135 and PVPh40-b-PMMA122, the SAXS
patterns (Figures 4c and 4d, respectively) exhibited the long-
range order of lamellar structures having peak ratios of 1:2:3,
again confirmed through TEM imaging (Figures 4h and 4i,
respectively). In addition, the SAXS pattern recorded in the
presence of 30 wt % of the PVPh20-b-PMMA176 diblock
copolymer (Figure 4e) displays the short-range order of a
lamellar structure having a peak ratio of 1:3, as confirmed in
the corresponding TEM image (Figure 4j). In addition, the d-
spacing was generally decreased with the decreased of PVPh
volume fraction in PVPh-b-PMMA diblock copolymer. Here,
we observed that at the same ratio of the PVPh-b-PMMA
diblock copolymer (30 wt %) and a similar volume fraction of
PS block segments ( f v

ps = 0.537−0.522), the order−order

morphological transition had already changed from a
bicontinuous gyroid structure for the pure PS-b-P4VP diblock
copolymer to a cylindrical structure for the PVPh137-b-
PMMA55 diblock copolymer, but only to a lamellar structure
for the other three PVPh-b-PMMA diblock copolymers. This
phenomenon indicates that the effective interaction parameters
had changed as a result of strong hydrogen bonding in the
PVPh/P4VP complex; nevertheless, the different self-
assembled structures were observed at similar volume fractions
of the PS block segments due to the different fractions of
hydrogen-bonded pyridine units of P4VP interacting with the
different PVPh volumes fractions in the PVPh-b-PMMA
diblock copolymers, as displayed in Figures 2 and 3. As a
result, the degree of hydrogen bonding did indeed affect the
self-assembled structures formed in the PS-b-P4VP/PVPh-b-
PMMA diblock copolymer mixtures.
Figure 5 summarizes the SAXS patterns and TEM images of

the PS-b-P4VP/PVPh-b-PMMA diblock copolymer mixtures
incorporating 50 wt % of the PVPh-b-PMMA diblock
copolymers. At 50 wt % of the diblock copolymer PVPh137-

Figure 4. (a−e) SAXS and (f−j) TEM images of PS-b-P4VP/PVPh-b-PMMA = 70/30 diblock copolymer mixtures: (a, f) pure PS-b-P4VP, (b, g)
PVPh137-b-PMMA55, (c, h) PVPh137-b-PMMA135, (d, i) PVPh40-b-PMMA112, and (e, j) PVPh20-b-PMMA176.

Figure 5. (a−e) SAXS and (f−j) TEM images of PS-b-P4VP/PVPh-b-PMMA = 50/50 diblock copolymer mixtures: (a, f) pure PS-b-P4VP, (b, g)
PVPh137-b-PMMA55, (c, h) PVPh137-b-PMMA135, (d, i) PVPh40-b-PMMA112, and (e, j) PVPh20-b-PMMA176.
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b-PMMA55, the SAXS pattern (Figure 5b) again suggests a
cylindrical structure having a peak ratio of 1:√3:√4, as
confirmed using TEM (Figure 5g), similar to that formed in
the presence of 30 wt % of this diblock copolymer.
Nevertheless, the d-spacing had decreased from 41.58 nm
(30 wt %) to 28.41 nm (50 wt %) upon increasing the
concentration of the PVPh137-b-PMMA55 diblock copolymer.
This result indicates that the increase of the fraction of
hydrogen-bonding interaction between the pyridine group of
P4VP and the hydroxyl group of PVPh with the increase of
PVPh-b-PMMA weight fraction as shown in Figure 3B. The
strong hydrogen-bonding interaction may shrink the long
period of P4VP segment. More interestingly, at 50 wt % of the
diblock copolymer PVPh137-b-PMMA135, the SAXS pattern
(Figure 5c) revealed a cylindrical structure having a peak ratio
of 1:√3:√4, as confirmed by the TEM image in Figure 5g;
this structure is different from the lamellar structure formed in
the presence of 30 wt % of this diblock copolymer. Thus, the
order−order morphological transition could also occur from
bicontinuous gyroid to lamellar to cylindrical structures upon
increasing the content of the diblock copolymer PVPh137-b-
PMMA135. Furthermore, at 50 wt % of the diblock copolymers
PVPh40-b-PMMA122 and PVPh20-b-PMMA176, the SAXS
patterns (Figures 5d and 5e, respectively) reveal the short-
range order of only one broad peak, indicative of worm-like
structures, which were confirmed in the TEM images in
Figures 5i and 5j, respectively. Thus, lower PVPh volume
fractions in the PVPh-b-PMMA diblock copolymers did not
result in well-defined self-assembled structures due to relatively
low fractions of hydrogen bonds with the pyridine units of the
P4VP blocks.
Figure 6 presents the SAXS patterns and TEM images of the

PS-b-P4VP/PVPh-b-PMMA diblock copolymer mixtures in-
corporating 70 wt % of the PVPh-b-PMMA diblock
copolymers. At 70 wt % of the diblock copolymers PVPh137-
b-PMMA55 and PVPh137-b-PMMA135, the SAXS patterns
(Figures 6b and 6c, respectively) revealed the retention of
cylindrical structures having peak ratios of 1:√3:√4, as
supported by the TEM images in Figures 6g and 6h,
respectively; these structures are similar to those obtained in
the presence of 50 wt % of these diblock copolymers.
Furthermore, at 70 wt % of the diblock copolymers PVPh40-

b-PMMA122 and PVPh20-b-PMMA176, the SAXS patterns
(Figures 6d and 6e, respectively) revealed the short-range
order of only one broad peak, indicative of worm-like
structures, which were confirmed using TEM (Figures 6i and
6j, respectively).
Figure 7 displays the phase diagram of the PS-b-P4VP/

PVPh-b-PMMA diblock copolymer mixtures. Here, we

combined the PVPh/P4VP complex as one phase; we observe
that higher PVPh/P4VP complex compositions formed
cylindrical structures, higher PMMA compositions formed
worm-like structures, and higher PS compositions formed
lamellar structures. On the basis of this phase diagram, we
could readily vary the self-assembled structures formed in these
diblock copolymer mixtures. Note, however, that we had
stained the samples only with I2 and therefore could not
observe the hierarchical self-assembly. We checked the DSC
thermograms of PS-b-P4VP/PVPh137-b-PMMA135 = 50/50
diblock copolymer mixture (Figure 8). All other DSC
thermograms of these diblock copolymer mixtures are
displayed in Figure S1.
The pure PS-b-P4VP displayed two glass transition temper-

atures (Tg), at 104 and 154 °C, suggesting that the PS and
P4VP block segments were phase-separated. In contrast, the

Figure 6. (a−e) SAXS and (f−j) TEM images of PS-b-P4VP/PVPh-b-PMMA = 30/70 diblock copolymer mixtures: (a, f) pure PS-b-P4VP, (b, g)
PVPh137-b-PMMA55, (c, h) PVPh137-b-PMMA135, (d, i) PVPh40-b-PMMA112, and (e, j) PVPh20-b-PMMA176.

Figure 7. Phase diagram of mixtures of PS-b-P4VP and PVPh-b-
PMMA diblock copolymers.
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diblock copolymer PVPh137-b-PMMA135 displayed only one
value of Tg (at 168 °C), indicating that its PVPh and PMMA
block segments were miscible as a result of hydrogen bonding.
For the PS-b-P4VP/PVPh137-b-PMMA135 = 50/50 diblock
copolymer mixture, we also observed two values of Tg (at 107
and 197 °C). The higher value of Tg corresponds to the PVPh/
P4VP complex domain which is higher than those of individual
homopolymers due to the featuring strong hydrogen bonding
of these two block segments, and thus the volume fraction
should change in this blend system. In addition, the lower
value might be due to either the PS or PMMA segment
because the glass transition temperature behaviors of pure PS
and pure PMMA are similar. As a result, it was difficult to
distinguish the three-phase behavior of these PS-b-P4VP/

PVPh-b-PMMA diblock copolymer mixtures when using DSC
analysis. Herein, we suppose that the volume fractions of these
three phase-behaviors for PS, PVPh/P4VP, and PMMA
domains are displayed in Figure 8. In addition, from the
SAXS results as displayed in Figures 4−6, the scattering results
would be very complicated in this PS-b-P4VP/PVPh-b-PMMA
diblock copolymer mixture since the intensity of SAXS is
dependent on the electron density difference between two
phases as also summarized in Table 2, and thus it would have
six electron density differences, which is similar to six different
interaction parameters. Because the electron density difference
is not high and hydrogen-bonding interaction was found
between PVPh and PMMA, some q reflections are not obvious
in this system, which is also due to the more than two self-
assembly structure existing in this diblock copolymer mixture.
As a result, we stained the samples of the diblock copolymer

mixtures with RuO4 for further TEM analyses. The TEM
images recorded after staining with I2 revealed the P4VP block
domains; further staining with RuO4 would reveal the PVPh
and PMMA block domains in these diblock copolymer
mixtures. Figure 9 presents two selected TEM images recorded
after only stained with RuO4, only stained with I2, and stained
both I2 and RuO4. Clearly, only stained with RuO4 or only
stained with I2 both display cylinder structure as displayed in
Figures 9a and 9b, respectively; however, core−shell cylindrical
structure is evident in Figure 9c for the PS-b-P4VP/PVPh137-b-
PMMA55 = 70/30. The PVPh/P4VP complex domains
appeared dark; the PMMA domains appeared gray because
of hydrogen-bonding interactions with PVPh, and the PS
domains appeared white, as displayed in Figure 9d. In addition,
only the alternative lamellar structure was observed by only
stained with RuO4 or I2 as displayed in Figures 9e and 9f,
respectively. Similarly, the three-phase lamellar structure was
evident in Figure 9g for PS-b-P4VP/PVPh137-b-PMMA135 =
70/30, and the scheme is displayed in Figure 9h. Other TEM
images about three-phase behavior of PS-b-P4VP/PVPh40-b-

Figure 8. DSC thermograms of mixtures of (a) pure PVPh137-b-
PMMA135, (b) PS-b-P4VP/PVPh137-b-PMMA135 = 50/50, and (c)
pure PS-b-P4VP diblock copolymer.

Figure 9. (a−c) TEM images of PS-b-P4VP/PVPh137-b-PMMA55 = 70/30 by (a) only stained RuO4, (b) only stained I2, (c) stained with both I2
and RuO4, and (d) schematic representation of the core−shell cylindrical structure. (e−g) TEM images of PS-b-P4VP/PVPh137-b-PMMA135 = 70/
30 by (e) only stained RuO4, (f) only stained I2, (g) stained with both I2 and RuO4, and (h) schematic representation of three-phase lamellae,
where the PVPh/P4VP complex domain appears dark, the PMMA domain appears gray, and the PS domain appears white.
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PMMA122 = 70/30, PS-b-P4VP/PVPh20-b-PMMA176 = 70/30,
PS-b-P4VP/PVPh137-b-PMMA55 = 50/50, and PS-b-P4VP/
PVPh137-b-PMMA135 = 50/50 both stained with RuO4 or I2 as
displayed in Figure S2. Because the value of KA of PVPh/P4VP
is significantly larger than that for PVPh/PMMA, the fraction
of hydrogen-bonded CO units of PMMA would decrease
strongly upon increasing the content of PS-b-P4VP. As a result,
the PMMA block segments would be excluded from the
miscible PVPh-b-PMMA diblock copolymer and, thereby,
undergo microphase separation; because of the intrinsic
immiscibility of PS and PMMA, mixtures of the PS-b-P4VP/
PVPh-b-PMMA diblock copolymers will exist in three
phasesPS, P4VP/PVPh, and PMMA domainsas displayed
in Figures 9d and 9h. In addition, because the OH units of the
PVPh blocks were confined in the PVPh/P4VP domain, the
fraction of hydrogen-bonded pyridine units was increased;
thus, these OH groups could not interact with the CO units,
and thus, the fraction of hydrogen-bonded CO units of
PMMA was significantly lower possibly because of the
microphase-separated PMMA block segments and the OH
units of PVPh strongly interacting instead with the pyridine
units of the P4VP blocks. As a result, the PVPh and P4VP units
are associated with hydrogen-bonding interaction; they
naturally form the mixed one phase, and the phase behavior
of PS and PMMA block segment becomes important in this
study.

■ CONCLUSIONS
We have synthesized PS-b-P4VP and PVPh-b-PMMA diblock
copolymers through sequential anionic living polymerizations.
The fraction of hydrogen-bonded CO units of the PMMA
blocks decreases significantly upon increasing the concen-
tration of PS-b-P4VP, based on FTIR spectroscopic analyses,
because the value of KA of PVPh/P4VP is significantly larger
than that of PVPh/PMMA. As a result, the PMMA block
segments were excluded from the miscible PVPh-b-PMMA
diblock copolymer and underwent microphase separation;
because of the intrinsic immiscibility of PS and PMMA,
mixtures of the PS-b-P4VP/PVPh-b-PMMA diblock copoly-
mers formed hierarchical self-assembled nanostructures,
namely three-phase lamellar and core−shell cylindrical
structures. This study is the first in which immiscible A-b-B
diblock copolymers have been blended with disordered
miscible C-b-D diblock copolymers, taking advantage of
competitive hydrogen bonding and ΔK effects, to form
hierarchical self-assembled nanostructures.
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