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ABSTRACT: We aim to elucidate the cosurfactant effects, which are expected when junctions of two block
copolymers share a common microdomain interface, on morphology and phase behavior of mixtures. Especially
this paper addresses the effects involved for binary mixtures composed of polystyrene-block-polyisoprene having
about equal molecular weights but complementary compositions, one forming polystyrene (PS) cylinders in
polyisoprene (PI) matrix and the other forming PI cylinders in PS matrix. Transmission electron microscopy and
small-angle X-ray scattering were used to characterize the phase behavior and domain spacing of the binary
mixtures. First, we found an expanding composition range for hexagonally packed cylindrical morphology and
a narrowed composition range for lamellae relative to the corresponding composition ranges for neat SI block
copolymer under a strong segregation condition. The result indicates that the cosurfactant effects help a block
copolymer to take its spontaneous curvature. Second, it was found that the effects enlarged the domain size and
interdomain distance of the binary mixtures. Those results were compared with the theory by Birshtein and co-
workers, which is proposed to describe the microdomain morphology for strongly segregated binary block
copolymers. We found good agreements between experimental and theoretical results in terms of (i) domain size,
(ii) interdomain distance, and (iii) the blending compositions where morphological transitions occur.

I. Introduction

It is well know that block copolymers (bcps) show various
kinds of microdomain structures having nanoperiodicity depend-
ing on volume fraction of one component block. It is also well-
known that a short bcp forms a small domain and a long bcp
forms a large domain. When the long bcp and short bcp mix
with each other in the same domain with their chemical junctions
on the common interfaces, the long-range interactions between
the short chain and the long chain must compete with each other
to form the domain.1-3 How does this competition affect the
morphology and size of the nanodomain? In this paper we aim
to explore the cosurfactant effects, which are expected when
the junctions of two bcps share a common microdomain
interface, on morphology and phase behavior of bcp mixtures.
Especially in this paper we focus on clarification of the effects
for binary mixtures composed of polystyrene-block-polyisoprene
(PS-b-PI) having about equal molecular weights but comple-
mentary compositions, one forming polystyrene (PS) cylinders
in polyisoprene (PI) matrix and the other forming PI cylinders
in PS matrix.

Let us consider a system composed of two immiscible
homopolymers A and B, as shown in Figure 1a. The Flory-
Huggins segmental interaction parameter between A and B,
which depends on competing van der Waals short-range
interactions of A-A, B-B, and A-B segments, is assumed to
be positive so that the system separates into two macroscopic
phases of almost pure A and pure B with a single interface in
thermal equilibrium (Figure 1a). The important physical factor
in this blend system is competing short-range interactions of

A-A, B-B, and A-B segments. On the other hand, with
incorporation of a single covalent bond between chain ends of
A and B polymers to create diblock copolymers (dibcps), A-B
dibcps can achieve microphase separation in which the bulk
bcp is nothing other than the assembly of interfaces separating
A and B microdomains (Figure 1b). It is very important to
realize here that the short-range interactions inherent in the blend
interplay with the long-range interactions of A and B. These
long-range interactions involve conformational entropy of block
chains under the incompressibility requirement inherent in
liquids, which is important and inherent in polymer science.
The interplay of these two interactions is a key physical factor
in bcps and yield long-range-ordered domain structures with
various spatial symmetries.4,5

Now we turn to discuss the self-assembly of mixtures of bcps.
We have the same short-range interactions between A and B as
in neat A-B bcps. However, the long-range interactions of the
two bcps (designated hereafter asR andâ) themselves now have
to compete with each other, which should give new “delicate
effects” on nanosized patterns. The competing long-range
interactions ofR and â will give two cases as schematically
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Figure 1. Effects of the connectivity between polymer A and B at
their chain ends on the morphology: (a) macrophase separation in the
mixtures of homopolymer A and B; (b) microphase separation in A-b-B
dibcps.
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shown in Figure 2, one in which the two blocksR and â are
miscible and share common interfaces and act as cosurfactants
(part a) and the other in which they are not miscible and share
different interfaces (part b), giving rise to macrophase separation
in two different ordered phasesR andâ.6 In this paper, we shall
not discuss the systems which undergo macrophase separation
but rather discuss the cosurfactant systems. We would like to
highlight that the effects promote the bcps to exhibit micro-
domains having a spontaneous curvature mediated by an
asymmetry in the molecular volumes of PS and PI block chains.

Figure 3 shows the case where the cosurfactant effect
increases the interface curvature.7 A long symmetric bcpR
having an equal block length for block chain AR and BR takes
zero spontaneous curvature, giving rise to lamellar morphology,
while a slightly asymmetric short bcpâ having block length of
Aâ slightly larger than that of Bâ takes a small spontaneous
curvature (part a). However, many-chain effects on packing the
bcpâ in the domain space do not allow the small spontaneous
curvature and end up the flat interface and hence a small lamella.
Why is the spontaneous curvature not allowed? The reason is
simple: as shown in part c, the packing of many chains with
this curvature generates a void in the middle part of the B
domains, which is unstable (left-hand side of part c). In order
to avoid void formation, the Bâ chains must be stretched to fill
the space, which causes extra cost of stretching free energy and
hence is unstable also (right-hand side of part c). Therefore,
the slightly asymmetric short bcpâ forms a small lamella,
instead of cylinder, for example. However, when a small fraction
of the large symmetric bcpR is added to the slightly asymmetric
short bcpâ, the large symmetric bcpR will fill the void space

and hence will promote the short asymmetric bcpâ to take its
spontaneous curvature (part b).

In another case, the cosurfactant effects tend to decrease
interface curvature as schematically shown in Figure 4. A long
asymmetric block chainR can form spherical microdomains in
bcc lattice (part a). We found out that blending a small amount
of a short symmetric bcpâ effectively changes morphology from
bcc spheres to hex cylinder, double gyroid, and lamellae.8 If
one replaces a small fraction of long asymmetric bcpR by the
short symmetric chainsâ without changing the curvature and
conformations of bcpR, one would create density dip (void as
schematically shown in part b). This situation is unstable, so
that the neighboring long asymmetric bcpR change their
conformations and filled the density dip (part c). This process
involves change of the interface curvature from sphere to
cylinder or cylinder to lamella (from part b to part c). This is
also a manifestation of a cosurfactant effect.

Since Hadziioannou and Skoulios9 reported the study on the
microdomain structure of the blends of bcps by SAXS and TEM,
the phase behaviors of the blends of bcps have received
considerable experimental3,6-8,10-17 and theoretical attention.18-26

A series of studies on binary mixtures of bcps were published
by Hashimoto and co-workers, who started studying lamellae-
forming bcp blends.6,27 They extended their investigations to
other morphologies later.3,8 The domain size of binary mixtures
of two symmetric PS-b-PI copolymers was also explored by
Kane et al.13 Spontak et al.11 used blends of PS-b-PI copolymer
of different compositions but similar molecular weights to vary
the morphology by changing the relative amounts of the two
copolymers. Sakurai and co-workers15 found an order-order

Figure 2. Effects of competing long-range interaction of two A-b-B bcps on the morphology of the mixtures of bcpsR and â, giving rise to
cosurfactant effects (part a) and macrophase separation (part b).

Figure 3. Case of a cosurfactant effect giving rise to an increased interface curvature: (a) packing constraint to satisfy the demand of incompressibility
does not allow for a slightly asymmetric bcpâ to take a spontaneous curvature as shown in part (c), while mixing of a small amout of symmetric
long block chainsR can release the packing constraint, resulting in formation of cylinder (b).
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transition between the lamellae and gyroid phase in a mixture
of PS-b-PI copolymers with increasing temperature.

On the theoretical side, Shi and Noolandi18,19 predicted the
cosurfactant effects using self-consistent-field theory with the
strong segregation limit (SSL). They showed that a small amount
of short bcp chains at interfaces may shift the phase boundaries
of the mixture, suggesting that the morphologies of long bcp
can be modified by the addition of short block chains. Matsen20

constructed phase diagrams for the binary mixtures of two
lamellae-forming copolymers but with different molecular
weight. He predicted that as the ratios of the molecular weight
exceed 5, the blends may phase separate into two distinct
lamellar phases, which is consistent with the experimental
observation,3 as depicted in Figure 2b.

In this paper, we continue our effort for the elucidation of
the cosurfactant effects for the mixtures of two bcps having
equal molecular weight but complementary compositions. We
aim to explore how the effect changes morphology and phase
behaviors. The experimental results were analyzed in the context
of the strong segregation theory proposed by Brishtein, Zhulina,
and Lyatskaya.22-26

II. Experimental Section

II.1. Samples. Two PS-b-PI bcps used in this study were
synthesized by sequential living anionic polymerization withsec-
butyllithium as an initiator and cyclohexane as a solvent. For each
synthesis a precursor sample was taken before the second-step
polymerization of isoprene to determine the molecular weight of
the polystyrene block by size exclusion chromatography. Charac-
teristics of these copolymers designatedR andâ are summarized
in Table 1.

II.2. Preparation of Film Specimens.These two bcpsR andâ
were mixed and dissolved in a homogeneous solution with toluene
as a solvent. Film specimens having 16 different blending composi-
tions were obtained by a solution-cast method, as shown in Table
2. Film specimens were cast from the toluene solution containing
5 wt % of polymer in total and then dried until a constant weight
was attained. The drying process involved two steps: The slow
evaporation process of the solvent for 3 weeks at room temperature;

further drying at 60°C under vacuum until constant weights were
attained. The film specimens were further annealed in order to
achieve a near-equilibrium state at 130°C for 24 h under a N2
atmosphere before SAXS measurements at room temperature and
TEM observation.

II.3. Small-Angle X-ray Scattering. The microdomain structures
were investigated by small-angle X-ray scattering (SAXS) using a
rotating anode X-ray generator operated at 40 kV and 300 mA.
The X-ray monochromated by a graphite crystal has wavelengthλ
) 0.154 nm (Cu KR). The scattered intensity is measured with a
one-dimensional position-sensitive proportional counter. SAXS
profiles were recorded at room temperature over a period of 30
min and corrected for air scattering, absorption, and thermal diffuse
scattering.

II.4. Transmission Electron Microscopy. For transmission
electron microscopy (TEM), the film specimens were microtomed
at-100°C, using a Reichert Ultracut E low-temperature sectioning
system. The ultrathin sections were stained with the vapor of 2%
osmium tetraoxide (OsO4) solution for a few hours. The stained
sections were observed with a JEOL JEM2000FXZ TEM operated
at 120 kV. On the TEM images the PI microdomains appear dark,
while the PS microdomains appear bright due to the selective
staining of PI domains with OsO4.

III. Results

III.1. Characterization of the Morphology of the Neat
Diblock Copolymers. Figure 5 shows the TEM micrographs
of neatR and neatâ. The dark region corresponds to the OsO4-
stained PI phase, and bright one is the unstained PS phase. Those
images show clearly that sampleR (image a) exhibits the
morphology of PS cylinders in PI matrix, while sampleâ (image
b) consists of PI cylinders in PS matrix. Both of them form
hexagonally packed cylinders with long-range order.

The morphologies of the neat bcps were further confirmed
by SAXS. The SAXS profiles taken at ambient temperature are
shown in Figure 6. The profiles are plotted as a function of
magnitude of scattering vector,q, defined as

whereλ andθ are the wavelength of the incident X-ray and the
scattering angle, respectively. The scattered intensity is plotted
on a logarithmic scale in arbitrary units. On both of the profiles,
the position of the first-order maximum (qm) can be easily
determined. We marked the positions of the higher-order
scattering maxima by an arrow with number. The SAXS profiles
of neatR andâ clearly show five higher-order scattering peaks
at positions ofx3,x4,x7,x9, andx12 relative to the position
of the first-order peak, indicating that the morphology of these
samples is hexagonally packed cylindrical with reasonable long-
range order. These SAXS results seem to be in good agreement
with TEM images.

III.2. Morphological Study of Binary Mixtures by TEM.
The typical TEM images of six representative mixtures (90/10,
65/35, 60/40, 40/60, 30/70, and 20/80) of samplesR and â
described in Table 2 are displayed in Figure 7. The 90/10 and
65/35 blends (a and b, respectively) appear to exhibit the PS
cylinders in PI matrix, while the 60/40 and 40/60 blends (c and

Figure 4. Schematic illustration of a cosurfactant effect which gives
rise to a decreasing interface curvature: (a) a long asymmetric bcpR
forms bcc spherical domain; (b) a small amount of short symmetrical
bcps, which replace the bcpR and which segregate at the interface,
leads to regions of low packing density. The creation of density dip
destabilizes the spherical morphology. The unstable situation in (b)
drives a curvature decrease to enable the long chainsR to fill the voids
and hence a transition from sphere to cylinder or cylinder to lamella,
as shown in the change from part b to part c.

Table 1. Characteristics of Polystyrene-block-polyisoprene Used in
This Work

code Mn × 10-4 Mw/Mn NPS
a NPI

b fPS
c

R 5.12 1.02 101 581 0.185
â 3.75 1.02 263 141 0.705

a Number-average degree of polymerization (DP) of a polystyrene block
chain.b Number-average degree of polymerization (DP) of a polyisoprene
block chain.c Volume fraction of polystyrene in the dibcps.

q ) (4π/λ) sin(θ/2) (1)
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d) consist of alternating PS and PI lamellae. The image (e)
corresponding to the 30/70 blend shows the uniform and regular
“wagon-wheel” pattern, which is consistent with the [111]
projection of the gyroid phase, indicating that this blend forms
double-gyroid structure of PI in the matrix of PS. We discern
that the 20/80 mixture consists of PI cylinders in PS matrix, as
shown in Figure 7f. Note that we studied the morphologies of
the other blends also as described in Table 2 by TEM, though
they are not presented in this paper. Those TEM images show
that the other five blends (83/17, 81/19, 78/22, 75/25, and 70/
30) with composition in the range between 90/10 and 65/35
form PS cylinders in PI matrix, while the other two mixtures
(55/45 and 50/50) with composition between 60/40 and 40/60
possess alternating lamellae structure. When the weight fraction
of R in the mixtures (15/85, 10/90, and 5/95) is less than 20%,
the blend mixtures form the PI cylinders in a PS matrix.

III.3. Morphological Study of Binary Mixtures by SAXS.
The SAXS profiles of the seven blend specimens (including
those used to produce Figure 7 and the 5/95 blend described in

Table 2) measured at room temperature are shown in Figure 8.
The profiles are represented as a function of the reduced
magnitude of scattering vector,q/qm, and the scattered intensity
is represented on a logarithmic scale in arbitrary units. On each
profile, we marked the positions of the higher-order scattering
maxima by an arrow with number. The SAXS patterns for the
90/10 and 65/35 blends exhibit respectively two and three
higher-order scattering peaks at positions in the ratio of 1:x4:
x7 and 1:x4:x7:x9, indicating that the morphology of these
samples is hexagonally packed cylindrical. Note that the second-
order peak atx3 for hexagonally packed cylindrical morphology
is relatively weak for 90/10 or even absent for 65/35.

The SAXS profiles of the 60/40 and 40/60 blends clearly
show four higher-order scattering peaks whose positions are
integer multiples of the first-order scattering peak position, hence
revealing lamellar morphology. With a further increase of the
fraction of bcpâ in the blend, the SAXS profile dramatically
changes; a peak or shoulder appears near the first-order peak.
The ratio of peak position can be expressed as 1:1.15 (1:x4/3),
which corresponds to the diffractions from (211) and (220)
planes of a double-gyroid phase. Moreover, we can discern a
broad peak arising from the third- and fourth-order reflections
at position of 2.52 (x19/3) and 2.89(x25/3) overlapping one
another, corresponding to the reflections of (532), (611) and
(550), (543) planes, respectively. The result indicates that the
30/70 blend exhibits the double-gyroid structure, which is in
good agreement with the observation by TEM.

With a further increase of the weight fraction of bcpâ in
blend, the SAXS profiles (of the blends 20/80 and 5/95) show
again a classical powder pattern of hexagonally packed cylindri-
cal morphology lacking the high-order reflection ofx3 for the
20/80 blend andx4 for the 5/95 blend. This result is consistent
with our theoretical prediction about the SAXS profile of
hexagonally packed cylinders, based on paracrystalline model.28

The relative intensities of the higher-order maxima at position
of x3 andx4 are sensitive to the composition of the sample.
As mention above, we also studied the morphologies of the other
blends described in Table 2 by SAXS, though not presented in
this paper. Those SAXS profiles show that the other five blends
(83/17, 81/19, 78/22, 75/25, and 70/30) with composition in
the range between 90/10 and 65/35 form PS cylinders in PI
matrix, while the other two mixtures (55/45 and 50/50) with
composition between 60/40 and 40/50 possess alternating
lamellae structure. When the weight fraction ofR in the mixtures
(15/85 and 10/90) is less than 20%, the blends form PI cylinders
in PS matrix. All SAXS results are consistent with the
observation of TEM.

Note that we have investigated SAXS and TEM for the 16
blends. All of them show a single microdomain morphology
which depends on blend compositions, implying thatR andâ
are miscible at the molecular level and forming the single
microdomain morphologies.

Table 2. Characteristics of the Blend Specimens Studied in This Paper

R/â wt %/wt %a

90/10 83/17 81/19 78/22 75/25 70/30 65/35 60/40 55/45 50/50 40/60 30/70 20/80 15/85 10/90 5/95

φPS
b 0.24 0.27 0.28 0.30 0.31 0.34 0.36 0.39 0.40 0.43 0.48 0.54 0.60 0.62 0.65 0.67

morph-
ologyc

PS-cyl PS-cyl PS-cyl PS-cyl PS-cyl PS-cyl PS-cyl lam lam lam lam gyroid PI-cyl PI-cyl PI-cyl PI-cyl

D (nm)d 38.8 45.4 48.9 47.6 49.5 47.5 48.8 43.1 42.8 42.2 41.4 43.9 43.4 41.7 40.5
R (nm)e 9.98 12.4 13.6 13.6 14.5 14.5 15.4 16.7 17.2 18.1 19.7 14.7 14.0 13.0 12.2

a Blend composition.b Net volume fraction of PS block chains in blends given byφPS ) (gRwPS
R + gâwPS

â)/{gRwPS
R + gâwPS

â + FPSFPI
-1[gR(1 - wPS

R)
+ gâ(1 - wPS

â)]}, wheregR andgâ are the weight fraction ofR andâ in the blends;wPS
R andwPS

â are the weight fractions of polystyrene blocks in neat
R andâ; FPS ) 1.0514 g/cm3 andFPI ) 0.925 g/cm3. c Determined by SAXS and TEM.d Interdomain distance.e Radius of cylinder as calculated byRi )
(x3/2π)0.5φi

0.5D, wherei ) PS or PI, or thickness of PS lamella as calculated byLPS ) DφPS.

Figure 5. Transmission electron micrographs of samplesR and â.
SampleR (part a) exhibits the PS cylinders in PI matrix, while sample
â (part b) consists of PI cylinders in PS matrix. The PI microdomains
appear dark due to selective staining with OsO4.

Figure 6. SAXS profiles of neatR and â reveal that the two bcps
form hexagonally packed cylindrical morphologies.
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IV. Discussion

IV.1. Phase Behavior as a Function ofφPS. Figure 9
summarizes morphological investigation of the blends of SI
dibcpsR/â. With increasing amount ofâ which is rich in PS
composition, the volume fraction of PS block in the blend,φPS,
increases, and morphology of the blend changes from PS
cylinder, lamella, and finally to PI cylinder. When the composi-
tions are in the range 0.19e φPS e 0.36, the blends form a
hexagonally packed PS cylindrical microdomain. Increasing the
composition in the range of 0.39e φPS e 0.48 leads to an
alternating lamellar structure. Further increasingφPS to 0.54,
the blend exhibits a PI double gyroid in PS matrix. When the

compositions reach the range 0.60e φPS e 0.71, the blends
possess PI cylindrical structure. The morphologies of neat SI
dibcps have been identified very well. In the regime of a strong
segregation limit, the following sequence of phases is observed
in the composition range corresponding to our experiment as
shown in Figure 9:fPS< 0.30, PS cylinder; 0.30e fPSe 0.32,
PS gyroid; 0.32< fPS < 0.62, alternating lamellae; 0.62e fPS

e 0.67, PI gyroid; 0.67< fPS, PI cylinder,29 wherefPSis volume
fraction of PS block in neat SI dibcps.

Let us now compare the phase behavior of the blend with
that of neat bcp. The comparison reveals that the blends have
an extended composition range for cylinders but a narrowed
composition range for lamella. A neat bcp having volume
fraction of PS nearly 0.35, for example, has a small spontaneous
curvature (see Figure 10a). When such a neat bcp is packed
with its spontaneous curvature and without a significant change
of conformation, a density dip around the center of PI micro-
domains is created or PI block chains must have stretched
conformations as already discussed in conjunction with Figure
3c. Both cases need extra free energy cost and therefore are
thermodynamically unstable. Thus, the packing constraint to

Figure 7. Series of transmission electron micrographs obtained from blends described in Table 2. The 90/10 and 65/35 blends (a and b, respectively)
exhibit the PS cylindrical morphology, while the 60/40 and 40/60 blends (c and d) consist of lamellae. The 30/70 blend exhibits a double-gyroid
morphology (e), and the 20/80 blend consists of PI cylinders (f).

Figure 8. Series of SAXS profiles from blends ofR/â with different compositions. The 90/10 and 65/35 blends (a and b, respectively) show a
typical profile for hex cylinder morphology, while the 60/40 and 40/60 blends (c and d) consist of lamellae. The 30/70 blend exhibits a double-
gyroid morphology (e), and the 20/80 and 5/95 blends consists of PI cylinders (f).

Figure 9. Summary of morphological investigation of the blends of
PS-b-PI bcpsR/â with increasing amount ofâ bcp or volume fraction
of PS block in the blends in comparison with the result of PS-b-PI
neat bcp.
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satisfy the demand of incompressibility does not allow slightly
asymmetric bcp to take the spontaneous curvature, resulting in
lamellae formation, as shown in Figure 10b. However, when
we mix a small fraction of bcpâ, the long PI block chains of
â fill the void space in the center of the PI domain without
significantly changing the spontaneous curvature ofR and
without significantly imposing extra stretching ofR andâ chains
(Figure 10c). Therefore, the cylinder is stabilized in the
expanded composition range (0.3-0.36). The cosurfactant
effects relax the packing constraint and stabilize the slightly
asymmetric bcp to take the spontaneous curvature, which lead
to the narrowed composition range for lamellae. The same story
is applicable to the other side of composition range (PI cylinder),
too. This is a manifestation of a cosurfactant effect for this blend
system.

The observed expanded region of hexagonal cylinder phase
at the expense of the lamellar phase is a generic phenomenon
in mixtures of block copolymers. For example, Cooke and Shi30

also found recently that the cylindrical phase is widened at the
cost of the lamellar phase in their study of the phase behavior
of polydisperse dibcps

IV.2. Quantitative Analysis with the BZL Theory. A. Brief
Description of the BZL Theory. For more quantitative
discussion of the effects, let us compare our results with BZL
theory, the theory established by Birshtein and co-workers.22-26

As schematically shown in Figure 11, the model assumes that
a binary mixture of A-B bcps with different compositions
which are miscible and form (a) a cylindrical microdomain or
(b) a lamellar microdomain under strong segregation limit. The
theory assumes that macrophase separation does not occur in

the mixtures and that all their chemical junctions between A
and B blocks share a common interface. The space of each
microphase (i.e., A microdomain and B microdomain) is divided
into two layers: the layer close to the interface (layerâ) consists
of short chains and a part of long chains which take the same
conformation as the short chain, and the rest of long chains fill
the other space (layerR) unoccupied by the short chains. The
constant density is maintained everywhere in the domain space.

Here we shall not attempt to repeat the derivation as we did
before,31 but rather show only the resulting general expressions
of the interface area per chain,σx, the free energy per chain,
∆Fx, and the characteristic domain size,Rx, corresponding to
the thickness of B lamellae or the radius of B cylindrical domain.
The details are available in the original papers.

wherex ) C or L referring to cylinder or lamella, respectively,
iC ) 2, iL ) 1, anda is the segmental length. The characteristic
domain size,Rx, corresponding to the thickness of A lamellae
or the radius of A cylindrical domain are obtained by exchanging
the subscript of relevant parameters B and A in eqs 4-14 into
the subscript A and B, respectively.nS is the mole fraction of
the short chain in the mixtures, andΦ is the surface free energy
coefficient of the interface.Rj (j ) A or B) is the relative
difference between the degree of polymerization (DP) ofj-th
block chain in bcpR andâ, given by eq 5:

whereNj,k (j ) A or B, k ) R or â) is DP of of thejth block
chain in bcpk.

wherepj is the stiffness parameter of thejth polymer chain,
given as pj ) Aj/a, and Aj is the Kuhn segment length.
Parametersr, hAâ, andhAR are given by eqs 9-11, respectively:

Figure 10. Schematic illustration of the cosurfactant effects narrowing
the lamellar composition range: (a) a slightly asymmetric bcpR having
a small spontaneous curvature, (b) packing constraint of neat, slightly
asymmetric bcpR resulting in the formation of lamella, and (c) upon
mixing of bcpâ, the cosurfactant effect relaxes this packing effect to
promote bcpR to take the spontaneous curvature.

Figure 11. Schematic illustration of BZL model of blends of two bcps
with different molecular weights and composition: (a) cylinder and
(b) lamella.

σx ) a2(NB,â)
1/3(PQx)

1/3 (2)

∆Fx ) 3
2

Φ(NB,â)
1/3(PQx)

1/3 (3)

Rx ) ixa(1 + RBnS)(NB,â)
2/3(PQx)

-1/3 (4)

Rj )
Nj,R - Nj,â

Nj,â
(5)

P ) π2/(4ΦpB) (6)

QC(nS) ) r2

2
G(RB,nS) +

pBNA,â

pANB,â

2(4 + 3hAâ/r)

(2 + hAâ/r)
3

+

pBNA,â

pANB,â
aAnS

3
2[4 + 3hAR/(r + hAâ)]

[2 + hAR/(r + hAâ)]
3 ( r

r + hAâ
)3

(7)

QL(nS) ) 1 + RBnS
3 +

pBNA,â

pANB,â
(1 + RAnS

3) (8)

r ) 2(1 + RBnS) (9)

hAâ

r
) x1 +

NA,â

NB,â
( 1
1 + RBnS

) - 1 (10)
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The functionG(RB,nS) is rather complicated as described below:

wherel andu are determined by the following equations:

Note that in this theory the monomer volume,V, is assumed
to be equal for both block chains for the simplicity and
characterized by the segment length ofa, as V ) a3. Taking
into account the asymmetry in segmental volume, for the degree
of polymerization, we used the modified values instead of the
original values,Nj,k (j ) PS or PI andk ) R or â), which is
given by

whereV0 ) (VPSVPI)1/2, and we used the values ofVPSandVPI as
107.2 and 81.9 cm3/mol, respectively. We used the value ofΦ
) 0.3 (in kT units with k andT being the Boltzmann constant
and absolute temperature, respectively) for the sake of conven-
ience. All these parameters can be found experimentally, so that
there are no adjustable parameters. It should be noted that for
neat bcps the strong segregation limit (SSL) is only available
in the case whenøN . 10, which is a rough limit for SSL
behavior. Hereø and N are the Flory-Huggins segmental
interaction parameter and DP of bcp, respectively. There are
many studies on the estimation ofø parameter between PS and
PI based on PS-b-PI copolymers with the relation asø ) Aø +
Bø/T.32 Here Aø and Bø are constants. At our experimental
temperature, 403 K, the value ofø is in the range 0.07-0.12.
Therefore, we can estimate the values oføN for the two bcps
in the range 28.4-81.4, indicating the system is in intermediate
segregation regime. From SSL, the interfacial tension can be
calculated by the relationsΦ ) p(ø/6)1/2, wherep is the stiffness
parameter of the polymer chain. For PS-b-PI, we can estimate
the values ofΦ is in the range 0.13-0.17, which is slightly
larger than that we used.

B. Comparison between Experimental and Theoretical
Results.Figure 12 compares the experimental and theoretical
results on interdomain distance and domain size as a function
of total volume fraction of PS. The experimental data are shown
by the symbol marks, and theoretical data are shown by solid
curves. The curves on the left side of the vertical line (a) and
(unfilled and filled) circles are for PS cylinder, the curves in

between the lines (a) and (b) and symbols are for lamella, and
the curves on the right hand of the line (b) and (unfilled and
filled) triangles are for PI cylinder. Overall agreements are very
good. More precisely, the two results satisfactorily agree in terms
of absolute value of the domain size and distance and the
composition where OOT occurs as well as the gap in the value
of interdomain distance at OOT point. We would like to
highlight that that the interdomain distance of the blend is much
larger than that of the corresponding neat bcp. This is also an
important cosurfactant effect. A good agreement was also
obtained in the terms of domain sizes (radius of PS cylinder,
PS lamellar thickness, PI lamellar thickness, and radius of PI
cylinders).

It is interesting to note that at OOT point the radius of the
cylinder becomes equal to the thickness of the lamella. At OOT
point, it is easy to obtain the relations between the radius of
the jth cylinder (Rj) and the thickness of thejth lamellae (Lj) as

where j ) PS or PI andnR is the mole fraction of block
copolymerR at OOT point. The interface area per chain does
not change at OOT point as shown in Figure 13, which gives
rise toσL ) σC and henceLj ) Rj at OOT point.

On the basis of the condition that the radius of cylinder is
equal to the thickness of a lamella at OOT point, we have

whereDC and DL are the interdomain distance of cylindrical
and lamellar microdomains, respectively, andφPS,OOT is the
volume fraction of PS block chain. For example, at the transition
point of PS lamella to PS cylinder, the theoretical value of
φPS,OOTis 0.33 as shown in Figure 12, and we haveDC/DL )
1.09. This indicates that there is a gap between the domain
distance of cylindrical and lamellar microdomains at OOT point,
which is also consistent with the experimental observation.

C. Comparison of Theoretical Phase Behaviors between
Blends of BCPs and Neat BCPs.In Figure 14 we compare
theoretical results between neat bcps and blends of PI-rich and
PS-rich bcps having the same molecular weight (5× 104) and
different volume fractions of PS block (0.2 and 0.8), as shown
in Table 3. Theoretical interdomain distances and domain sizes
for the blends are shown by solid lines, while those for neat
bcps are shown by broken lines. We find the following
cosurfactant effects for the blends: First, the composition range
for cylinders expands but that for lamella narrows; second, the
interdomain distance expands, and the gap of the distance at
OOT correspondingly expands. The cosurfactant effect also
expands the domain size.

IV.3. Remarks on Cosurfactant Effects for Double-Gyroid
Morphology. We anticipated the blending of the two bcps
having the complementary compositions may expand the
composition range for double-gyroid morphology. This is simply
because a curvature distribution inherent in the gyroid may be
stabilized by localization of bcpsR and â having a different
composition in relatively large and small cross-sectional areas
of the network, as schematically shown in Figure 15. However,
our experimental results do not tend to support this expectation.
We found that the cosurfactant effect does hardly change the
composition range of double gyroid. The SAXS and TEM
studies for the blends exhibited the hex cylinder of PS up to
the volume fraction of PS equal to 0.36 and lamellar morphology
for the volume fraction of PS equal to or larger than 0.39 (see
Figures 9 and 12). Therefore, if there are gyroids in between

hAR

r
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1 + RBnS
) - x1 +

NA,â

NB,â
( 1
1 + RBnS

) (11)

G(RB,nS) ) (1 + RBnS){xu2 - l2[6u2(1 + RB) +

0.5l2u(1 - 5RB - 10RB
2) - 0.5l2(1 + RB) -

u3(6 - RB - 5RB
2)] + [-0.5l4RB(1 + 5RB) +

0.5l2u2(-10 + 3RB + 15RB
2) - 5u(u2 - l2)(1 + RB) +

u4(6 - RB - 5RB
2)]} - 3l2RBnS (12)

nS

1 + RBnS
)

x1 - l2(1 - RB
2) - RB

1 - RB
2

-

l2 ln
l(1 - RB)

1 - x1 - l2(1 - RB
2)

(13)

u )
1 - RBx1 - l2(1 - RB

2)

1 - RB
2

(14)

Nj,k ) (Vj/V0)Nj,k (15)
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these compositions, the composition range is only 0.03 at a
maximum. This composition range is almost identical to that
of neat bcp (0.02), although the absolute value ofφPS for the
gyroid is shifted toward a large value due to the cosurfactant
effect. It seem that the localized distribution of bcp chainsR
andâ does not appear to offer a plausible model.

Our result appears to lead us to look at the cosurfactant effect
from a different view point as follows. The gyroid phase may
be considered to exist as a consequence of a compromise
between the constant-curvature structure and the constant-
thickness structure: the gyroid structure itself is neither a
constant-curvature nor a constant-thickness structure. The co-
surfactant effect favors constant-curvature structures and thereby
may be negligible on the gyroid phase.

We observed the PI gyroid for the mixture havingφPS) 0.54.
Except this composition, a relatively large composition range
between lamellae (φPS ) 0.48) and PI cylinder (φPS ) 0.60)
was left unexplored. A more precise exploration of morphologies
vs composition is needed in this composition range as a future
work before making a definite conclusion on the cosurfactant

effect on gyroid morphology. It may be interesting to extend
the studies of cosurfactant effects to binary mixtures of the
gyroid-forming bcps having a complementary composition and
almost the same molecular weights.

IV.4. Perspectives.The cosurfactant effects investigated in
this work revealed an enlarged composition range for cylinders
and tend to decouple composition of bcps and morphology. This
is because for the neat bcp, hex cylinder for PS-b-PI copolymer
exists in the composition range between 0.2 and 0.3, so that
the morphology is closely coupled with the composition.
However, the cosurfactant effects can vary the composition for
hex cylinders. It may be possible to obtain hex cylinders having
an extremely large volume fraction of cylinder.

On the basis of the BZL theory, we can predict that the PS
cylinder is more stable than lamella for the cylinder volume
fraction up to 0.64, for a special case when the ratio of molecular
weights of the two bcpsr ) 10, the long bcpR has the PS

Figure 12. Comparison of the experimental and theoretical results on interdomain distance and domain size as a function of total volume fraction
of PS. The experimental data for interdomain distance are shown by the symbol marks (unfilled circles, squares, and triangles for PS cylinder,
alternating lamella, and PI cylinder, respectively) and those for domain size by symbol marks (filled circles, squares, and triangles for PS cylinder,
alternating lamella, and PI cylinder, respectively), while theoretical data are shown by solid curves for both interdomain distance and domain size
(PS radius, PI and PS lamellar thickness, and PI radius). The vertical lines (a) and (b) are theoretical boundaries among PS cylinder in PI matrix,
alternating lamella, and PI cylinder in PS matrix.

Figure 13. Comparison of the experimental and theoretical results on
interface area per chain as a function of total volume fraction of PS.
The experimental data are shown by the symbol marks (unfilled squares,
triangles, and circles for PS cylinder, alternating lamella, and PI
cylinder, respectively), while theoretical data are shown by broken,
solid, and dotted curves, respectively.

Figure 14. Comparison between the theoretical interdomain distances
and domain sizes of a neat bcp (broken lines) and a blend of PI-rich
and PS-rich bcps (solid lines) having the same molecular weight but
different volume fractions of PS block. (a) and (b) are boundarys among
PS cylinder in PI matrix and alternating lamellae and PI cylinder in
PS matrix for the blend of the bcps, while (a′) and (b′) are those for
neat bcp.
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volume fraction of 0.8, and the short bcpâ has the PS volume
fraction of 0.2. In Figure 16 we plot the calculated value of
free energies as a function ofφPS and the volume fraction of
short bcpâ (shown on the upper abscissa) for a mixture of
special pair of bcpR andâ having different compositions (fPS,R
) 0.8 andfPS,â ) 0.2) and molecular weights (MnR ) 100 000
andMnâ ) 10 000 ). The figure shows that the free energy of
PS cylinder is lower than that of PI cylinder and lamellar even
when the total fraction of PS block is as large as 0.64. In the
inset to Figure 16 we present a schematic illustration of the
very unique cylinder. In this case, the number of the short bcps
â is much more than that of the long bcpsR, although the short
bcpsâ do not remarkably change the total volume fraction of
PS due to the low molecular weight. However, those short chains
locate the domain boundary interfaces, which may have a large
effect on the interfacial energy, and therefore give rise to the
stability of the special morphology. We should note that there
is a possibility that the two bcpR andâ undergo macrophase
separation, though the theory does not account for the mac-
rophase separation. Even in the case when the macrophase
separation occurs, we can suppress the macrophase separation
under such nonequilibrium conditions that the microphase

separation occurs prior to the macrophase separation, which is
followed by vitrification due to formation of glassy PS domains.

V. Conclusion

In this work we studied the blends of bcps which form PS
cylinders in PI matrix and PI cylinders in PS matrix. Transmis-
sion electron microscopy and small-angle X-ray scattering were
used to characterize the phase behavior and domain spacing
and size of the domains. The results of all 16 blend specimens
investigated show a single microdomain morphology which
depends on blend compositions, implying that the two bcps are
miscible at the molecular level and seemingly sharing the
common microdomain interfaces, because of a high segregation
condition employed in this work. First, we found an expanding
composition range for hexagonally packed cylindrical morphol-
ogy and a narrowed composition range for lamella relative to
the behavior of neat SI bcps. The result indicates that the effects
help bcp to take a spontaneous curvature. Second, it was found
that the effects enlarged the domain size and spacing relative
to corresponding neat bcps. This is also an important cosurfac-
tant effect. Those results were compared with the BZL theory,
which is proposed to predict strongly segregated binary bcp
mixtures by Birshtein and co-workers. We found good agree-
ments between experimental and theoretical results in terms of
(i) domain size, (ii) interdomain distance, and (iii) the blending
compositions where morphological transitions occur.
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