Multiple-Scale Self-Organization

From Angstroms to Micrometers: Self-Organized
Hierarchical Structure within a Polymer Film**

Teruaki Hayakawa* and Shin Horiuchi

Structural order over varying length scales is a commonly
encountered phenomenon in nature, but achieving this in the
synthetic world is a challenge.[? Progress in synthesis and
characterization of self-organizing synthetic materials has
been astounding, and block copolymers have played a
significant role in this process. They offer intriguing possibil-
ities for preparation of materials with tunable structures and
tailored properties.’'%) However, the length scales attainable
by self-assembly of block copolymers have been smaller than
about 100 nm.>*!9 In contrast, there have been recent
reports on a self-assembly templating process for the creation
of microsized structures.''-'3! In this templating process using
water droplets, polymers with m-conjugated rod—coil-type
architectures!'” or amphiphilic molecules!®! in the primary
structure form hexagonally packed arrays of holes in the
micrometer range in a thin polymer film. However, little
attention has been paid to the formation of ordered structures
on the nanometer-size scale by these approaches. For a wide
range of advanced technological devices incorporating
organic materials, it is desirable, advantageous, and often
necessary that the hierarchical structures of these materials
can be precisely controlled from the nano- to the micrometer
regime.’" Here we report the creation of hierarchical
structures from the molecular to the micrometer scale by
using specifically designed block copolymers that self-organ-
ize at length scales from nanometers or angstroms to micro-
meters over areas in the square centimeter range.

Block copolymers with side chains can form regular
nanoscale hierarchical structures through phase separation
and intermolecular interactions,®> !4 while the aromatic rigid-
rod segments incorporated in rod—coil-type block copolymers
form microsized structures, in contrast to the usual coil-coil-
type block copolymers.'?l The incorporation of m-conjugated
rigid-rod molecules in the side chain can thus play a role in
forming both nano- and microsized structures and create the
desired hierarchical structures over multiple length scales. For
this purpose, we synthesized a semi-rod—coil block copolymer
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of styrene (ST) and an isoprene with oligothiophene-modified
side chains (POTI), namely, PS;y-b-POTIL, (4; the subscripts
indicate the number of repeat monomer units; Figure 1), by
esterifying a poly(styrene-b-substituted isoprene) block
copolymer with an oligothiophene derivative.l'”] The PS and
POTI blocks in 4 represent coil and semi-rod segments,
respectively. A poly(styrene-b-isoprene) block copolymer 1
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Figure 1. Synthesis and schematic representation of self-organizing
semi-rod—coil block copolymer 4.

was prepared by anionic polymerization of styrene monomers
with 400 repeat units and isoprene monomers with 25 repeat
units. Block copolymer 1 was modified by hydroboration of
the polyisoprene block to yield poly(styrene-b-hydroxylated
isoprene) block copolymer 2 with hydroxy groups in the
polyisoprene block.'1 Oligothiophene with an acid terminus
was synthesized by Stille coupling reactions.'’l Oligothio-
phene acid chloride 3 was esterified with 2 to obtain the target
block copolymer 4. Infrared and 'H and *C NMR spectro-
scopy showed that the desired block copolymer 4 was
obtained in quantitative yield without a side product. Gel
permeation chromatography (GPC) indicated a narrow
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polydispersity index of 1.08 and a number-average molecular
weight M, of 55000 (versus polystyrene standard in tetrahy-
drofuran).

Films were prepared from 0.2 mL of a 0.25 wt % polymer
solution in CS, on a variety of substrates such as glass slides,
silicon wafers, cured epoxy plates, polyimide films, and water
surfaces by casting at room temperature (22 °C) under a moist
air flow. The humidity and the flow rate were kept at 85 % and
3.0 Lmin~!, respectively. The solvent completely evaporated
within 10-20's, and a periodic microporous structure was
instantly obtained over an area of 3 cm? (Figure 2). Observa-
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Figure 2. Self-organized microporous structure. The film of 4 was pre-
pared from a 0.25 wt % solution under a moist air flow. a) Medium-
and b) high-magnification optical micrographs of a hexagonally packed
microporous structure on a glass slide. c) Side view and d) top view of
SEM images of a).

tions under a polarized optical microscope (POM) and a
scanning electron microscope (SEM) confirmed the forma-
tion of hexagonally packed micropores with a narrow size
distribution (Figure 2a and b). The diameter of the open
pores on the surface is approximately 1.3 um (Figure 2d). A
cross-sectional view (Figure 2c) shows a single layer with
empty spheres, in which spheres with a diameter of 2.3 pm are
separated from each other by thin walls of less than 100 nm.

This microporous film was sectioned perpendicular and
horizontal to the substrate to give thin specimens which, after
embedding in epoxy resin, were observed under a trans-
mission electron microscope (TEM; Figure 3). Although the
entire structure, especially that of the horizontally cross-
sectioned film, is somewhat deformed during sectioning
(Figure 3¢ and e), the film contains a nanoscale phase-
separated structure characterized by layers perpendicular to
the substrate with a periodicity of approximately 25 nm
(Figure 34, f, g, and h). A sulfur-distribution image created by
electron spectroscopic imaging on an energy-filtering TEM
(EFTEM) indicated that the phase-separated PS and POTI
blocks aligned layer by layer due to the self-assembly
characteristic of the diblock copolymer (Figure 3 h). The
phase-separated nanostructure of a nonmicroporous cast film
prepared from the same solution was also investigated under
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Figure 3. Self-organized phase-separated nanostructures, TEM images
of cross sections of the microporous film (ca. 50 nm thick). Although
the entire structure is somewhat deformed during sectioning, align-
ment layer-by-layer perpendicular to the substrate with a spacing of
about 25 nm is apparent. a) Nonmicroporous film. b) Directions of
cross-sectioned film. c) Horizontally cross-sectioned film. d) Sulfur-dis-
tribution image to detect POTI domains (green) in an unstained speci-
men by EFTEM. e) Perpendicularly cross-sectioned film. f, g) High-
magnification micrographs of €) (red: POTI).

the TEM. The TEM images (Figure 3 a) revealed formation of
a cylindrical nanostructure parallel to the substrate and a
domain spacing of approximately 27 nm, in good agreement
with that of the microporous film.

The mesophase structure of the block-copolymer thin film
was investigated by differential scanning calorimetry (DSC),
polarized optical microscopy, and X-ray diffraction (XRD).
The DSC trace on the second heating showed three distinct
thermal transitions (Figure 4a). The baseline shifts observed
at 104 and 168°C correspond to the glass transitions (7,) of
the PS and POTI blocks, respectively. Above the T, temper-
ature, an endothermic peak was observed at 238°C, and a
phase transition to an isotropic phase was found to occur
around this temperature by means of POM observations.
These transition temperatures showed very good agreement
with those of the homopolymers. On the DSC traces of the
homopolymers, the T, of PS and POTI were 103 and 166°C,
respectively, and the phase transition of POTI from the
smectic A mesophase to the isotropic phase was observed at

Angew. Chem. 2003, 115, 23872391



Angewandte
Chemie

a) . c) ordered microporous materials have been
 PS homopolymer 1u;"{': previously created by using rod—coil-type
i o T - 1395 A firm block copolymers.'2l This is the first report,
_ POTIhnmnputymer T.: e however, that demonstrates three tiers of
= T 166°C ! poly hierarchically organized structure created by
i PS-b-POTI rs | (| ——— ™ molecular design and a simple process. Our
. block copolymer | . .
A Ty of POTI 235 °C - 308 A synthetic approach for constructing such a
endo Ty 16%00 i A highly organized structure is attachment of a
r hsaﬁn'.g T,of PS --__S,;-'f" ' I'._ block copolymer rigid-rod molecule such as oligothiophene
104 "c sttt st sl B S
i 'l 'l @B qc L Il
50 0 50 100 150 200 250 300 10 a0
TI°C 20/° -3 cm

d=39.8 A (PS-b-POTI)

Figure 4. a) DSC traces of PS and POTI homopolymers and PS-b-POTI block copolymer.
b) Polarized optical micrograph of microporous film in Figure 2 after thermal annealing
at 170°C for 1 min. c) X-ray diffraction pattern of film b). d, e) Schematic representation
of proposed molecular arrangement of POTI polymer within the smectic A mesophase.

235°C. Below T,, the POTI homopolymer is in the glassy
liquid-crystalline state with a smectic mesophase. Under the
POM with crossed polarizers, a faint optical texture that
maintains the hexagonal pore arrangement appears in a
microporous film, prepared from 0.25 wt% solution, after
heating from room temperature at 10K min~!, annealing for
1min at 170°C, that is, slightly above the T, of POTI, and
subsequent quenching to room temperature (Figure 4b). The
XRD pattern after annealing at 170°C showed a sharp inner
reflection corresponding to the phase-separated layer struc-
ture, and a very broad outer reflection corresponding to the
intermolecular spacing of oligothiophene molecules (Fig-
ure 4c¢). The layer spacing of 39.8 A and the intermolecular
spacing within the POTT layer of 4.2 A arein good agreement
with those of the POTT homopolymer film, and this suggests
that the oligothiophene moieties in the POTI block are
packed regularly to form a liquid crystalline smectic A
mesophase within the phase-separated POTI nanodomains
(Figure 4d and e). Thus, the semi-rod—coil block copolymer
can form organized structures on three different length scales,
ranging from angstroms to micrometers, by simple solvent
casting and annealing (Figure 5). The combination of a liquid-
crystal phase and phase-separated nanodomain structures
formed by block copolymers has been reported before,**! and
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Figure 5. Schematic representation of self-organized hierarchical struc-
ture of 4. a) Centimeter-sized film. b) Microsized porous structure.

c) Nanosized phase-separated structure of PS and POTI blocks.

d) Oligothiophene with molecularly orientated smectic A liquid-crystal-
line structure in POTI nanophase-separated domains. e) Molecular
structure of 4.
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onto the side chain of one block of the
diblock copolymer. This has the
advantage that functions such as elec-
trical conductivity, optical storage,
and photoluminescence can be added
to the films.

The other advantage of the semi-
rod—coil block copolymer over rod-
coil block copolymers is that the
ordered structure at the molecular
level within the rod blocks can be
fabricated by thermal treatment,
because the side chain rod moieties
can rearrange before complete iso-
tropization of the block copolymer.
Under the POM, film melting and
micropores filling were gradually
observed around 185°C on heating at
10Kmin~! from room temperature.
Annealing at 240°C, that is, slightly
above the phase-transition tempera-
ture from the smectic A to the iso-
tropic phase, for 1 min and quenching
to room temperature yields a “microembossed” pattern
(Figure 6a) in which the pores are incompletely filled, and
the height thus undulates in a regular fashion. The XRD
pattern of the film indicated the same smectic A mesophase
as shown in Figure 4c. This texture of the smectic A
mesophase under the POM has a unique “ladder” pattern,
for which the “ladder” corresponds to the top surface of the
“embossed” pattern (Figure 6b). By focusing on the bottom
surface of the “embossed” pattern, another texture with
periodic microscale patterns was observed (Figure 6¢). These
optical textures indicate the creation of a micropatterned
liquid crystalline film. Annealing at 260°C for 1 min com-
pletely fills the pores to give a nonmicroporous film. A cross-
sectional TEM image of this film shows the cylindrical phase-
separated structure (Figure 6d and e), that is, annealing
changes the direction of the cylinders from perpendicular to
parallel to the bottom of the film, while the upper side just
below the surface remains the same as it was just after casting.
We also changed the depth of the pores by changing the
annealing conditions. The possibility of such thermal fabrica-
tion is likely to extend the range of applications of these
materials. For example, thermal treatment of the block-
copolymer thin film leads to a sur-
face that appears to have a micro-
embossed pattern over areas of sev-
eral square centimeters. These surfa-
ces could be envisioned as being
used as tunable diffraction gratings
or holograms. Other examples
include ordered microporous mate-
rials as templates for the patterning
of functional materials in two or
three dimensions. The experimental
results presented above on the
microporous structures also indicate
the possibility of fixation or encap-
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Figure 6. Micrographs of a thermally fabricated film. a) SEM micrograph of “embossed” pat-
tern of the film in Figure 2, formed after annealing at 240°C for 1 min. b) The “ladder”-pattern
optical texture corresponds to the surface and c) to the bottom of the “embossed” pattern.

d) TEM image of the cross section of completely filled film (ca. 50 nm thick) prepared by
annealing at 260°C for 1 min. The direction of the cylinder changes from perpendicular to par-
allel to the substrate. ) Sulfur-distribution image under the EFTEM.

sulation of functional materials after patterning of the block
copolymer film.

The structure of the microporous films can be varied by
means of the concentration of the polymer in the solution. For
example, a 0.1 wt % solution leads to a single layer of pores
open on both sides (Figure 7a), while a 1.0 wt% solution
results in multiple layers of pores ordered in three dimensions
(Figure 7b and c). The pore size can also be controlled from
1.2 to 4.5 pm by changing the solution concentration.

We have developed a new strategy for constructing highly
ordered hierarchical structures by combining individual self-
organizing components over multiple length scales. The
materials prepared by this strategy and modified by further
thermal fabrication are expected to have a wide range of
applications in molecular optical or electronic devices,
photonic band-gap materials, and sensors.
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Figure 7. SEM images of a variety of microporous films. a) Film with a single layer of pores
open on both sides and about 3.3 um in diameter, prepared from 0.1 wt% casting solution.

b) Side view of multilayer structure consisting of six layers, prepared from 1.0 wt% casting solu-
tion. c) Top view of micrograph b). Pores of the next layers can be seen through those of the top
layer. The image shows the arrangement of pores of uniform size in multilayers.
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