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When a given diblock copolymer, consisting of two
incompatible blocks, is dissolved into an appropriate
solvent at a concentration beyond a certain critical
concentration, the block copolymer will self-assemble
into ordered microdomain structures, such as spheres,
cylinders, bicontinuous phases, and lamellae.l? The
morphology may change with polymer concentration
when a selective solvent is used.® The ordered solution
of diblock copolymers shows lyotropic liquid crystal (LC)
textures as partially clarified experimentally.*~1! Here
in this work we like to report a new, striking piece of
evidence that the LC texture has been conserved in a
bulk diblock copolymer film prepared by a solution
casting with a neutral solvent. Before going into detailed
descriptions and discussion of our results, it is important
to point out that the experimental results reported in
the literature have shown that the behavior of the
ordered solution is highly dependent on the solubility
of two blocks with a given solvent. Therefore, we shall
first discuss the effects of solvent selectivity below.

In a system composed of a block copolymer and an
extremely selective solvent, only one block can be dis-
solved so that the two blocks have very different chain
conformations: the dissolved blocks are strongly ex-
panded, while the insoluble blocks are densely packed.
In this case the behavior of the block copolymer is quite
similar to the behavior of a surfactant in water. The
ordered solution having the lamellar or cylindrical
microdomains exhibits a lyotropic smectic or columnar
LC phase.®~9 It is necessary to emphasize that since the
solvent selectivity leads to a different partition of solvent
against the two blocks, the ratio of the volumes occupied
by two blocks in the microdomains formed is altered
with polymer concentration. The microdomain struc-
tures in such ordered solution can, in principle, vary
from spheres, cylinders, to lamellae as a function of
polymer concentration. Therefore, the microdomain
structure in the bulk of the block copolymer may be
different from those formed in the ordered solution. This
gives a further implication that it is not always possible
to solidify the mesophase structures formed in the
ordered solution, due to the fact that the order—order
phase transition(s) (OOT) among different symmetries
will occur during solidification processes.

For a system composed of a block copolymer with a
nonselective or neutrally good solvent, the two blocks
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are equally swollen with the solvent.1°~15 Thus, the ratio
of the volumes occupied by the two blocks remains
unchanged with polymer concentration, identical to that
in bulk. As a consequence, the microdomain morphology
is invariant with polymer concentration, but only the
microdomain spacing increases.?13 This means that, in
this case, only the block copolymers having either
lamellar or cylindrical microdomain in bulk can form a
smectic or columnar lyotropic LC phase in the ordered
solution.!® The phase diagram of this system is very
simple: it consists of the isotropic and disordered (or
single phase) solution and the anisotropic and ordered
solution. The simple phase behavior means that it is
possible to solidify the mesophase structures formed in
the ordered solution, because there is no OOT when the
polymer concentration is increased to bulk.

As for the LC texture conserved in bulk block copoly-
mers having lamellar microdomains, there are some
reports, based on observations of microdomain morphol-
ogy under transmission electron microscopy (TEM),
showing evidence that some defects, similar to those
formed in liquid crystals, have been visualized in the
bulk block copolymers.1617 The length scale over which
the similarity was found is of order of ~500 nm, corres-
ponding to a few tens of lamellar spacing, a local feature
of the LC texture. On the top of this local similarity,
we should be able to find a global similarity, i.e., an
optical texture in block copolymers similar to that found
in lyotropic or thermotropic LC texture. The texture that
we are interested in is typically on the order of mi-
crometers which can be observed under conventional
optical microscopy. For example, when the block copoly-
mers form lamellar or cylindrical microdomain struc-
tures in bulk, they may show a fan-shaped texture. We
believe it is very important to find out the direct and
exact evidence to demonstrate that LC textures appear-
ing in ordered solutions can be maintained in bulk block
copolymers having either lamellar or cylindrical micro-
domain. If we can, we can further gain new insight into
the formation of self-assembled structures at length
scales much larger than the spacing of microdomains
themselves, which we focus on to study intensively in
this series of works.

One of the important characteristics of LC substances,
in particular for low molar mass ones, is that their thin
film samples are able to exhibit diverse optical textures,
closely related to defects.181° Traditionally, it has been
widely recognized that optical microscopy (OM) is one
of the most powerful methods to study the textures of
LC substances.’®1° It is also well accepted that by
studying the textures we can directly identify whether
a substance is a liquid crystal, and furthermore we can
distinguish the type of liquid crystals to some extent.
In this study, we will utilize OM to obtain the evidence
to demonstrate that LC textures appearing in ordered
solutions can be conserved in the bulk block copolymers
having lamellar or cylindrical microdomain. Moreover,
we can further obtain clear-cut evidence that the bulk
block copolymers having the lamellar or cylindrical
microdomain exhibit the texture characteristic of the
smectic or columnar LC phase. However, up to now
there are no reports that show the clear existence of the
LC type textures in bulk block copolymers under OM.
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It is conceivable that the relatively low magnification
of OM limits its application in studying the textures of
bulk block copolymers, because bulk specimens usually
have tiny “grains” within which a coherent order of
microdomains exists.2%21 An essential requirement to
circumvent this problem is to prepare a sample with
large grains. Before running our experiment, therefore,
we need to select a proper system and then to clarify
the factors that strongly hamper the formation of large
ordered grains in the bulk sample of a given diblock
copolymer.

In this study we selected a system comprised of
polystyrene-block-polyisoprene (PS-b-P1), a most com-
monly used block copolymer, and toluene, a well-defined
neutrally good solvent for this block copolymer. Itis in
this system that the mesophase structures in the
ordered solution can be solidified without changing the
shape of microdomains, as discussed before. Now, the
key to visualizing optical textures of block copolymers
is finding an efficient way to prepare a sample with
large grains (composed of lamellae or cylinders), larger
than a few tens of micrometers. We can think of
viscosity of solution, closely related to molecular weight
of block copolymers, and of concentration change or
evaporation rate of solvent as two crucial factors that
will govern the size of optical textures.!

We used a PS-b-PI with number-averaged molecular
weight, M, = 1.96 x 104 and a heterogeneity index,
Mw/M, = 1.05, determined with size exclusion chroma-
tography calibrated by PS standard samples. The
copolymer has a weight fraction of PS 0.54 and hence
equilibrium morphology of lamellar microdomain in
bulk. The relatively low molecular weight obviously
gives a low solution viscosity, which will definitely
facilitate to form large grains. In this study, the initial
concentration of the block copolymer in the solution was
2 wt %.

Our previous study shows that a low evaporation rate
of solvent will give the system enough time to self-
assemble into large grains. This point becomes more and
more crucial when the concentration increases, because
the viscosity of the polymer solution is rapidly increas-
ing with concentration. In this study the solution of the
copolymer was prepared by dissolving the copolymer in
toluene within a small glass bottle plugged with a
polyethylene stopper. To reduce the evaporation rate of
the solvent to a minimum, the solution was kept in the
enclosed glass bottle, and the bottle was quiescently
deposited in a dark box at room temperature for several
months. The desired slow evaporation rate was achieved
because of a slow leakage of toluene from the very small
gap between the stopper and the rim of the bottle. After
about 4 months, we observed a thin solid copolymer film
solidified on the bottom surface of the glass bottle.
Finally, we should point out that the sample should not
be touched before ensuring that the sample has been
totally solidified. Any mechanical disturbances of samples
before solidification, especially in the stage reached to
a high concentration, will blur or destroy the large
grains or textures already well developed.

The optical textures appearing in the solid film
sample were observed under a polarized light micro-
scope (PLM) (Nikon Optophot-Pol) at room temperature
and were recorded onto a photographic film. PLM
micrographs a and b in Figure 1 show a typical texture
that has been reproducibly observed in the thin solid
film samples prepared by following the preparation
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Figure 1. Two micrographs taken from a film sample with a
thickness less than 30 um of the diblock copolymer used and
showing a typical fan-shaped texture that has been clarified
to be a texture for liquid crystals having a lamellar structure.
(a) Crossed polarizers. (b) Crossed polarizers rotated counter-
clockwise by 45°.

process described above. The thickness of this sample
was strictly controlled in the range less than 30 um. The
orientation of the crossed analyzer, denoted by the
arrow A, and polarizer, denoted by the arrow P, is
indicated in the top-right side of each figure. Micro-
graphs a and b were taken in the same area of the same
sample with crossed polarizers but having different
orientations as indicated. From micrographs a to b, the
crossed polarizers were rotated counterclockwise by 45°.
Without doubt, the texture shown in the figure is a
typical fan-shaped texture.l®1® The optical texture
presented in the micrographs provides exact evidence
that the orientation of molecules or the lamellar micro-
domain in this solid film specimen is absolutely the
same as that in the lyotropic or thermotropic low molar
mass liquid crystals with a layer arrangement.'81° The
identity in texture implies an identity in property and
also in structure at large scale between bulk block
copolymers having lamellar microdomains and low
molar mass smectic liquid crystals. Our results dem-
onstrate that lyotropic LC textures well developed in
the block copolymer solution have been successfully
conserved and solidified in the films. Our success may
elucidate that there is no OOT after formation of well-
developed order in the solution with increasing polymer
concentration to bulk. This is a feature that may not be
easily attained in the solvent-cast films with a selective
solvent.
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Figure 2. Blurred texture observed in the film sample with
a thickness more than 60 um.

In the POM image shown in Figure la,b, we can
observe a pronounced fingerprint texture throughout the
image. The Maltese cross (or discilnation with four dark
brushes) rotated in the same counterclockwise direction
as the polarizer and analyzer rotation. However, other
dark brushes rotated in a complex way with the rotation
of the crossed polarizers. Detailed analyses of the
textures will be presented elsewhere.!!

The visualization of the optical textures depends very
much on thickness. When the thickness of a sample is
larger than the grain size, the optical texture now
becomes very blurred, and it consists of only unshaped
bright and dark regions, as evidenced by Figure 2 which
was taken from a sample with a thickness more than
60 um. The appearance of the blurred texture is believed
to be due to the overlay of the textures along the
thickness direction. In a sample of this diblock copoly-
mer with a thickness of ca. 1 mm, we have observed
that the sample appeared bright under crossed polar-
izers without any special texture features. This is an
indication that many textures overlay each other along
the thickness direction, and their optical axes change
continuously in all directions.

The LC texture in Figure 1 has revealed a continuous
and smooth change of the director, which may be taken
along the lamellar normal, except the locations of some
defects, in a sampling area of about 680 um x 400 um,??
being much larger than the sampling area normally
observed by TEM. This is indicative of that the LC
texture presented in this paper is not a local but global
feature of such block copolymers. From Figure 1 to
Figure 2 as well as the samples much thicker than 60
um, a change in LC texture from 2D to 3D is demon-
strated. These results unambiguously elucidate that the
LC texture indeed exists in 3D samples of the block
copolymers even on the length scale of order of 10 um.
More importantly, these results reveal a fact that the
LC texture is inherent of block copolymers having
lamellar (or cylindrical) microdomain. The features of
LC-type defects are the key to determining the change
in the director, and their number will control the “size”
of the texture.1819.23

It should be noted here the LC texture observed in
the solid films is not only a memory of the texture
existed in the solution and conserved in the solid films
but also a stable or metastable texture in the solid film.
That is, the texture developed in the films does not
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disappear even after a long annealing of the films at
temperatures higher than the glass transition temper-
ature of the polystyrene microdomains and lower than
the order—disorder transition temperature (Topr) if
Toot < Toee, the thermal degradation temperature, or
Toec if Toes < Topt. We expect that the same texture
might be developed via an ordering process from disor-
dered block copolymer melts, if the systems have a
mobility comparable to that encountered in the solvent
evaporation process or if the systems have an enough
time for the ordering into the large texture.

In summary, we have shown clear-cut evidence that
the block copolymers having lamellar microdomain in
the bulk show the LC texture strikingly similar to a
smectic LC texture, owing to the success in preparing
and studying the thin samples with large textures. This
finding should provide an important link in the efforts
to understand the evolution of structures at different
levels of length scale and properties for block copolymers
having lamellar or cylindrical microdomains. The LC
texture of the bulk block copolymers having lamellar
or cylindrical microdomain implies that the directors
continuously change in three dimensions and that there
are no grain boundary walls where the directors dis-
continuously change their orientation. The global tex-
ture will be determined by the features of LC-type
defects existing in bulk block copolymers. Finally, it
should be mentioned that in the texture of ordered block
copolymers there are defects which are different from
those found in the LC textures in low molar mass LC
substances and in the LC texture we found in this work.
For example, we can think of the defects developed in
highly nonequilibrium situations, i.e., the grain bound-
aries created by impingement of the lamellar grains
developed via nucleation-growth process. The grain
boundary wall becomes defects where the lamellae
having different orientations may be connected possibly
through Scherk first surface.?4~2% Relationships between
this type of defect and the type of defect in the LC
textures which are created by the thermal fluctuations
should be clarified in the future.
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