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There has been some activity in blending different
microphase-separated diblock copolymers with various
compositions or different overall molecular weight and
the same composition in order to study their morpho-
logical behavior.1-3 Part of that research was motivated
by the observation of cocontinuous morphologies in a
relatively small composition range of the phase dia-
grams of pure diblock copolymers.3 Rather than syn-
thesizing block copolymers with a variety of composi-
tions, it is easier to blend block copolymers with
different compositions in different ratios with each other
and by doing that, systems with various overall com-
positions with respect to one of the two kinds of
repeating units are obtained. In addition, blends of AB
diblock copolymers with A homopolymers have shown
morphological transitions depending on the relative
amount of the components.4 Thereby, it was also found
that the molecular weight of the free chain should not
be larger than the corresponding block of the block
copolymer. If the free chain is too large, it will not wet
the interface with the corresponding block, and the
system stays macroscopically phase-separated.

The morphology of blends of polystyrene-b-polyiso-
prene-b-poly(2-vinyl pyridine) (SIVP) with polystyrenes
of different molecular weights has been reported re-
cently.5 It was shown that SIVP with similar amounts
of all three components forms a core-shell cylindrical
morphology with a VP core, an I shell and an S matrix.6
In this system, the curvature is induced by the very
dissimilar interfacial tensions leading to different in-
terfacial areas per chain at the I-VP and S-I inter-
faces. Due to the volume fraction of S, it cannot fill the
matrix space without inhomogeneous stretching in
different directions of the hexagonal unit cell, which
leads to a nonconstant mean curvature of the interfaces.
Adding polystyrene homopolymer with sufficiently low
molecular weight to this triblock copolymer leads to a
swelling of the matrix, and the morphology of the blend
has cylinders with circular-shaped cross sections and
thus achieves a constant mean curvature of the inter-
faces. The core-shell cylindrical morphology for pure
ABC triblock copolymers was first suggested by Riess
et al.7 In polystyrene-block-polybutadiene-block-poly-
(methyl methacrylate) (SBM) triblock copolymers, core-
shell cylindrical morphologies were only found when the
system has an asymmetric composition.8 A core-shell
cylindrical morphology has also been reported for asym-
metric polystyrene-block-polycyclohexadiene diblock co-
polymers, but there it is most likely only metastable.9

Recently, the possibility of superstructure formation
in a blend of diblock and triblock copolymers was
shown.10 In that particular case, a lamellar polystyrene-
block-polybutadiene-block-poly(tert-butyl methacrylate)

(SBT) was combined with a lamellar ST diblock copoly-
mer giving rise to flat parallel interfaces in the non-
centrosymmetric lamellar sequence SBT TS SBT TS.
The driving force for the formation of this superlattice
is a net reduction of the elastic energy contributions of
the endblocks of SBT and the two blocks of the diblock
copolymer, when their chemically similar blocks inter-
penetrate each other.

Here, we present morphological investigations by
transmission electron microscopy (TEM) on blends of
lamellar SBM and BM block copolymers. Their molec-
ular characteristics are given in Table 1. The synthesis
and the TEM investigations of these materials followed
procedures detailed elsewhere.10,11

When blending lamellar ABC with lamellar BC block
copolymers, many different superstructures can be
formed. Besides a macrophase separation between the
two block copolymers, various lamellar blends with flat
interfaces are also possible. For example, a lamellar
blend with a sequence of (ABC CB BC CBA) can occur,
which is a centrosymmetric structure of double layers
of both diblock and triblock copolymers. Another pos-
sibility is a kind of random sequence between BC and
ABC block copolymers, which will occur when the C
blocks of both the diblock and the triblock copolymers
do not show any preferential mixing with either a C
block of the same species or the other one. In this case,
an aperiodic superstructure will be obtained. In addi-
tion, a possible superstructure is the incorporation of
the BC diblock chains with the same direction into the
ABC structure. This last way of mixing between the
blocks of diblock and triblock copolymer can be envi-
sioned as an increase of the volume fractions of both B
and C blocks with respect to the A block. Due to this, a
lamellar superstructure may be only expected for small
volume fractions of diblock copolymer when incorpo-
rated in this fashion. For larger amounts of diblock
copolymer, chains should no longer form a lamellar
superstructure but a superstructure with curved inter-
material dividing surfaces, such as cocontinuous or
cylindrical morphologies may occur with the A block
forming the inner core structure.

Due to the nearly similar block lengths in the tri- and
diblock copolymers and the comparable interfacial ten-
sions at the S-B and the B-M interfaces in the triblock
copolymer, both the di- and triblock copolymers form
lamellar structures in the pure state with the sequences
SBM MBS and BM MB, respectively.

Table 2 summarizes the morphologies found for
blends with different amounts of these block copolymers.
The blends containing 79% and 61% of BM show a core-
shell cylindrical morphology with an M matrix besides
lamellae of the excess diblock copolymer. This structure
is also present in the blend with 52% of SM. A domain
of long-range hexagonally packed core-shell cylinders
is shown in Figure 1. In this nonlamellar superstruc-
ture, the B domains are strongly curved. The S side has
a negative curvature according to its reduced volume
fraction in the blend. The B shell appears black due to
the staining with OsO4. It separates the inner S
cylinders from the matrix of M. Due to the similar
amount of both B and M, the cylinders have a noncir-
cular hexagonal-like cross section, as was observed by
Gido et al.6† In memoriam Prof. Dr. Reimund Stadler.
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This blend containing 52% of BM diblock copolymer
also shows regions of lamellae of the diblock copolymer,
as well as other regions with a core-shell double-gyroid
morphology. The coexistence of three different morpho-
logies may be attributed to kinetic reasons. We believe
the two core-shell morphologies to be stable mixed
morphologies and the lamellae of pure diblock copolymer
to be metastable, because at a blend composition of 40%
diblock copolymer only the two different core-shell
morphologies are observed and no pure phases of either
diblock or triblock copolymer occur. This indicates the
mixed morphologies to be stable with respect to mac-
rophase separation between the two block copolymers.
In a blend with 20% diblock copolymer, the core-shell
double-gyroid morphology becomes dominant (Figure 2).
The left sides of parts a and b of Figure 2 show TEM
images, and the right sides show computer simulations
obtained by TEMsim.12 The core-shell double-gyroid
morphology schematically shown in Figure 3 corre-
sponds to the well-known double gyroid found for binary

block copolymers 13 with Ia3hd symmetry, where the
minor phase builds up two interpenetrating trifunc-
tional cylinder networks. Here, S forms these networks
and is covered by a shell of B, which separates it from
the matrix of M. The view shown in Figure 2a corre-
sponds approximately to the [110] projection of a double-
gyroid structure, and the TEM micrographs more likely
represent cross sections rather than projections. Due to
the relatively large periodicity of this block copolymer
blend, the TEM images can visualize fractions of the
thickness of a unit cell. Thus, a small deviation of the
[110] projection leads to a continuous change of the
appearance of the domains from the bottom left to the

Table 1. Block Copolymer Molecular Characteristics

name Mn
a/kg mol-1 Mw/Mn

b wS
c wB

c wM
c φS

d φB
d φM

d

SBM 173 1.038 0.33 0.34 0.33 0.33 0.37 0.30
BM 94 1.031 0.53 0.47 0.58 0.42

a Determined by membrane osmometry. b SEC (calibrated for
PS). c w ) weight fractions as determined from 1H NMR. d φ )
volume fractions using the following densities:24 FS ) 1.05 g/cm3,
FB ) 0.96 g/cm3, and FM ) 1.15 g/cm3.

Table 2. Block Copolymer Morphologiesa

L-BM ++ ++ + + - - - -
CYL - + ++ + + - - -
GYR - - - + + ++ + -
L-SBM - - - - - - ++ ++
φS 0.00 0.07 0.13 0.16 0.20 0.26 0.30 0.33
φBM 1.00 0.79 0.61 0.52 0.40 0.22 0.10 0.00

a Key: L-BM, lamellae of BM; CYL, core-shell cylinder with S
core; GYR, core-shell double gyroid; L-SBM, lamellae of SBM;
φS, overall volume fraction of polystyrene; φBM, volume fraction of
BM diblock copolymer; ++, dominant structure; +, structure
occurs less often; -, structure absent.

Figure 1. TEM micrograph of a blend of 48% SBM and 52%
BM showing the core-shell cylindrical superlattice.

Figure 2. Blend of 79% SBM and 21% BM. (a) Left: TEM
micrograph along the [110] projection. Right: simulation of
TEM, [1.02 0.99 0.05] projection; translation, 50% of unit cell;
and thickness, 67% of unit cell. (b) Left: TEM micrograph
along the [112] projection. Right, simulation [112] projection;
translation, 50% of unit cell; and thickness, 72% of unit cell.

Figure 3. Scheme of the core-shell double-gyroid morphol-
ogy.
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top right corner of Figure 2a. The section crosses
different heights corresponding to the (110) plane.
Therefore, different typical [110] views are obtained.
Also specific for the double-gyroid structure is the [112]
projection as shown in Figure 2b. A core-shell double
gyroid has been recently observed in a polyisoprene-
block-polystyrene-block-poly(dimethylsiloxane) triblock
copolymer, too.14 A blend of 90% SBM and 10% SM block
copolymer shows macrophase separation between the
double-gyroid morphology and lamellae of the pure
triblock copolymer.

For ISVP triblock copolymers, cocontinuous morphol-
ogies have been reported, where both I and VP each
form a gyroid network with S as the matrix.15 It was
shown theoretically that in these materials a double-
gyroid structure should be more stable than a double-
diamond structure in both the weak and intermediate
segregation regime16 and in the strong segregation
regime,17 although in the latter case other morphologies
are more stable than the cocontinuous ones.

The formation of the two superlattices formed by
blends of SBM and BM presented here cannot only be
understood as a consequence of the overall change of
the volume fractions of the different components. Cur-
vature of the interfaces between the SBM triblock
lamellae upon addition of BM diblock copolymer is
induced also by an increase in the number of block
junction points between the B and M domains, while
the number of block junction points between S and B
stays constant. In the pure SBM structure, the same
number of block junctions are located at both interfaces
of the B lamella (Figure 4a). When the BM diblock
copolymer is located at the B-M interface, its number
of junctions increases. One possibility is the stretching
of the chains in order to reduce the interfacial area per
chain, which reduces the conformational entropy (Figure
4b). To avoid this crowded situation, the interfacial area
B-M enlarges compared to the B-S interface. This
leads to a curvature (Figure 4c) that is larger for the
core-shell cylindrical structure (more BM diblock co-
polymer in the blend) than for the core-shell double-
gyroid structure (less BM diblock copolymer in the
blend) and is finally zero in the pure SBM lamellae. A
similar argument is used to explain the increasing
curvature in ABn (n ) 2 or 3) miktoarm star polymers
compared to a linear AB diblock copolymer with the
same overall composition.18-21

In this study, we showed that blends of lamellar ABC
and BC triblock copolymers can be used to obtain
nonlamellar morphologies known from pure triblock
copolymers. This concept also works for blends of
asymmetrically composed block copolymers.22,23
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Figure 4. Schemes of chains in various structures. (a)
Lamellae of an SBM triblock copolymer. (b) Lamellae of an
SBM triblock copolymer containing BM diblock copolymer. B
and M blocks have to be stretched. (c) Curved morphology of
a blend of SBM and BM block copolymers where the chains
are less stretched than those in part b.
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