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1. INTRODUCTION

Block copolymers have been extensively investigated because
of their self-organization nature into many periodic nanoscale
structures.1�20 To control nanostructures, many research groups
have employed binary blends of two block copolymers.21�40

Hashimoto and co-workers29�32 studied phase behavior of
binary blends consisting of a long asymmetric polystyrene-
block-polyisoprene copolymer (PS-b-PI) with body-centered
cubic (BCC) spherical microdomains and short symmetric PS-
b-PIs. They showed that the morphology of binary blends was
transformed from BCC spheres to lamellar microdomains with
increasing amount of a short block copolymer. One interesting
observation of the binary blends of two lamellar forming PS-b-PIs
with different molecular weights is that the morphology of binary
blends was transformed from the lamellae to hexagonally packed
(HEX) cylinderical microdomains, despite the fact that both neat

block copolymers showed lamellar microdomains.33,34 This
unusual behavior is due to a slight asymmetry of a short PS-b-
PI, which increases the curvature of the lamellar microdomains.

Kimishima et al.35 studied the microdomain structures in binary
blendsbetweenPS-b-poly(ethylenepropylene) copolymer (PS-b-PEP)
and PS-b-(partially hydrogenated polyisoprene) copolymer (PS-
b-HPI) depending on the degree of hydrogenation forHPI block.
They showed that with increasing the repulsive interaction
between PEP and HPI blocks, which depends on the degree
of hydrogenation forHPI blocks,macrophase separation occurred.
Han and co-workers36 reported phase diagrams for binary
blends consisting of PS-b-PI and PS-b-polybutadiene copolymer
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ABSTRACT: Phase behavior of binary blends consisting of
high molecular weight polystyrene-block-poly(2-vinylpyridine)
copolymer (PS-b-P2VP) and low molecular weight polystyrene-
block-poly(4-hydroxystyrene) copolymer (PS-b-PHS) was
investigated by using small-angle X-ray scattering and transmis-
sion electron microscopy. Both PS-b-P2VP and PS-b-PHS
exhibited lamellar microdomain over the entire experimental
temperatures up to 300 �C. When the weight fraction of PS-b-
PHS in the blend was less than 0.1, the lamellar microdomains
were maintained. However, with increasing amount of PS-b-
PHS, the microdomains in the blends were transformed to hexagonally packed (HEX) cylindrical microdomains and body-centered
cubic (BCC) spherical microdomains. On the other hand, when a relatively high molecular weight of PS-b-PHS was used, the BCC
spherical microdomains were not observed even at a large weight fraction of PS-b-PHS in the blend, but HEX cylindrical
microdomains were formed. The phase behaviors observed experimentally were rationalized by the results of the self-consistent
mean-field theory. Based on the theoretical results, some of the PS-b-PHS dissolves into P2VP microdomains and thereby increases
the effective volume of P2VP/PHS phase because of hydrogen bonding between P2VP and PHS blocks. In the case of smaller
molecular weight of PS-b-PHS, the dissolved amount is significant because the favorable interactions of P2VP/PHS chains becomes
dominant over the relatively small enthalpic penalty between PS/P2VP in the P2VP microdomains as well as the gain of the
translational entropy of the PS-b-PHS chains. The increase in the effective volume of the PHS/P2VP phase leads to a transformation
of the microdomains in the blends from lamellar to HEX cylindrical microdomains and BCC spherical microdomains. On the other
hand, when a relatively higher molecular weight of PS-b-PHS was used, the effective volume of the P2VP/PHS phase was not
increased greatly because of a large enthalpic loss arising from the contact between PS/P2VP as well as a small gain in the
translational entropy. Consequently, only lamellar and HEX cylindrical microdomains are observed.
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(PS-b-PB) with various molecular weights and volume fractions.
The order-to-disorder transition temperature (TODT) of the
blends of highly asymmetric block copolymers showed a positive
deviation from linearity, while that for blends of nearly sym-
metric block copolymers exhibited an almost linear relationship.
Hillmyer and co-workers37 studied the morphology of PS-
b-polylactide copolymer (PS-b-PLA)/PS-b-poly(ethylene oxide)
copolymer (PS-b-PEO) blends. The PLA and PEO blocks in
these blends were miscible, and the crystallinity of PEO block
was significantly reduced due to its confinement induced by the
PS matrix.

On the other hand, some research groups38�40 investigated
the phase behavior of binary blends of the block copolymers that
the hydrogen bonding could be formed between block compo-
nents. Matsushita and co-workers38,39 observed many new
morphologies of binary blend of PI-b-poly(2-vinylpyridine)
copolymer (P2VP) and PS-b-poly(4-hydroxystyrene) copoly-
mer (PHS) where the hydrogen bond could be formed between
P2VP and PHS. Kuo and co-workers40 investigated the phase
transformation of mixtures of PS-b-PHS and various homopoly-
mers of poly(4-vinylpyridine) (P4VP), poly(methylmethacrylate)
(PMMA), and PHS. Interestingly, only PS-b-PHS/P4VP mix-
ture showed phase transformations from lamellae, gyroid, HEX

cylinders, and finally to BCC spherical microdomains. This is
because a strong hydrogen bond exists between PHS and P4VP.

It is generally not easy to obtain HEX cylinders or BCC spheres
for binary blends of two nearly symmetric block copolymers
having the same chemical structure. However, it would be possible
for the binary blends with two nearly symmetric block copolymers
having different chemical structures, where an intermolecular
interaction such as hydrogen bonding exists. To test this postula-
tion, we employed the binary blends of PS-b-P2VP and PS-b-PHS,
where the hydrogen bond is expected between P2VP and PHS
chain. Then, we investigated the phase behavior on binary blends
by using small-angle X-ray scattering (SAXS) and transmission
electronmicroscopy (TEM). Both neat PS-b-P2VP and PS-b-PHS
showed lamellar microdomains over the entire experimental
temperature. We found that with increasing weight fraction of
lower molecular weight PS-b-PHS the lamellar microdomains
were transformed to HEX cylinders and BCC spheres. On the
other hand, when a relatively higher molecular weight PS-b-PHS
was used, the BCC spheres were not observed even at large
amount of PS-b-PHS in the blend. The phase behaviors observed
experimentally were explained by the self-consistent mean-field
theory.41�46

2. EXPERIMENTAL SECTION

A high molecular weight PS-b-P2VP was purchased from Polymer
Source. PS-b-PHSs with two different molecular weights were prepared
via the hydrolysis reaction of PS-b-poly(4-tert-butoxystyrene) copolymers
(PS-b-PtBOS)s,47 which were synthesized by the anionic polymerization
of styrene and 4-tert-butoxystyrene monomers in tetrahydrofuran (THF)
at�78 �C under an argon environment using sec-butyllithium (s-BuLi) as
an initiator. All the weight- and number-average molecular weights were
measured by size exclusion chromatography using PS standards in THF
solution, and the volume fraction of PS (fPS) was determined by 1H
nuclear magnetic resonance spectroscopy. The molecular characteristics
of block copolymers used in this study are summarized in Table 1.

Table 1. Molecular Characteristics of Symmetric PS-b-P2VP
and PS-b-PHS

sample code Mw Mw/Mn fPS
c

PS-b-P2VP 114 000 1.08 0.5

PS-b-PHS-L 8 000a 1.08b 0.53

PS-b-PHS-H 57 400a 1.07b 0.49
aCalculated by Mn of PS precursor measured by GPC using PS
standards and the weight fraction of PS in PS-b-PHS measured by
1HNMR. bMw/Mn of PS-b-PtBSmeasured by GPC using PS standards.
cCalculated by 1HNMR and known density at room temperature (PS =
1.05 g/cm3; P2VP = 1.15 g/cm3; PHS = 1.16 g/cm3).

Figure 1. SAXS profiles (upper panels) and TEM images (lower panels) for neat PS-b-P2VP (a, d), PS-b-PHS-L (b, e), and PS-b-PHS-H (c, f).
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All the binary blends with various compositions of PS-b-P2VP and
PS-b-PHSs were prepared via solution casting using dimethylformamide
solvent, followed by a slow solvent evaporation at 100 �C, and a thermal
annealing at 180 �C for 5 days under vacuum, followed by quenched to
room temperature.
SAXS measurements were performed at room temperature on beam-

line 4C1 at the Pohang Light Source (Korea), where a W/B4C double
multilayer delivered monochromatic X-rays on the samples with a
wavelength of 0.1608 nm and a sample-to-detector distance of 2 m.48

A 2-D CCD camera (Princeton Instruments, SCX-TE/CCD-1242) was
used to collect the scattered X-rays. Microdomains for binary blends
were directly observed using TEM (Hitachi 7600) operating at 100 kV.
The specimens were stained with iodine for 2 h at room temperature,
which was selective to PHS or P2VP microdomains.

3. RESULTS AND DISCUSSION

Figure 1 gives SAXS profiles and TEM images for neat PS-b-
P2VP, PS-b-PHS-L, and PS-b-PHS-H. All neat block copolymers
exhibited lamellar microdomain, which is quite expected because
all the block copolymers have nearly symmetric volume fractions
(around 0.5). Interestingly, although the molecular weight of PS-
b-PHS-L is quite low (8000), it exhibited lamellar microdomains
over the entire range of experimental temperatures up to 300 �C
(see Figure S1 in the Supporting Information). This is because
the Flory�Huggins segmental interaction parameter (χ) be-
tween PS and PHS is very high (∼0.68).49

Figure 2 shows SAXS profiles and TEM images of binary
blends with four different blend compositions (95/5; 90/10; 80/
20; and 50/50 w/w) of PS-b-P2VP and PS-b-PHS-L. The 95/5
(w/w) PS-b-P2VP/PS-b-PHS-L blend shows lamellar microdo-
mains verified by SAXS profile (Figure 2a) and TEM image
(Figure 2e). When the weight fraction of PS-b-PHS-L is in-
creased to 0.1, the lamellar microdomains are still maintained, as
shown in the SAXS profile (Figure 2b). However, the ordering of
the lamellar microdomains becomes poor compared with that of

95/5 (w/w) PS-b-P2VP/PS-b-PHS-L blend (compare Figure 2f
vs Figure 2e). As the amount of PS-b-PHS in the blend increases
to 20 wt %, the blend shows HEX cylindrical microdomains
because the SAXS peaks are located at positions of 1:

√
3:
√
4:
√
9

(Figure 2c) and TEM image (Figure 2g). When the amount of
PS-b-PHS in the blend is further increased to 50 wt %, the blend
shows BCC spherical microdomains, as demonstrated by the
SAXS profile (Figure 2d) which shows the peaks at positions of
1:
√
2:
√
6:
√
9 as well as TEM image (Figure 2h).

Previously, Hashimoto and co-workers33 reported that HEX
cylindrical microdomains were formed by blending of two
lamellar forming PS-b-PIs with different molecular weights. How-
ever, in this situation, the phase transformation from lamellar to
HEX cylindrical microdomains was ascribed to a slight asymmetry
of a short PS-b-PI where the volume fraction of PS is 0.40! Also,
they could not observe spherical microdomains for the above
blend. Considering this fact, we consider that the phase transfor-
mation of PS-b-P2VP/PS-b-PHS-L blend is ascribed to the
increased effective volume of P2VP phase due to the hydrogen
bonding betweenP2VP andPHSblocks.We found that the degree
of the hydrogen bonding between P2VP and PHS increases with
increased amount of PS-b-PHS-L in the blend, confirmed by
Fourier transform infrared spectroscopy (Figure S2 in the Sup-
porting Information).

We also prepared another binary blend using PS-b-PHS with a
relatively large molecular weight (PS-b-PHS-H). Figure 3 gives
the SAXS profiles and the TEM images of binary blends with two
different blend compositions. When the content of PS-b-PHS-H
in the blend is 20 wt %, the SAXS profile and TEM image show
that lamellar morphologies are changed to the HEX cylindrical
microdomains (Figures 3a,c). But, the phase transformation into
the BCC spherical microdomains did not happen even when the
weight fraction PS-b-PHS-H was increased to 0.5 (Figures 3b,d).
Here, we do not observe any macrophase separation between two
block copolymers in this blend verified by SAXS and TEM.On the
other hand, 50/50 (w/w) PS-b-P2VP/PS-b-PHS-L blend showed

Figure 2. SAXS profiles and TEM images of PS-b-P2VP/PS-b-PHS-L blend with various compositions. The weight fraction of PS-b-PHS-L in the
blend: 0.05 (a, e), 0.1 (b, f), 0.2 (c, g), and 0.5 (d, h). Inset in (g) is TEM image (scale bar = 100 nm) of the sample cut along the cylinder axis.
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BCC spherical microdomains, as confirmed with the SAXS profile
and TEM image in Figures 2d,h.

4. DISCUSSION AND SELF-CONSISTENT FIELD THEORY
RESULTS

To glean insights into the mechanisms underlying the experi-
mental results, we performed self-consistent field theory (SCFT)
calculations for the phase behavior of binary blends of AB
(PS-b-P2VP) and AC diblock copolymers (PS-b-PHS). Since
SCFT used in this study has been well-established in many
literatures,41�46 the details of the model are presented in the
Supporting Information. The theory involves the following
parameters: (i) χABNAB, χBCNAB, and χACNAB, which quantifies
the segregation power. Here, χij is the Flory�Huggins interac-
tion parameter between i and j, and NAB and NAC are the total
numbers of segments (or degree of polymerization) of AB and
AC, respectively; (ii) φhAB, the overall volume fraction of the AB
in the blend; (iii)R =NAC/NAB; and (iv) fAB and fAC, the volume
fraction of A segments in the AB and AC.

Experimental conditions reported in this paper correspond to
the strong-segregation regime, which poses numerical challenges
in the implementation of SCFT. Since the objective was to glean
insights into the experimental observations, we aimed for a
qualitative comparison with the experimental observation rather
than quantitative comparison. We chose representative values for
the above parameters which mimic the experimental conditions:
(i) NAB > NAC; (ii) χABNAB > 10.5, χACNAC > 10.5. This
corresponds to the fact that the temperature is below TODT of
both AB and AC; (iii) χAC is approximately 6�7 times the value of
χAB.

49�52 Explicitly, we fixed fAB = fAC = 0.5, χABNAB = 20.0, and
χACNAB = 120. Finally, we varied R between 1/8 and 1 to
investigate the effect of molecular weights of AC and AB on the
phase behavior, although we only report the results forRe 1/3. A
special mention is to be made about χBC, which is the Flor-
y�Huggins parameter between P2VP and PHS. While there is
known to be H-bonding interaction between P2VP and PHS,53,54

a realistic modeling of such interactions is not straightforward
within a coarse-grained theory such as polymer SCFT. Conse-
quently, we used a simple model wherein the favorable interaction
between P2VP and PHS was modeled through χBC < 0.55 To

Figure 3. SAXS profiles and TEM images of 80:20 w/w (a, c) and 50:50 w/w (b, d) PS-b-P2VP/PS-b-PHS-H blends. Insets in (c) and (d) are TEM
images (scale bar = 100 nm) of the samples cut along the cylinder axis.

Figure 4. Unit cell representations for lamellar (a), cylindrical (b), and
spherical (c) microdomains. R denotes the dimension of the unit cell
over which the free energy is minimized.

Figure 5. SCFT predictions of equilibrium morphology of AB/AC
blend depending on R and φhAB.
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investigate the role of H-bonding interaction on the phase
behavior, χBC is simply varied.

Numerical implementation of SCFT requires in general the
solution of the equations arising in self-consistent theory in
three-dimensional space with periodic boundary conditions.
Because of the computational complexity of such a procedure
in this work, we adopt a simpler, albeit approximate, methodol-
ogy termed the “unit-cell” approach.43�45 In this approach, the
preferred morphology is determined by comparing the equilib-
rium free energies of candidate structures with the free energies
themselves computed by using a unit cell of the same symmetry
as the assumed structure. For instance, the free energy of the
spherical morphology is computed by assuming a spherical cell
with appropriate dimensions (over which the free energy is
eventually minimized). In a similar manner, rectangular and
cylindrical unit cells are used for computing the free energies of
the lamellar and cylindrical morphologies, respectively. Thus, at
any given stage, the equations are to be solved only in one-
dimensional (rectangular or curvilinear) space, which leads to a
substantial reduction in the computational time. Subsequently, the
free energies of these morphologies themselves are compared to
determine the “preferred” or equilibrium morphology for a given
set of parameters. While this method is necessarily approximate in
that it uses a unit cell of the morphology, prior calculations by
Matsen in the context of diblock copolymers and their blends with
homopolymers have suggested that the phase boundaries are
quantitatively captured within this approximation.43�45 The size
of the equilibrium unit cell for the preferred morphology is
denoted as R, as shown in Figure 4, for three microdomains
(lamellae, HEX cylinders, and BCC spheres).

Figure 5 shows the predicted equilibrium morphologies as a
function of φhAB and R. Here, we fixed χBCNAB = �200.0. The
theoretical results are qualitatively consistent with the experi-
mental observations. Specifically, at small R (which corresponds
to the low molecular weight PS-b-PHS-L), we observe a trans-
formation from lamellar to HEX cylindrical to BCC spherical
microdomains with decreasing φhAB. With increasing molecular
weight of PS-b-PHS, we observe only a transformation from
lamellar to HEX cylindrical microdomains with decreasing φhAB.
But, for very high molecular weight of PS-b-PHS, the lamellar
microdomains remained.

To understand the origins or mechanism of the phase
transformations, in Figures 6a�c we display the equilibrium
density profiles for the A, B, and C components as well as the
distribution of the link points of the AB and AC in the HEX

Figure 6. Local volume fractions of A, B, and C components, denoted φA(r), φB(r), and φC(r), respectively, as a function of the radial coordinate r
normalized by the equilibrium size R of the unit cell. The core region consists of A segments and the corona/shell region consists mainly of B and C
segments. The dashed line corresponding to the peak in the link distribution of AB represents an approximate demarcation between the core and the
shell regions. Also shown are the number density distributions of the link segments of the AB and AC copolymers (normalized such that

R
0
1drφL(r)�φhi,

where φhi = φhAB or φhAC): (a) R = 0.125; φhAB = 0.8 for which the equilibriummorphology is HEX cylindrical microdomains; (b) R = 0.125; φhAB = 0.5 for
which the equilibrium morphology is BCC spherical microdomains; (c) R = 0.2; φhAB = 0.5 for which the equilibrium morphology is HEX cylindrical
microdomains.

Figure 7. Scheme of the phase transformation of PS-b-P2VP/PS-b-
PHS-L blend (left) and PS-b-P2VP/PS-b-PHS-H blend (right).
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cylindrical (φhAB = 0.8) and BCC spherical microdomains (φhAB =
0.5) at a given R = 0.125.

In the HEX cylindrical and BCC spherical microdomains, a
significant fraction of the AC links are located in the exterior B
phase which is defined as the region to the right of the peak in the
density distribution of the links of AB copolymers. Moreover, the
fraction of AC copolymers dissolved in the B phase is larger at
φhAB = 0.5 compared to φhAB = 0.8. It is also interesting to contrast
the preceding results with the distributions observed for a larger
AC chains (R = 0.2) at φhAB = 0.5 (the equilibrium morphology
being a cylindrical phase). In the latter situation a significantly lower
amount of AC links are present in theBphase (corresponding to the
region r/R ∼1 in the unit cell approximation).

Based on these results, the phase transformation on binary
blends between PS-b-P2VP and PS-b-PHSs can be explained
schematically as shown Figure 7. For PS-b-P2VP/PS-b-PHS-L
blend and PS-b-P2VP/PS-b-PHS-H blend, at low content of PS-b-
PHS, the PS-b-PHS would be expected to be located at the
interface of PS-b-P2VP. Then, lamellar microdomains are ex-
pected to be maintained. But the PS-b-PHS chains in the interface
could reduce the interfacial tension and the bending moduli of the
interface, which might also contribute to a spontaneous curvature.
With increasing overall amounts of PS-b-PHS, the amounts of PS-
b-PHS dissolving in the P2VP phase increase due to the favorable
interactions between PHS and P2VP and a gain of the translational
entropy of the PS-b-PHS chains. These two effects lead to an
increase in the “effective” volume fraction of the P2VP phase. Both
increased the “effective” volume fraction of the P2VP phase and
modified interfacial properties resulting in a transformation from
lamellar to curved phases. However, for PS-b-PHS-H the amount
dissolved in P2VP phase becomes smaller than PS-b-PHS-L at the
same overall volume fraction φhAB. The latter can be attributed to
the reduced translational entropy gain of the AC chains as well as
the more pronounced enthalpic cost arising from the unfavorable
contacts between the A segments of the AC chain and the B
segments in AB chains. In such a situation, the increase in the
effective volume of the P2VP phase is decreased, and the phases in
the PS-b-PHS-H are restricted to just the lamellar and HEX
cylindrical microdomains in contrast to the lamellar, HEX cylind-
rical, and BCC spherical microdomains observed in PS-b-PHS-L.

Finally, the effect of the H-bonding interaction strength
between PHS and P2VP on morphological transformations in

the PS-b-P2VP/PS-b-PHS blend is shown in Figure 8. Here, we
fixed R = 0.125. With decreasing favorable B�C interactions
(that is, χBC is decreased), the window corresponding to BCC
spheres shrinks greatly. This is because of a reduction in the
amount of PS-b-PHS dissolved in P2VP arising from less
enthalpic gain.

In summary, we investigated the phase behavior of binary
blends of block copolymers having hydrogen bonding. Binary
blends with various blending composition between a higher
molecular weight PS-b-P2VP and a lower molecular weight PS-
b-PHS-L show the phase transformation from the lamellar, HEX
cylindrical and BCC spherical microdomains, as increasing the
amount of PS-b-PHS-L. However, for binary blends with PS-b-
PHS-H, only HEX cylindrical microdomains are formed, not the
BCC spherical microdomains even at a 50 wt % of PS-b-PHS-H.
This is because PS-b-PHS-H could not easily swell into the P2VP
microdomain due to the large enthalpic loss between PS/P2VP,
unlike binary blends using PS-b-PHS-L. These results observed
experimentally were consistent with predictions of the self-
consistent mean-field theory.
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