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ABSTRACT: Complex phase structures of AB/CD diblock copolymer blends were investigated. Two pairs
of poly(isoprene-block-2-vinylpyridine) (IP) and poly(styrene-block-4-hydroxystyrene) (SH) diblock co-
polymers with different molar ratios, 5:5 and 9:1, were used; they were coded IP-55, IP-91, SH-55, and
SH-91, respectively. Two polymer species, that is, poly(2-vinylpyridine) and poly(4-hydroxystyrene), out
of four components are miscible with each other via hydrogen bonding interactions in bulk as well as in
solution. From morphological observation using TEM and SAXS, it was confirmed that IP/SH blends
were self-assembled to form the complex three-phase microphase-separated structures. Namely, two kinds
of hierarchical structures were observed, that is, one is a unique lamellar structure from a IP-55/SH-55
) 50/50 blend, where mixed one phases from P and H form alternating lamellae, whereas I and S phases
are arranged alternatingly in every second lamellar phase. The other one from IP-91/SH-91 ) 50/50
consists of another peculiar lamellar structure, where the P/H mixed phase forms isolated cylinders
between lamellar S and I layers.

Introduction

Block copolymers composed of incompatible compo-
nents are known to be self-assembled to form various
microphase-separated structures in bulk,1-4 so many
researchers have paid more attention to them as at-
tractive soft materials that can create nanoscale materi-
als with various functions.5 The morphological features
of several types of block copolymers, such as AB,6-9

ABA,10 ABC linear,11-13 and ABC star-shaped14-15

molecules have been investigated extensively so far.
Recently, a very characteristic centrosymmetric four-
phase six-layer lamellar structure has been observed
from a linear ABCD tetrablock quaterpolymer, even if
A and D are compatible with each other,16 whereas an
ABCA tetrablock terpolymer partially forms a noncen-
trosymmetric three-phase lamellar structure17

In recent years, several approaches have been carried
out to form complex structures by utilizing the inter-
molecular interactions between block chains and low
molecular weight compounds. Especially, the most at-
tention has been paid to hydrogen bonding interactions
to form several hierarchical structures.18-22 Among
them, ten Brinke et al. reported on the formation of a
hierarchical structure with two different length scales,
utilizing interaction between poly(4-vinylpyridine) and
pentadecylphenol (PDP).20-22

Concerning polymer blend systems with attractive
interactions between component polymers, Jiang et al.
reported on the microphase-separated structures from
AB/C-type polymer blends by TEM,23,24 whereas Tucker
et al. examined the phase structures of the same AB/C
systems, where the boundary between microphase
separation and macrophase separation was estimated
theoretically.25 Abetz et al. observed several unique
structures from blends of an ABC triblock terpolymer
and an AD diblock copolymer, where hydrogen bonding

interaction can be formed between components C and
D so that these two component polymers can be mixed
into one phase.26-31 The work by Abetz et al. shows that
the macrophase separation can hardly be observed;
however, the nonstoichiometry of two attractive com-
ponents gives less-ordered microdomain structures. One
resolution to overcome this problem is to match the
number of these functional groups.

If an AB/CD diblock/diblock copolymer blend is pre-
pared, where components B and D are miscible by the
aid of hydrogen bonding interaction, then we may have
a three-phase structure from this blend. A similar
approach was made using electrostatic interactions for
an AB/CD system in solution.32 Here we anticipate a
different structure from that of the ABC linear triblock
copolymer as compared in Figure 1 assuming lamellar
structures. Namely, the AB/CD system considered here
will form a three-phase structure, however, components
A and C cannot be separated completely by the mixed
phase because B/D combined chains can play the role
of a “loop-type” chain as well as a “bridge-type” one as
shown in Figure 1a; the resulting structure must be a
complex one. However, an ABC linear molecule has to
possess a bridge-type conformation in bulk as in Figure
1b. Thus, it must be very interesting to study the
morphology of the AB/CD copolymer blend in compari-
son to that of the simple ABC triblock copolymer system;
therefore, we focus on this issue in this report.

First, we report on the AB/CD blend system having
two symmetric diblock copolymers. There are no reports
concerning microphase-separated structures of blends
of AB/CD diblock copolymers in bulk where B and D
are miscible through hydrogen bonding interaction.
Second, the same polymer system but composed of two
asymmetric block copolymers, with B and D being small
volume fractions, will be studied, where the attractive
interaction between B and D component polymers works
as a molecular adhesive. This morphology control
method must be useful for constructing unknown highly
ordered complex nanostructures.
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Experimental Section
The polymer samples used are two poly(isoprene-block-2-

vinylpyridine) (IP) and poly(styrene-block-4-hydroxystyrene)
(SH) and their blends. The molecular characteristics of the
parent block copolymers are summarized in Table 1. Two pairs
of IP/SH copolymers were blended at the weight ratio of 50/
50. The details of polymer synthesis and preparation of the
blend films were reported in the preceding paper. Blend
sample films obtained by solvent casting and annealing were
cut into ultrathin sections with thickness of ca. 50 nm by an
ultramicrotome, Ultracut UCT of LEICA. The sections were
stained with OsO4 for 8 h and occasionally further stained with
I2 for 30 min, and their microphase-separated structures were
observed by a transmission electron microscope (TEM), H-800,
of Hitachi under an acceleration voltage of 100 kV. In the TEM
image, it is known from our experience for several simple cases
that I, P, H, and S show deep, intermediate, light, and very
light contrasts, respectively, by OsO4 staining, whereas the P
domain is selectively stained with I2. Small-angle X-ray
scattering (SAXS) was performed by using two SAXS ap-
paratuses. One is the Rigaku NanoViewer used for SH-55, IP-
55, and their blends. The wavelength of the monochromated
X-ray was 0.154 nm, a point-collimated beam with size of 0.2
× 0.2 mm2 was irradiated on the cut and stacked film
specimens from the directions perpendicular (through view)
and parallel (edge view) to the film surface. The other
instrument used is the one installed at the synchrotron
radiation facility in beamline 15A at the Photon Factory in
Tsukuba, Japan. The measurements for SH-91, IP-91, and

their blends were carried out using the latter apparatus. The
wavelength of the monochromated beam was 0.150 nm, a
point-collimated beam with size of 0.4 × 0.7 mm2 was irradi-
ated on the film specimens under the same geometry as for
the former instrument.

Results and Discussion

Microphase-Separated Structure from the Blend
of Symmetric Block Copolymers. Figure 2a and b
compares the bright-field TEM images of IP-55 and SH-
55 diblock copolymers. It is evident that both samples
form alternating lamellar structures as expected. A
typical TEM image for IP-55/SH-55 ) 50/50 stained with
OsO4 is shown in Figure 3a. This structure shows a
lamellar structure stacked in the vertical direction
combined with a cylindrical structure in which hexago-
nally packed cylinders are embedded in every second
lamellae, although only two contrasts can be recognized.
Therefore, additional staining was made with I2, and
the observed result is compared in Figure 3b. It is clear
that the contrast of every second lamellae is enhanced
compared to the image in Figure 3a, indicating that P
blocks are included in this phase so that three phases
can be distinguished clearly in Figure 3b.

More detailed analyses were carried out using both
TEM and SAXS results concerning this blend. Figure
4a shows an enlarged TEM image of this blend sample,
where the inset figure is a fast Fourier transform (FFT)
from the 2D image. In addition to periodic dots in the
vertical direction at the center of the reflecting lamellar
arrangement, a hexagonal pattern is observed in the
reciprocal lattice space; therefore, we consider the
packing manner of the cylinders embedded in every
second lamellae to be hexagonal, although hexagons in
the FFT image are somewhat compressed in the vertical
direction. Figure 5 compares SAXS diffraction patterns
from this blend. The top curve is the circular-averaged
intensities from the 2D through view data. Integer
ordered peaks representing a lamellar structure are
observed on this curve at 0.136, 0.273, 0.410, 0.543, and

Figure 1. Schematic views of microphase-separated struc-
tures formed by (a) an AB/CD diblock copolymer blend and
(b) an ABC triblock copolymer.

Table 1. Molecular Characteristics of IP and SH Diblock
Copolymers

mol fractionc

polymers Mw × 10-4 a Mw/Mn
b ΦI ΦP ΦS ΦH

IP-55 8.4 1.06 0.54 0.46
SH-55 7.4 1.02 0.49 0.51
IP-91 8.0 1.06 0.91 0.09
SH-91 8.6 1.03 0.86 0.14
a Determined by MALLS. b Estimated by GPC. Eluents are 2

wt % TMEDA in THF for IP and THF for SH and polystyrene
standards. c Calculated from 1H NMR spectra.

Figure 2. TEM images of (a) IP-55 and (b) SH-55 symmetric
diblock copolymers. Ultrathin sections were stained with OsO4.

Figure 3. TEM images of the IP-55/SH-55 blend, whose
weight ratio is 50/50. Sample specimens were stained with (a)
OsO4 and (b) OsO4 and I2.
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0.670 nm-1, whereas one additional peak can be seen
at 0.197 nm-1 between the 1st peak and the 2nd one
for the lamellar structure. The middle and bottom
curves are for the sector-averaged intensities at around
the vertical axis and the horizontal axis, respectively.
There are no intermediate peaks in the middle curve,
whereas they are clearly included in the bottom one at
0.195 and 0.39 nm-1, where the ratio of the magnitudes
of scattering vector for two peaks is about two. This fact
means that these peaks originate from the periodic
microdomain arrangement along the horizontal direc-
tion, so we are convinced that these are expressing the
periodic distance for a pair of isolated cylinders aligned
in this direction. From the location of the peaks, the
repeating distance of alternating cylinders in the hori-
zontal direction can be estimated as 32 nm; the value
is about two-thirds of that of the lamellar distance, 46
nm, along the vertical direction. These results are

consistent with the microdomain sizes shown in Figure
4a and the corresponding data in the inset figure in a
reciprocal lattice space. The microdomain arrangement
was drawn schematically in Figure 4b, and the partition
of every component of the polymer chains is also
displayed in Figure 4c. From these auxiliary figures, one
can recognize easily that P and H chains can be mixed
into one phase by hydrogen bonding interactions, whereas
I chains and S chains are both self-assembled individu-
ally and two phases are aligned alternatingly in the
vertical direction within the lamellar layers. It is quite
natural that I and S microdomains are mutually alter-
native in lamellae, considering that the selective inter-
actions between P and H chains as can be recognized
easily from Figure 4c. This kind of morphology has been
the first observed one to the best of our knowledge.
Thus, a hierarchical structure with two different repeat-
ing periods has been observed from the present blend
system, where P and H can be mixed to form one phase.

Microphase-Separated Structure from the Blend
of Asymmetric Block Copolymers. Figure 6a and b
compares the bright-field TEM images of IP-91/SH-91
diblock copolymer blends. A typical TEM image for IP-
91/SH-91 ) 50/50 stained with OsO4 is shown in Figure
6a, where only two contrasts can be conceived, and this
structure looks like a simple alternating lamellar one
with a periodic length of ca. 100 nm. On the contrary,
Figure 6b shows the TEM image from the same sample
but stained with I2. It is clear that small cylinders have
emerged between the lamellar layers, indicating that
P blocks are included in this phase in contrast to the
simple lamellar-like structure in Figure 6a. The same
kind of three-phase structure was observed for a cross-
linked poly(styrene-block-butadiene-block-methylmeth-
acryrate) triblock terpolymer.33

Figure 7a shows an enlarged TEM image, where the
inset figure expresses the FFT for the whole TEM
image. Periodicity exists because of the lamellar struc-
ture in the vertical direction, and furthermore another
distinct periodicity is observed in the horizontal direc-
tion. Figure 8 compares the SAXS diffraction patterns
from this blend. The top curve is the circular-averaged
intensities from the 2D data. Integer-ordered peaks
representing lamellar structure are observed on this
curve, and one additional peak designed as 1′ can be
seen at 0.15 nm-1 between the 2nd peak and the 3rd
one from the lamellar structure. The middle and the
bottom curves are for the sector-averaged intensities at
around the vertical axis and the horizontal one, respec-
tively. There are no intermediate peaks in the middle
curve, whereas they are shown in the bottom one at 0.15
and 0.30 nm-1. Again these peaks can originate from
the aligned cylindrical microdomains along the hori-

Figure 4. (a) Enlarged TEM image of the IP-55/SH-55 ) 50/
50 blend. The inset is the FFT pattern for all areas in this
TEM image. (b) Schematic drawing of the microdomain
arrangement for the corresponding blend observed in Figure
4a. (c) The enlarged domain assembly and possible molecular
arrangement in this structure.

Figure 5. SAXS profiles of IP-55/SH-55 ) 50/50. The curves
are shifted in the vertical direction to make the difference
clear.

Figure 6. TEM images of the IP-91/SH-91 ) 50/50 blend.
Sample specimens were stained with (a) OsO4 and (b) I2.
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zontal direction. From the location of the peaks, the
repeating distance of cylinders can be estimated as 40
nm; the value is about two-fifths of that of the lamellar
distance along the vertical direction, 107 nm, indicating
this structure also has a hierarchical nature, the results
being consistent with those in Figure 7a and the
corresponding reciprocal lattice data in the inset figure.

The microdomain arrangement was drawn schemati-
cally in Figure 7b, and the partition of every component
of the polymer chains is also displayed in Figure 8c.
Similar to the IP-55/SH-55 system, one can recognize
easily that P and H chains can be mixed into one phase
by hydrogen bonding interactions, whereas I chains and
S chains are both self-assembled individually to form
independent lamellae. In this complex structure, the
mixed P/H Phase is formed periodically; however, the
environment of this mixed phase is totally different from
that of the IP-55/SH-55 blend, where the mixed phase
is a two-dimensionally continuous lamellar one. It
should be noted that these interactive chain components
form a simple miscible phase, even if the content of
interactive chain is merely about 10% in mole fraction.

The lamellar domain spacing, D, of the IP-91/SH-91
blend, 107 nm, is fairly large considering the molecular
weights of both diblock copolymers. As a matter of fact,
D of poly(styrene-block-isoprene) was studied well and
the scaling law, D ) 0.024 M2/3 (nm), is known in the
strong segregation regime.34 If the sum of the total
molecular weights of the two block copolymers, 166 k,
is introduced into this relationship, then we have 73 nm.
The observed value is evidently larger than the esti-
mated one, although the P/H mixed phase was inserted
into the intermediate region of I and S phases. This fact
suggests that the longer I and S chains are much more
elongated toward the normal to the lamellar interface
than regular block copolymers. Regarding the short P
and H chains that are forming a mixed phase so that it
plays the role of a giant junction point of I and S block
chains, we notice that the real junction points are
condensed in the small microdomain. In this structure,
the average distance between junction points must be
very short; it leads to the increase of segmental density
of I and S components near the P + H microdomain
surface. As a result, the chains tend to elongate along
the direction normal to the interface, so the micro-
domain expands much more than the regular block
copolymer system. The situation of the present case
resembles that of two-component star-shaped block
copolymers,35 where domain expansion was also ob-
served.

Conclusions
The bulk morphology of symmetric and asymmetric

AB/CD type block copolymer blends was studied and
compared. From the morphological observation for these
blends, P chains and H chains can be mixed into one
phase in bulk even if they are fairly short. In a
symmetric block copolymer blend, that is, IP-55/SH-55
blend at 50/50, a simple mixed phase from P and H
forms single lamellae, whereas I and S chains are phase
separated alternatingly and combined into single lamel-
lae that are sandwiched between the mixed layers.
Alternatingly, an asymmetric block copolymer blend,
that is, IP-91/SH-91 ) 50/50 blend, also basically forms
a lamellar structure, where the P/H mixed phase forms
isolated cylinders between continuous I and S lamellae.

The blending of block copolymers with complemental
hydrogen bonding chains is a novel method to give a
mixed phase and results in highly complex structures.
These hierarchical structures are difficult to determine
from the simple block copolymer systems. Thus, here
we propose a system to construct the higher-ordered
complex but regular nanostructures by combining simple
block copolymers with the aid of selective polymer-
polymer interactions.

Figure 7. (a) Enlarged TEM image of the IP-91/SH-91 ) 50/
50 blend. The inset is the FFT pattern for all areas in this
TEM image. (b) Schematic drawing of a microdomain assembly
for the corresponding blend observed in Figure 7a. (c) The
enlarged domain assembly and possible molecular arrange-
ment in the complex structure.

Figure 8. SAXS profiles of IP-91/SH-91 ) 50/50. The curves
are shifted in the vertical direction to make the difference
clear.
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