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ABSTRACT: We show an unconscious self-assembling ability of block copolymers, that is, spontaneous
perpendicular orientation of nanocylinders in a block copolymer thick film of polystyrene-block-polyethylenebu-
tylene-block-polystyrene (SEBS) triblock copolymer. The perpendicular orientation of cylinders was obtained
when the SEBS sample underwent morphological transition from spheres to cylinders, which was mediated by
directional coalescence of spheres normal to the film sample. The direction of the cylinder orientation is determined
already by the direction of the solvent evaporation, which can be referred to as an effect of a chemical potential
gradient. We have not been aware of such self-assembling ability of block copolymers. Its robustness can be
identified in a thick film (about 1 mm thickness), and it is expected that this opens up a wide use of block
copolymers as a self-sustaining film in many practical applications.

Introduction

Block copolymers undergo microphase separation in a few
tens of nanometers because of strong segregation between
constituent block chains comprising different chemical species.1

This stems in molecular origins where dimension of block chains
is of tens of nanometers. Depending on composition, the
morphology of such a nanostructure can be altered as spheres,
cylinders, double gyroid, or lamellae. It is well-known that
physical properties of block copolymers strongly depend on the
morphology. Not only the morphology but also the orientation
of the nanostructures are key factors to be taken into account
in order to control materials properties more efficiently, such
as imparting anisotropy of properties. Controlling of orientation
of the nanostructures2 is therefore one of the fundamental ways
to novel specialty materials.

There have been continuous attempts to orient nanocylinders
of block copolymer perpendicular to its film sample. This is
because such a film containing perpendicularly oriented nano-
cylinders will have excellent functions due to uniform diameter
of cylinders in a few tens of nanometers. A selective etching
on the cylinders gives a bunch of uniform nanopores passing
through the film. Such a film can be used as a selective
separation membrane and templates for nanowires and nano-
tubes. Generally, imposing a flow field3-5 works well to orient
cylindrical nanostructures such that the cylinders orient parallel
to the flow. However, it is clear that this method fails for the
perpendicular orientation due to deficiency of imposing flow
field perpendicular to a film sample. Nevertheless, several
methods are even available for the perpendicular orientation of
cylinders, such as imposing an electric field to a film,6,7

modification of substrate surface chemically or physically
(topologically),8,9 utilization of amphiphilic block copolymers
comprising hydrophilic and hydrophobic chains,10 or solvent
evaporation-assisted perpendicular orientation of cylinders.11-17

It is also known that spatial confinement causes perpendicular

orientation of cylinders when thickness of the film is comparable
to the repeat distance of cylinders.18 Note, however, that these
methods are limited for a thin film thinner than several
micometers.

On the other hand, there is no report of perpendicular
orientation of cylinders in a thick film (thickness in the 0.1-1.0
mm range). For this problem, a novel self-assembling ability
of a block copolymer such as a directional coalescence of
spherical nanostructures in the direction perpendicular to the
film sample is required. The concept is schematically shown in
Figure 1, where the resultant cylinders are spontaneously
oriented perpendicularly due to a memory of the chemical
potential gradient induced by solvent evaporation. If nonequi-
librium spherical nanostructures, which can be obtained when
a cylinder-forming block copolymer is cast from a solution in
selective solvent,19 are frozen in an as-cast film due to
vitrification of one or both components of block species, thermal
annealing of the sample above their glass transition temperatures
can induce coalescence of nonequilibrium spheres. Just the
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Figure 1. Schematic representation of the strategy used in this study
for spontaneous orientation of nanocylinders normal to a block
copolymer thick film. (a) Solvent evaporation process which induces
the chemical potential gradient. (b) Nonequilibrium spherical micro-
domains formed in the as-cast film due to selective solvent used for
the solution cast. (c) Directional coalescence of spherical microdomains
perpendicular to the sample film, upon thermal annealing of the as-
cast film above the glass transition temperature.
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thermal annealing is very straightforward and convenient, as
well, for the perpendicular orientation of cylinders. We show
in this paper efficiency of this strategy using an SEBS
(polystyrene-block-polyethylenebutylene-block-polystyrene) tri-
block copolymer.

Experimental Section

The SEBS sample with the number-average molecular weight
Mn ) 6.6 × 104 and the polydispersity index Mw/Mn ) 1.03 was
used. The volume fraction of polystyrene (PS) moiety is 0.16.
Heptane, which is a good solvent of polyethylenebutylene (PEB)
while poor for PS, was used for solution casting. However, it was
not possible to prepare the heptane solution directly due to lack of
solubility. To enhance solubility, dichloromethane, which is good
for PS while poor for PEB, was used as a cosolvent, such that the
1:1 mixture of heptane/dichloromethane was actually used as the
solvent. Since dichloromethane is volatile at room temperature, it
evaporated rapidly from a 5% polymer solution. After complete
evaporation of dichloromethane, heptane still remains. In this way,
the heptane solution of SEBS was obtained. After complete
evaporation of heptane (it took several days at room temperature
(RT)), an as-cast film with 0.7 mm thickness was obtained, being
subjected to thermal annealing at 210 °C for 3 h. Structural analyses
were mainly conducted by two-dimensional small-angle X-ray
scattering (2d-SAXS).

Results and Discussion

Parts a and b of Figure 2 show 2d-SAXS patterns of through
views for the as-cast and annealed films, respectively, where
the incident X-ray beam is parallel to n. Both patterns exhibit
isotropic scattering. For precise structural analyses, we have
conducted circular average of these isotropic 2d-SAXS patterns.
Namely, the scattering intensity was averaged over the pixels
with the same distance from the center of the 2d-SAXS pattern,
irrespective of an azimuthal angle. The results of the circular
average are shown in Figure 2c. The one-dimensional SAXS
profile for the as-cast film exhibits a main peak at q ) 0.26
nm-1 (q denotes the magnitude of the scattering vector as
defined by q ) (4π/λ) sin(θ/2) with λ and θ being the
wavelength of X-ray and the scattering angle, respectively),
which is a reflection of the {110} plane of the body-centered
cubic lattice (bcc) of ordered PS nanospheres. Furthermore,

higher-order reflections can be identified at relative q positions
of �2 and �3 multiples of the main peak position, which are
reflections of {200} and {211} planes of the bcc lattice.
Additionally, a broad peak is also observed at q ) 0.70 nm-1,
which is ascribed to a form factor of the scattering. From the
peak position (qm), the radius (R) of the nanosphere can be
evaluated by using the relation R ) 5.765/qm.20 Thus, the radius
was determined to be 8.2 nm for the PS nanospheres.

On the contrary, many reflection peaks are observed in the
one-dimensional SAXS profile for the annealed sample. Their
relative q positions are 1, �3, �4, �7, �9, �12, and �13,
which are reflections from {10j10}, {11j20}, {20j20}, {21j30},
{30j30}, {22j40}, and {31j40} planes of the hexagonal lattice
for the PS nanocylinders in the PEB matrix. Therefore, it was
confirmed that upon the thermal annealing the SEBS sample
retrieved its equilibrium domain structures. This in turn indicates
that the structures (PS nanospheres) formed in the as-cast film
were nonequilibrium due to difference in solubility of PS and
PEB moieties to heptane (solvent used for the solution cast).
Since heptane is a good solvent for PEB while it is poor for
PS, in the presence of heptane the effective volume fraction of
the PS phase is much decreased, which can alter the morphol-
ogy. It is actually considered that the PS phase shrinks into
spheres in an early stage of the solution-cast process in the
heptane solution. Note here that the cosolvent dichloromethane
has evaporated in this stage. Upon the increase of the polymer
concentration, the PS nanospheres are finally vitrified so that
the SEBS sample cannot retrieve its equilibrium cylinder
structures because of inhibition of coalescence of the glassy
PS nanospheres. This scheme explains the fact that the PS
nanospheres remained in the as-cast film after complete
evaporation of heptane, although the structures are nonequilib-
rium.21 The thermal annealing above the glass transition
temperature of the PS phase unlocks the frozen state so that
the SEBS sample could attain the equilibrium domain structures
(PS nanocylinders). Thus, it turned out that upon the thermal
annealing the PS nanospheres coalesced each other, transforming
into PS nanocylinders.

Figure 3 shows 2d-SAXS patterns of edge views for the as-
cast and annealed films. The geometrical relationship of the
sample film and the X-ray detector for the edge view measure-
ment is schematically shown together. Many reflection spots
were observed at relative q positions of 1, �3, �4, �7, and
�9, being assigned to {10j10}, {11j20}, {20j20}, {21j30}, and
{30j30} planes of the hexagonal lattice for cylinders. As seen
in Figure 3b, the reflection spots were just in line along the
meridian (perpendicular to n). This means that all reflection
planes with l ) 0 are perpendicular to the film surface, indicating

Figure 2. (a) Two-dimensional SAXS pattern (through view) for the
as-cast film, (b) that for the annealed film (through view), both were
measured at room temperature, and (c) corresponding one-dimensional
SAXS profiles for the as-cast and annealed films. These profiles are
obtained from the 2d-SAXS pattern by conducting circular average. n
denotes unit vector normal to the film surface.

Figure 3. 2d-SAXS patterns of edge view for (a) as-cast and (b)
annealed films.
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that the PS nanocylinders are all oriented perpendicularly.
Namely, the post-transformed cylinders were spontaneously
oriented normal to the film upon coalescence of the PS
nanospheres.

We now confirm the SAXS results by transmission electron
microscopy (TEM) for the as-cast and annealed films. Figure 4
shows the TEM micrographs for the as-cast film for (a) through
and (b) edge views. The PS nanodomains are stained with RuO4

so that they appear dark in the TEM micrographs, while the
PEB nanodomains unstained appear bright. Unfortunately, the
conventional TEM is not a powerful technique to figure out
the morphology. It seems that the PS phase forms continuous
domains but not spheres. This might be due to superposition of
the cross-sectional views in the thickness direction. Actually,
the average radius of the PS nanospheres is evaluated to be 8.2
nm, and the spacing of the {110} planes of the bcc lattice is
24.2 nm from the SAXS result, while the thickness of the
ultrathin section subjected to the TEM observation is about 50
nm. Therefore, approximately several layers of the {110} planes
are superposed. A special technique such as a TEM tomography
is required for further confirmation. Nevertheless, it should be
pointed out that many pieces of isolated spherical particles can
be identified in the through view of the as-cast film as shown
in Figure 4a, which may be in accord with the SAXS results.
More interesting findings can be extracted from the edge view
of the as-cast film shown in Figure 4b. Although the TEM
observation is quite limited in a local area, it can be identified
in the edge view that a linear alignment of the PS nanospheres
is dominantly seen. The linear array of the PS nanospheres rather
appears to be a coalesced wavy tube. Although we should be
aware of the possibility of the superposition of the cross-
sectional views in the thickness direction, such a wavy PS tube
is indicative of a local coalescence of the PS nanospheres even
during the solution casting. If such a wavy tube is approximately
parallel to the film normal n, it can be a guide of coalescence
of the PS nanospheres, which in turn can nucleate spontaneous
orientation of the post-transformed PS cylinders parallel to n
(namely perpendicular to the film surface). Although such a
wavy PS tube in the as-cast film may play a key role for the
perpendicular orientation, the detection by SAXS is impossible
due to its small population. The local area information can never
be detected by SAXS. The 2d-SAXS pattern of the edge view
shown in Figure 3a is a consequence of the most popular PS
nanospheres. On the other hand, from Figure 5 showing the
TEM micrographs for the annealed film for (a) through and (b)
edge views, perpendicular orientation of PS nanocylinders,
arranged locally in hexagonal lattice, is clearly confirmed.

Now we examine the experimental results more closely. The
fact that the pattern in Figure 3a is distorted with longer axis
parallel to n indicates that the domain spacing differs depen-
dently on the azimuthal angle. Namely, the PS nanospheres are

packed more closely in the vertical direction as compared to
any other directions. This can be explained as follows: During
the solvent evaporation, the spherical nanostructures are formed.
At this moment, a large amount of solvent still remains. In the
successive process, the solvent keeps evaporating and accord-
ingly the thickness of the layer of the casting solution is reduced.
Thus, the distance between the neighboring spheres decreases
in the thickness direction (which is parallel to n). On the other
hand, the sample size of the lateral direction is fixed by the
Petri dish side wall so that the distance between the neighboring
spheres unchanges in the lateral direction (which is perpendicular
to n). Thus, the anisotropic arrangement of the PS spheres is
formed in the as-cast film. This scheme further implies a local
coalescence of the PS spheres, which gives rise to the wavy
tubes, even during the solution casting. Such embryonic short
cylinders (wavy tubes), if any, might orient parallel to n due to
the solvent evaporation. This implies straightforwardly direc-
tional coalescence of the PS nanospheres in the vertical direction.
However, we found experimentally that the elliptic 2d-SAXS
pattern changed into an isotropic ring without coalescence upon
heating above Tg of PS. This is based on the experimental results
as shown in Figure 6 where change in the 2d-SAXS pattern of
the edge view with the annealing time upon temperature jump
from RT to 225 °C is displayed. It was found that the spheres
were completely transformed into cylinders at 174 s, as
presented in Figure 7, which shows the 1d-SAXS profiles (I(q)
vs q) at 102 and 174 s elapsed. These were obtained by
conducting a sector average in the vicinity of the equator. At
174 s, �3 and �4 peaks being ascribed to {11j20} and {20j20}
reflection planes of the hexagonal lattice, respectively, are clearly

Figure 4. TEM micrographs for (a) through view image and (b) edge
view image for the as-cast film. The PS domains are stained with RuO4

and thus appear dark.
Figure 5. TEM micrographs for (a) through view image and (b) edge
view image for the annealed film.

Figure 6. Changes in the 2d-SAXS pattern (edge view) with the
annealing time upon temperature jump from room temperature to 225
°C. The measuring time at the each frame is 1.51 s. Definition of the
azimuthal angle µ is shown together, as it is defined to increase in a
clockwise manner with respect to the meridional vector pointing
upward.
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seen. On the contrary, at 102 s elapsed, the 1d-SAXS profile
showed �2 and �3 reflections from the bcc lattice of the
spheres while the 2d-SAXS pattern became already isotropic.
The transition from the elliptic shape to the isotropically round
shape took place around 66 s (Figure 6), where the morphology
was still spheres. These results indicate that the directional
coalescence of spheres giving rise to perpendicularly oriented
cylinders was not immediate and took place finally after a
slightly prolonged annealing. Note further that sufficiently slow
evaporation of solvent in the casting process resulted in a 2d-
SAXS pattern, not being so distorted, for the as-cast film.
However, even this case resulted in perpendicular orientation
of cylinders. This fact implies that the shorter spacing between
spheres in the direction parallel to n in the as-cast film is not a
direct reason for the coalescence of spheres along n.

Right after the transition, it was found that post-transformed
cylinders already oriented perpendicularly, as shown in Figure
6 (174 s elapsed). To examine the degree of orientation, the
integrated intensity of the first-order peak in the 1d-SAXS pro-
file should be plotted as a function of the azimuthal angle µ,
where µ is defined to increase in a clockwise manner with
respect to the meridional vector pointing upward (as shown in
Figure 6). As an example, such a plot is shown in Figure 8 for
the result obtained at 120 s elapsed. Symmetric distribution of
the scattering intensity with respect to µ ) 0° and 180° ensures
an isotropic orientation distribution of cylinder axes around n
(i.e., axisymmetry). For this case, the second-order orientation
factor, F2, can be given by22

where the averaging on the term cos2 µ is conducted as follows:

with

where I(q*) denotes the scattering intensity at q ) q* for the
first-order peak. The constant C in eq 1 is attributed to geometric
relationship of the probe orientation (with the angle Φ) with
respect to the cylinder axis and is given by

Since the first-order reflection spots appear in the q direction
perpendicular to the {1010} reflection plane (and in turn
perpendicular to the cylinder axis), Φ equals to 90°, giving rise
to C ) -1/2. Division by the constant term C in eq 1 ensures
F2 ) 1 for the perfect perpendicular orientation of cylinders.
Note here F2 ) -2 for the parallel orientation (the orientation
angle zero with respect to the film surface) and F2 ) 0 for
random orientation.

The thus-evaluated orientation factor is plotted against the
annealing time in Figure 9 with open circles. Although it was
found that spheres and cylinders coexisted in the range from
102 to 174 s, the orientation factor was evaluated directly from
the raw 2d-SAXS results, on which the individual contributions
(2d-SAXS patterns) from spheres and cylinders superposed.
Therefore, to reveal the orientation factor of post-transformed
cylinders, it is required to decompose the 2d-SAXS pattern into
the individual contributions from spheres and cylinders. The
decomposition was performed as follows. We assume that the
first-order peak in the 1d-SAXS profile in between 102 and 174 s
consists of the first-order peak from spheres and that from
cylinders because it was found that the position of the first-
order peak (q value) for the spheres (at 102 s) slightly differs
from that for cylinders (at 174 s) (see Figure 7) and also found
that the first-order peak became gradually sharper with shifting
positions toward higher q from 102 to 174 s. Therefore, we
conducted computational decomposition of the apparently single
first-order peak into two peaks with the positions fixed at the
one observed at 102 s and the other observed at 174 s by
assuming that the former is the contribution from spheres and
the latter from cylinders. Thus, the peak intensity for the
individual contribution was estimated for every azimuthal angle,
based on which the orientation factor was finally evaluated
individually for spheres and cylinders.

The thus-evaluated orientation factor for cylinders in the
coexisting time range is shown together in Figure 9 with filled
circles. Note here that the open circles plotted in the range below
102 s indicate the orientation factor for {110} planes of the
bcc lattice of spheres. The nonzero value of the orientation factor
at 102 s (∼0.12) suggests that the orientation of the bcc spheres
is not uniform but rather preferential in the vertical direction.
For simplicity, let us assume here that (110) planes are parallel
to the film normal n and [1j11] directions parallel to n as well.
Note here that a [1j11] direction places on a (110) plane. Since
the nearest-neighboring spheres, which are subjected to coalesce
each other, align in the [1j11] direction, the above-mentioned
result indicates that the [1j11] direction parallel to the film normal
overwhelms other 〈111〉 directions, i.e., [111] and [11j1] direc-

Figure 7. One-dimensional SAXS profiles obtained by conducting
circular average of the 2d-SAXS patterns measured at 102 and 174 s
elapsed from the onset of the T-jump.

Figure 8. Plot of the SAXS intensity of the first-order peak, I(q*,µ),
as a function of the azimuthal angle µ for the 2d-SAXS pattern
measured at 120 s elapsed. The definition of the azimuthal angle µ is
shown in Figure 6.

F2 ) C -13〈cos2 µ〉 - 1
2

(1)

〈cos2 µ〉 ) ∫0

π
cos2 µP(µ) sin µ dµ (2)

P(µ) ) I(q*, µ)

∫0

π
I(q*, µ) sin µ dµ

(3)

C ) 3 cos2 Φ - 1
2

) -1
2 (Φ ) π

2 ) (4)
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tions (not on the (110) plane) as well as the [j111] direction (on
the (110) planes) by population. This can be considered as a

memory of the solvent evaporation in the casting process and
may be a trigger to the successive spontaneous perpendicular
orientation of the post-transformed cylinders. As a matter of
fact, the orientation factor of the post-transformed cylinders
around 102 s is as large as 0.48, which means they were already
oriented in the direction of the film normal. The discontinuous
jump of the orientation factor from 0.12 to 0.48 upon the
transformation from spheres to cylinders at 102 s is quite
significant. This fact further suggests that the [1j11] direction
parallel to the film normal is preferentially selected as the
direction of the coalescence of spheres.

We should then explain the reason why one of the 〈111〉
directions, which is the [1j11] direction in the particular
discussion above made, aligns parallel to the film normal n.
Let us start considering the reported case of a thin film, for
which solvent evaporation can induce perpendicular orientation
of cylinders.6,9,16,17 This is due to permeation (migration) path
of solvent, through which solvent molecules are transported
toward the top surface of the solution.17 Since cylinders should
not block migration paths, orientation of cylinders parallel to
them is resulted during solvent evaporation. Ho et al.17 have
proposed this kind of mechanism while Russell et al.16 have
proposed a different one. The latter is similar to a classical zone
refinement where the ordering front grows from the surface of
the casting solution and proceeds downward toward the bottom
of the solution, which is mediated by the gradient of the solvent
concentration. Since this kind of mechanism is not applicable
to the case of a thick film, we have adopted the mechanism
proposed by Ho et al.17 Note however that the scheme proposed
by Ho et al. is not applicable either for the case of the thick
film because cylinders favor orientation parallel to the substrate.
As for the case of spheres, a similar idea is applicable; the slip
direction [1j11] of the bcc lattice is forced parallel to migration
paths. Since the slip direction in the as-cast film is so controlled
normal to the film by the solvent evaporation, the perpendicular
orientation of cylinders through directional coalescence is not
stochastic but deterministic. Failing of direct perpendicular
orientation of cylinders in the case of the thick film reminds
that the strategy we employed here is quite sophisticated.

We now discuss the manner of temporal evolution of the
perpendicular orientation of cylinders. A single-exponential
function can be fitted to the temporal change in the orientation
factor beyond 102 s (in the successive process after the onset
of the transition from spheres to cylinders), which is shown
with a thin solid curve in Figure 9. The incompleteness of
T-jump, which is also shown in Figure 9 with a thick solid curve,
may affect the results. However, the temperature difference
between 102 s (213.1 °C) and the final destination temperature
(225.0 °C) is only -2.4% in Kelvin so that an unfavorable
effect, if any, would be trivial. The fact that the temporal change
in the orientation factor for the cylinders can be fitted by a
single-exponential function indicates that temporal evolution of
the perpendicular orientation of cylinders is a self-improving
process, started from weakly oriented cylinders as transformed
from spheres with weak orientation of the [1j11] directions of
the bcc lattice. Namely, it is considered that weakly oriented
cylinders or in other words embryonic wavy tubes play roles
as a guideline of the spontaneous cylinder orientation perpen-
dicular to the film surface.

We found that the finally attained orientation factor upon the
T-jump to 225 °C is 0.92 at 1110 s elapsed (though it is not
shown in Figure 9). It is interesting to reveal whether attainable
orientation depends on the annealing temperature or not. Figure
10 shows the results. It can be concluded that the perpendicular
orientation of the cylinders proceeds more when the annealing
temperature is more elevated in the range from 150 to 225 °C.
Note here that no transformation into cylinders was observed

Figure 9. Variation of the orientation factor as a function of the
annealing time upon temperature jump from room temperature to 225
°C. The values were evaluated from the results of the 2d-SAXS
measurements shown in Figure 6. Open circles indicate the orientation
factor evaluated using the raw data of 2d-SAXS, while closed circles
show the orientation factor for the individual contribution of cylinders
in the range from 102 to 174 s, where spheres and cylinders coexisted.
To evaluate the individual contribution peak decomposition of the
SAXS data was appropriately conducted (see the text for more details).

Figure 10. Attainable orientation factor as a function of the annealing
temperature in the range from 140 to 225 °C.

Figure 11. Attainable orientation factor as a function of the heating
rate, where the final destination temperature is 225 °C. Open symbol
indicates the result obtained at room temperature for the sample
subjected to the thermal annealing from 100 to 225 °C with a given
heating rate. The samples were rapidly quenched to room temperature
right after reaching 225 °C. On the other hand, closed symbols show
the result obtained at 225 °C during heating with the rates of 0.8 °C/
min and the result obtained aftert a T-jump experiment from 100 to
225 °C (the heating rate for this experiment is approximated as 300
°C/min).
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when the sample was thermally annealed at 140 °C for several
hours. This result is amazing because the annealing temperature
is much higher as compared to the glass transition temperature
of the PS spheres. Although the transition from spheres to
cylinders seemed to be governed simply by mobility of PS
chains, the fact that the transition did not occur at 140 °C
suggests that this is not the case. Rather, it can be considered
that there might be a kinetic energy barrier of the transition.

The results shown in Figure 10 suggest that gradual trans-
formation of spheres into cylinders cannot result in higher
orientation of cylinders. To confirm this speculation, we
examined the effect of the annealing rate on the orientation
factor. Figure 11 shows the attainable orientation factor as a
function of the heating rate, where the final destination tem-
perature is 225 °C. This result clearly indicates that the
perpendicular orientation finally attained becomes better when
the annealing rate is faster even if the annealing temperature is
the same. Thus, it is confirmed that sufficiently quick transfor-
mation of spheres into cylinders is required for the spontaneous
cylinder orientation.

Among nanostructures of block copolymers, cylindrical or
lamellar structure can be utilized for performance of anisotropic
properties due to their anisotropic shape. For instance, refractive
indices parallel and perpendicular to the anisotropic particle are
different from each other, giving rise to the so-called form
birefringence.23 Actually, perpendicular orientation of cylinders
imparts a singular value of the refractive index normal to the
film. To confirm significant optical anisotropy, we performed
the polarizing optical microscopic (POM) observation under
crossed polarizing conditions at room temperature for the
annealed sample. A 530 nm retardation plate was inserted in
between polarizer and analyzer. For the edge view observation,
a thin-sliced sample with thickness of 0.2 mm was used. Two
cases of rotation, -45° and +45° (the angle is between cylinder
axis and the analyzer), were displayed in Figure 12, where
almost homogeneous bright colors were observed in the
thorough area (grey for -45°, while light green for +45°). On
the other hand, no retardation was found for the through view
(thickness was 0.7 mm). Thus, the perpendicular orientation of
cylinders provides optical anisotropy. From the color of POM
edge views, the optical retardation Γ () d∆n; d is the optical
path length and ∆n is the birefringence) was evaluated 220 nm

for d ) 0.2 mm, giving ∆n ) 1.10 × 10-3. Order estimation
gives ∆n ) 1.25 × 10-3 for the form birefringence of PS
cylinders embedded in the PEB matrix, which closely matches
with the experimentally obtained value (see below for the order
estimation). This in turn ensures almost perfect perpendicular
orientation.

According to the literature,23 values of refractive index
parallel and perpendicular to the cylinder axis (n| and n⊥ ) can
be evaluated.

and

where np and nm stand for the refractive indices of materials
composing inside (cylindrical particle) and outside (matrix) of
the cylinder, respectively, and φp denotes the volume fraction
of cylinder. Since the literature value of the refractive index is
not available for PEB, that of the poly(ethylene propylene) (PEP)
was used instead. Namely, np ) nPS ) 1.5920 and nm ) nPEP )
1.4748 were adopted from the literature24 (φp ) 0.16, φm )
0.84). As a result, n| ) 1.49417 and n⊥ ) 1.49292 were
evaluated, giving rise to the extent of the form birefringence
∆n ) n| - n⊥ ) 1.25 × 10

-3
. Although the extent is less than

the intrinsic birefringence of a polymer chain (typically less
than 2 orders of magnitude), it is not negligible.

Concluding Remarks

In conclusion, we find a novel, fascinating, and sophisticated
mechanism of spontaneous perpendicular orientation of nano-
cylinders in a thick block copolymer film through directional
coalescence of spheres. Since the mechanism is controlled
simply by the solvent evaporation, the corresponding process
to produce such a film containing perpendicularly oriented
nanocylinders can be much simplified, just the thermal annealing
of the as-cast film! Anisotropic properties can be extracted from
this film material. As an example, an anisotropic optical property
is presented where perpendicular orientation of cylinders imparts

Figure 12. Polarizing optical micrographs obtained at room temperature for the samples annealed at 210 °C for 3 h under the crossed polarizing
condition. A 530 nm retardation plate was inserted in between polarizer and analyzer. For the edge view observations, a thin-sliced sample (thickness
was 0.2 mm) was used. Two cases of rotation angles between the cylinder axis and polarizer, -45° and +45°, are displayed for the through and
edge views. For the through view, the thickness was 0.7 mm.

n|
2 ) φpnp

2 + (1 - φp)nm
2 (5)

n⊥ ) nm�(1 + φp)np
2 + (1 - φp)nm

2

(1 + φp)nm
2 + (1 - φp)np

2
(6)
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a singular value of the refractive index normal to the film. This
can be utilized for production of a peculiar optical film.
Anisotropic mechanical properties will also be useful. When
the film consists of hard (PS) cylinders and soft (PEB) matrix,
the same as that used in this study, it is expected that the film
is 2-dimensionally soft for stretching but quite tough against
compression. Inversely, if the film comprises the soft (PEB)
cylinders embedded in the hard (PS) matrix, it will be
2-dimensionally ductile for the elongation parallel to the film
surface, which can be utilized as a 2-dimensional shrinkable
film. More tremendous applications are expected.

Although it deserves an important future work to confirm
whether the concept for the perpendicular orientation of
cylinders shown in Figure 1 can be applied to a thin film, we
have conducted the SAXS measurements and have confirmed
that the perpendicular orientation of the cylinders was formed
in the film with 10 µm thickness, while for the 5 µm thickness
the orientation was not perpendicular nor parallel to the
substrate. Therefore, it should be stated that the proposed
mechanism is only valid for a film thicker than 10 µm for this
particular sample.
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