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Confinement can break the symmetry of a structure,
forcing a change from bulk equilibrium behavior. Diblock
copolymers, with their rich phase behavior and ordering
transitions, are ideally suited to study structural transi-
tions arising from confinement.1 The self-assembly of
symmetric block copolymers under a one-dimensional
confinement, imposed by two parallel bounding surfaces,
has been extensively studied both theoretically and
experimentally.2-13 Recently, we investigated the two-
dimensional confinement of symmetric diblock copoly-
mers of styrene and butadiene, PS-b-PBD, using nano-
scopic cylindrical pores in alumina membranes.14,15 In
the bulk this copolymer exhibits a lamellar microdomain
morphology. Within the pores, the symmetric PS-b-PBD
copolymers show a multiple set of concentric cylinders,
when the pore diameter, d, is large in comparison to
the equilibrium period, L0.14,16,17 However, as the pore
diameter decreases, becoming comparable to L0, and
when d/L0 is not an integer, a novel stacked-disk or
torroid type of morphology forms in the pores.15

We report here the phase behavior of a cylinder-
forming diblock copolymer under similar confinement.
A helical morphology is found to form under certain
conditions. This nanostructured material is interesting
for its potential applications in fabricating unique
nanostructured materials from diblock copolymers,
expanding the types of morphology accessible from these
simple molecules.

The PS-b-PBD copolymer used in this study (Polymer
Sources) had a number-average molecular weight of
42 000 and a polydispersity index of 1.03 with a volume
fraction of ∼0.36 PBD. The bulk morphology consists
of PBD cylinders in a PS matrix with L0 ∼ 29.1 nm, as
measured by small-angle X-ray scattering (SAXS). The
alumina membranes were electrochemically prepared
in 0.3 M oxalic acid by a two-step anodization process.18

The nanopores formed in the alumina membranes were
33-45 nm in diameter with a length of ∼5 µm. To
confine the copolymer in the cylindrical nanopores, the
alumina membrane was placed on top of a dried PS-b-
PBD film that was solvent-cast onto a glass slide. The
assembly was heated to 125 °C under vacuum, and the
copolymer melt was drawn into the nanopores by
capillary force. After annealing for 7 days, the copolymer/
membrane assembly was allowed to cool to room tem-
perature. The alumina membrane was removed using
a 5% (w/w) sodium hydroxide solution (water/metha-
nol: 8:2 by volume), leaving an array of free-standing
copolymer nanorods. To visualize the microphase-
separated morphology in the copolymer nanorods, trans-
mission electron microscopy (TEM) was used. For this

purpose, the nanorods were embedded in an epoxy resin
and microtomed parallel and normal to the rod axis. The
as-prepared ultrathin sections were exposed to OsO4,
which preferentially stained the PBD phase.

PS and PBD are highly immiscible, and PBD, having
the lower surface energy, preferentially segregates to
the high-surface-energy alumina interface. Previous
studies showed that,14 in nanopores with diameters d
larger than ∼120 nm (d/L0 > 4.1), the hexagonal
packing of the cylindrical domains is maintained, but
both the symmetry and separation distance of the
hexagonal packing can be altered by the shape and size
of the pores. For a pore diameter ∼120 nm, only seven
cylinders are formed within the pore. Shown in Figure
1a is a cross-sectional TEM image along the axis of the
cylindrical PS-b-PBD nanorods confined in pores with
diameters of 33-45 nm (d/L0 ) 1.1-1.5). Within the
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Figure 1. TEM images of PS-b-PBD nanorods prepared using
anodic alumina membranes: (a) cross-sectional view along the
axes of the nanorods (three shown in the image); (b) cross-
sectional view normal to the axes of the rods. Each circular
cross section represents a cut across one nanorod showing cross
sections of the morphology in each nanorod. Approxiamtely
14 cross sections are shown in this image. The scale bars in
the two images are 20 nm.
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nanorods, the microphase-separated morphology of the
copolymer is well-developed. The lower surface energy
PBD domain (dark regions) is located at the pore walls,
highlighting the edges of the nanorods. However, the
alignment of cylindrical domains along the rod axis,
which occurs when d/L0 > 4.1, is no longer observed.
Rather, dark lines are seen at a constant angle with
respect to the nanorod axis, indicating that PBD forms
a helical structure, while maintaining contact with the
pore walls. The pitch of the helix is ∼18° with an ∼30
nm period, quite close to L0. Figure 1b shows a TEM
image normal to the nanorod axis of the PS-b-PBD
prepared in 33-45 nm diameter pores. The cross-section
structure consists of only two domains, PS at center and
PBD ring outside. Two to four small PBD protrusions
into the central PS core are seen, evenly distributed
around the PS center. This indicates that, depending
on d/L0, multiple helices are formed. In the bulk, the
morphology consists of PBD cylinders in a PS matrix.
Within the nanopores, PBD adsorbs to the curved walls
of the alumina pores, forcing the opposite curvature on
the PS domain. There also appears to be a discrepancy
in the volume fraction of the PBD determined from the
TEM image compared to the actual value. This arises
from the projection of the morphology onto a plane when
obtaining the TEM image. TEM measurements obtained
at different tilt angles of the sample are currently
underway to quantify this structure. It is clear, though,
that the morphology has changed from simple cylinders
oriented along the axis of the nanorods to a morphology
where the cylinders form helices within the nanopores.

Elbs et al.19,20 observed a similar type of morphological
transition in thin films of ABC triblock copolymers. With
slight changes in film thickness, a transition in the
morphology from concentric cylinders of the A and B
microdomains in a C matrix converted into helices of B
microdomains around a central A core in a C matrix
was observed. Recently, Wu et al. observed the forma-
tion of helical and torroid-like structure in a silica
surfactant system confined within similar alumina
membranes.21 Upon calcining, exquisite silica structures
were found by TEM. Theoretical arguments were used
to describe the observed structures in these complex,
multicomponent systems. The results shown in this
study, along with those of Wu et al.21 and results from
our previous study,14,15 speak to the generality of
confinement-induced structure transitions which ex-

pand the repertoire of nanoscopic block copolymer
scaffolds.
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