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ABSTRACT: We report that the amphiphilic rod—coil—rod triblock copolymer with a coil attractive to the
substrate surface self-organize into liquid crystalline monolayers or bilayers of a few nanometers thickness on
the substrate surface. The copolymer investigated is a triblock copolymer, poly(n-hexyl isocyanate-b-2-
vinylpyridine-b-n-hexyl isocyanate) (PHIC-b-P2VP-b-PHIC). Key processes of self-organization in the thin films,
such as adsorption, desorption, diffusion, nematic and smectic ordering, and microphase separation, are tuned by
exposing dip- or immersion-coated nanoscale films to the vapor of solvents which are rod (PHIC)-selective, coil
(P2VP)-selective, or good to both blocks. Reorganization of the rod—coils in the nanofilms yielded various
morphologies in the monolayer or bilayer, including unique long-range-ordered, smectic-on-nematic biphasic
sheets. The results offer understanding on the complex morphological evolution in amphiphilic rod—coil block

copolymers on the substrate surface.

Introduction

Rod—coil block copolymers are a class of block copolymers
obtained by covalently connecting coil-like polymers to rodlike
macromolecules. In these copolymers the tendency of liquid
crystalline or crystalline ordering of the rodlike chains is
combined with the microphase separation between dissimilar
blocks, exhibiting unique morphologies that are not found in
coil—coil block copolymers.'™® Although their synthesis and
morphological structures have been continuously studied by
several groups,>’™ the rod—coil block copolymers are yet to
be explored further for synthesis of those with new functional
architectures'®'! and for understanding of their self-assembly
processes under various chemical or physical constraints.'*~'®

A distinct structural characteristic of the self-assembled
rod—coil block copolymer system is smectic-like packing of
the rod blocks.'”"” The rod blocks arrange in a smectic A- or
smectic C-like fashion with their chain axes aligned normal or
tilted with respect to the interface between rod and coil
microdomains. The packing frustration at the rod—coil interface,
which occurs owing to different interfacial areas per chain at
the rod—coil junction, results in various unusual smectic
microdomain morphologies in the bulk' or micellar morphol-
ogies in solution.”**' A more complicated aspect of the rod—coil
self-assembly comes from the fact that their self-organization
usually involves multiple ordering transitions. A lyotropic liquid
crystalline state can occur during solvent evaporation from
solutions prior to the final microphase-separated state.”” Because
multiple organization processes are involved, the self-assembly
of a single rod—coil system can yield various morphological
structures depending on the processing conditions employed.’

The morphological complexity and the sensitivity to process-
ing conditions of the rod—coils may be lessened in thin films'**?
as in the case of other types of block copolymers such as
coil—coil block copolymers.?** The ordering of the rod blocks
in contact with the substrate surface may be controlled by the
alignment or confinement effect of the surface.

One of the architectures of interest for thin film formation is
an amphiphilic rod—coil block copolymer of which one of the
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rod and coil blocks is attractive to the substrate surface. In these
rod—coils, the ordered arrangement of the rodlike blocks and
the microphase separation of the rod and coil blocks occur with
the adsorption of the copolymer to the substrate surface. The
morphology at the substrate surface will vary according to which
are more dominating factors among multiple interactions such
as the copolymer—substrate adsorption interaction, the liquid
crystalline or crystalline ordering of the rod blocks, and the
microphase separation.?®

At least two types of amphiphilic rod—coil copolymers can
be designed depending on which part is attractive to substrate
surface. The rod—coils with a surface-reactive coil is more
appropriate (than those with a surface-reactive rod®’) for
utilization of the anisotropic nature of the rods on the surface.
The adsorption of the rod—coils via coil—surface bonding
provides a monolayer of end-grafted rods which still have
rotational freedom in their azimuthal and polar anchoring angle.
The grafted rods are able to respond to external stimuli and to
exhibit crystalline or liquid crystalline behaviors. We reported
recently that the rodlike chains tethered onto the substrate
surface at a moderate grafting density yield a nematic layer with
a thickness of a single chain diameter.'

An interesting question arises from considering that many
rod—coils are known to form smectic microdomain structures’
which are different from the nematic monolayer of the rods as
bound to the substrate surface. If we deposit the rod—coils in a
small excess of the monolayer thickness onto the surface, the
molecules will self-assemble via many organizing processes,
adsorption or desorption of the coil block, nematic ordering of
the surface-bound rods, smectic ordering of unadsorbed rod—coils,
and diffusion of the chains in or through the film plane. It is
intriguing to see how the morphology in the film evolves as
the balance between the different interactions is altered.

Here we report that the amphiphilic rod—coil—rod triblock
copolymer with a coil attractive to substrate surface self-organize
into liquid crystalline monolayers or bilayers of a few nanom-
eters thickness on the substrate surface. The copolymer inves-
tigated is a triblock copolymer, poly(n-hexyl isocyanate-b-2-
vinylpyridine-b-n-hexyl isocyanate) (PHIC-b-P2VP-b-PHIC).
The copolymer films with thickness of a few nanometers are
deposited on mica plates from toluene solutions, and then the
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Figure 1. Chemical structure and schematic representation of
PHIC33;—P2VP34,—PHIC33; and its hydrogen-bonding adsorption onto
the mica surface.

morphology in the films developed under solvent vapor-saturated
atmosphere is studied by atomic force microscopy. The solvents
used for vapor-annealing of the films are toluene (PHIC-
selective), methanol (coil-selective), and THF (good solvent for
both). The experiments yield various nanofilm morphologies
including unique long-range-ordered, smectic-on-nematic bi-
phasic sheets. The results offer new understanding on the
complex morphological evolution of amphiphilic rod—coil block
copolymers on the substrate surface.

Experimental Section

Materials. 2-Vinylpyridine (2VP) (Aldrich, 97%) and n-hexyl
isocyanate (HIC) (Aldrich, 97%) were dried over CaH, and vacuum-
distilled. Tetrahydrofuran (Fisher Scientific, GR grade) (THF) was
distilled under N, after refluxing with sodium for 5 h and distilled
again under vacuum from sodium naphthalenide solution. Calcium
hydride (Junsei, 95%), naphthalene (Aldrich, 99%), sodium (Ald-
rich, 99%), potassium (Aldrich, 98%), sodium tetraphenylborate
(NaBPhy) (Aldrich, 99.5%),and diphenylmethane (Aldrich, 99%)
were used without further purification.

Synthesis of Poly(r-hexyl isocyanate)-b-poly(2-vinylpyridine)-
b-poly(n-hexyl isocyanate) (PHIC-b-P2VP-b-PHIC). The prepa-
ration of these triblock copolymers has been described in detail in
our previous contribution. Briefly, PHIC333-b-P2VP345-b-PHIC333
(M, = 120 000, M,/M, = 1.13) copolymers were synthesized by
sequential anionic polymerization of the comonomers. 2VP (0.86
g, 8.2 mmol) was first polymerized, at —78 °C, using the
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bidirectional initiator sodium naphthalenide (Na-Naph) (0.0072 g,
0.048 mmol) to provide chain growth at both ends of the
macromolecule. Prior to the addition of the second monomer, a
5-10 M excess of NaBPh, (0.15 g, 0.44 mmol) was added, and the
reactor cooled to —98 °C. HIC (2.032 g, 16 mmol) was then
introduced, and the polymerization was carried out for 20 min. The
reaction was terminated with a CH;COOH/MeOH mixture. The
reaction mixture was poured into a large amount of methanol.
The precipitates were collected by filtration and dried under vacuum.
Dissolution in a good solvent and precipitation in a nonsolvent were
repeated to obtain pure copolymer samples. The copolymer samples
were finally dissolved again in benzene and freeze-dried.

Preparation of Block Copolymer Solution. The PHIC-P2VP-
PHIC block copolymer powders were dissolved in anhydrous toluene
(99.8%, Aldrich) in ambient conditions. In order to vary the surface
coverage, the solution concentration was varied among 1, 0.5, 0.1,
0.01, 0.005, and 0.001 wt %. The solution was filtered through 0.2
um Teflon membrane filter before coating onto mica plates.

Deposition of Block Copolymer Films. Freshly cleaved mica
substrates (Pelco, Ted pella Inc.) were obtained by carefully peeling
off several layers using Scotch tape. Block copolymers were
adsorbed from toluene solution onto mica plates by the dip-coating
or the immersion-coating method. In dip coating, mica plates were
dipped into the copolymer solution at a speed of 5 mm/s, kept in
the solution for 5 s, and then pulled out from the solution at a speed
of 2 mm/s, followed by repeated rinsing and washing with
anhydrous toluene. In the immersion-coating method, mica plates
were immersed in the copolymer solution for 3 h and then rinsed
by the same procedure as in the dip-coating method.

Solvent Vapor Annealing of the Block Copolymer Film. The
mica plates covered with block copolymer films were placed near
a vial filled with anhydrous toluene or THF in a closed chamber
for different periods of time. Then the plates were dried by exposure
to the atmosphere.

Atomic Force Microscopy. Atomic force microscopy (AFM)
was performed under a commercial scanning probe microscope
(Digital Instruments Multimode SPM Illa system). The AFM was
equipped with a Quadrex for phase imaging and a Micro 40 active
antivibration unit (Halcyonics). Tapping mode etched silicon probe
(RTESP) (Veeco probe) was used for cantilever. These probes have
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Figure 2. AFM images of as-coated films of PHIC33;,—P2VP34,—PHIC33; on mica surfaces. (a, b) The films were obtained by dip-coating in toluene
solutions with the copolymer concentration of 0.1% and 1.0%, respectively. (c) The film with thicker polymer residues was obtained by immersion
of the mica substrate in a 0.5% solution for 3 h. Cross-sectional profiles are given underneath each AFM image. (d) A schematic drawing for the

cross-sectional structure of monomolecular and bimolecular thick films.



Macromolecules, Vol. 41, No. 9, 2008

Rod—Coil—Rod Block Copolymer 3183

- r D

60~70 nm

Q@ hairpin-like

[ D

Z-like

nm I\ A i A
—] /\.L‘\VA.A.\U A IR LAY L - R AT AT e
-3 -3‘

\

Figure 3. Formation of rod—coil bundles and their arrangement in rows on the nematic bottom monolayer surface. The films were coated by
dip-coating in 0.1% toluene solution followed by annealing under THF vapor. (a) A height contrast AFM image of the film annealed for 20 h, (b)
a magnified image of the square region of (a), (c) a schematic drawing of the nano-objects, (d) the copolymer molecule with hairpin-like or z-like
conformation, respectively, (e) a height contrast AFM image obtained from the sample with upper left part scratched off by contact mode AFM
scrubbing, and (f, g) respective height and phase contrast AFM images of the intermediate state obtained after THF vapor annealing for 1 h.

force constant range of 20—80 N/m and resonance frequency of
276—303 kHz. The cantilever was forced to oscillate near its
resonance frequency. The laser beam was centered on the tip of
the cantilever and reflected on a photodiode. To minimize the
surface deformation of the sample by the tip, the so-called light
tapping was applied. The layer thickness of the polymer film was
determined by using contact mode atomic force microscopy. Contact
mode silicon nitride tip (NP-20) (Veeco probe) with a force constant
of 58 N/m was used for cantilever. An area of 1 um x 1 um was
scanned twice with maximum force, resulting in the removal of all
polymers in that particular section. Subsequently, a large-scale
image (3 um x 3 um) was lightly scanned, including the scrubbed
area surrounded by the unaffected layer using tapping mode atomic
force microscopy.

X-ray Photoelectron Spectroscopy. Photoelectron spectroscopy
(XPS) was performed using an ESCALAB 210 series (Thermo
Electron Corp.) with Mg Ka excitation (hv = 1253.6 eV) in an
ultrahigh-vacuum (UHV, 1077 Pa) system. The minimum resolution
was 0.7 eV, and the analyzed area was larger than 150 um. The
binding energies referenced are from the Web site www.lasurface.
com.

Results and Discussion

The block copolymer investigated is a triblock copolymer of
poly(2-vinylpyridine) (P2VP) and poly(n-hexyl isocyanate)

(PHIC), PHIC33,-P2VP34—PHIC33,, with number-average mo-
lecular weight 120 000 and polydispersity index 1.13. The
copolymer was synthesized by the anionic polymerization
method reported previously.”®*° The copolymer contains a
central P2VP block that can bind to mica surface via hydrogen
bonding.*® PHIC is a helical rodlike polymer with a large
persistence length of several tens of nanometers.*' The chemical
structure of the block copolymer and a schematic drawing for
its adsorption onto mica surfaces are shown in Figure 1. The
copolymer of 1—3 nm thickness was coated onto freshly cleaved
mica plates by dip-coating in its toluene solutions followed by
repeated rinsing with toluene. The grafting density of the block
copolymers was adjusted by varying the concentration of dipping
solutions. Relatively thick films of 3—4 nm could be obtained
by immersion coating for several hours in dilute solutions of
0.001—0.5% w/v concentrations. Dip-coating in the toluene
solutions with the copolymer concentration of above 1% w/v
often yielded nonuniform films consisting of micellar aggregates
and precipitates.

The tapping mode atomic force microscope (AFM) images
of as-coated films with different amount of deposited copolymers
are presented in Figure 2. Nearly full surface coverage of the
substrate surface with monomolecular-thick film was attained
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Figure 4. Tapping mode AFM images of smectic-on-nematic bilayer films of the triblock copolymer obtained by annealing for 1 h under THF
vapor after dip-coating in 0.5% solutions. (a, b) Low-magnification height and phase contrast images of the bilayered film. (c) A height contrast
image of the smectic overlayer. (d) A high-magnification image with a cross-sectional profile of the region showing the nematic bottom layer with
smectic overlayer. Note that the entire smectic layer has a uniform thickness of about 1.5 nm, approximately the same as that of the nematic bottom

monolayer.

by dip-coating at the copolymer concentration of near 0.1% w/v
(Figure 2a) as reported previously.'> The thickness of the as-
coated film was about 1.2—1.5 nm as estimated by the AFM
image in Figure 2a. This corresponds approximately to the sum
of the chain dimensions of P2VP and PHIC. The thickness of
monomolecular P2VP films as adsorbed to mica is known to
be 3—4 A,** and the diameter of a PHIC chain in solution is
known to be 1.6 nm and becomes about 1 nm when measured
for a dry Langmuir-Blodgett film.>* X-ray photoelectron
spectroscopy (XPS) peak of N(1s) resulted in two peaks centered
at 399.5 and 401.3 eV, which correspond to the amide group
of PHIC and the mica-adsorbed pyridine, respectively.'

Increasing the concentration of the copolymers in the dipping
solution above 0.1% resulted in the films with a rough surface
consisting of the islands of excess copolymer residues, which
are not directly adsorbed to the substrate surface, as shown in
Figure 2b,c. The film with a greater amount of the island
residues (Figure 2c) was obtained by the immersion-coating
method to avoid the formation of micelles and precipitates that
occurred to the sample dip-coated in high-concentration solu-
tions.

The height contrast AFM image (Figure 2b) of the as-coated
film with the islands of copolymer aggregates shows that a layer

formed at the bottom similarly to the monolayer of Figure 2a.
The islands are the rod—coil block copolymer aggregates
physically adsorbed over the bottom monolayer surface. The
height of the islands was within 1—3 nm from the bottom layer
surface. Because the bottom layer contains holes, which are
regions of the bare substrate surface uncovered with the
copolymer layer, the thickness of the bottom layer could be
estimated to be about 1.0—1.5 nm from its AFM height profile.
In Figure 2d is sketched a schematic cross-sectional profile of
the monomolecular and bimolecular-thick films (such as Figure
2a,b) in which the upper layer has opposite order of the polymer
blocks as compared with the bottom monolayer. The island
regions of the film in Figure 2b consist of the surface-adsorbed
P2VP, the planar PHIC chains, and the segregated P2VP blocks
at the top. The PHIC chains in the intermediate layer may be
connected to the top or bottom P2VP blocks. In the case of the
film with a greater amount of copolymer top (Figure 2c), the
top residues are likely to have incompletely organized structures.

As the as-coated copolymer films exhibiting the images in
Figure 2 are exposed to solvent vapor, the solvent molecules
adsorb to the film and yield a solvent-swollen, lyotropic liquid
crystalline nanofilm on the surface, allowing the copolymer
chains to reorganize. Because of the P2VP—mica bonding, the
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Figure 5. Tapping mode AFM images of the films after annealing in toluene-vapor atmosphere for 1 h: (a, b) the film was dip-coated in 0.1%
copolymer toluene solution; (c, d) the film was immersion-coated for 3 h in 0.5% copolymer toluene solution; (a, ¢) height contrast; (b, d) phase

contrast image. Insets are magnified images for an area of 500 x 500 nm?,

substrate surface is kept wet with the solution layer throughout
the annealing procedure. We investigated how the copolymers
in the thin films in Figure 2 organized under vapor of three
different types of solvents, THF, a good solvent for both of
PHIC and P2VP, toluene, a PHIC-selective solvent, and
methanol, a P2VP-selective solvent.

In Figure 3 are shown the tapping mode AFM images of the
THF vapor-annealed copolymer film with a small amount of
excess polymer residue at the top. This morphology was often
observed in the films dip-coated in 0.1% copolymer solution
which was rinsed incompletely after dip-coating. After annealing
the dip-coated film for more than 5 h under THF vapor, the
excess copolymer residues reorganized into needle-like nano-
objects. The facile reorganization of the copolymer chains over
the bottom nematic monolayer is indicative of the formation of
a solution layer over the substrate surface under the solvent
vapor atmosphere. The formation of the nano-objects is likely
a result from crystallization of PHIC chains upon evaporation
of solvent from the corresponding lyotropic liquid crystalline
layer.

The long axes of the nano-objects were oriented parallel to
the director of the bottom nematic layer and arranged side by
side in a row running across the director. The nano-objects have
thickness of 1—1.5 nm, which is nearly the same as the bottom
monolayer thickness, as estimated by the elevation from the
bottom PHIC layer in the AFM height profile in Figure 3b. Their
length was 60—70 nm, approximately the same as that of an
extended PHIC chain with the degree of polymerization (N) of

331 (considering the repeating unit length to be about 0.2 nm,
the length of an extended PHIC chain is about 66 nm). The
width of the nano-objects was 10—15 nm by the AFM. The
lateral size with the presence of tip convolution in mind and
the thickness estimated from height image suggest that the nano-
object is a monomolecular-thick bundle of several rod—coil
block copolymer molecules, as shown in the schematic model
in Figure 3c. It is likely that, when several triblock copolymer
chains are bundled into a nano-object with thickness of a single
chain, they adopt a hairpin-like conformation, as shown in Figure
3d, so that unfavorable extension of P2VP chains, which would
occur for z-like conformation, can be avoided. Furthermore, the
hairpin-like conformation will help efficient segregation of
the P2VP blocks, enabling side by side arrangement of the
copolymer chains to bundles and further to a row of bundles.
The thickness profile of the whole layer containing the nano-
objects was obtained from the film partially scratched off by
the contact mode scanning of the AFM (Figure 3e).

In Figure 3f,g are shown the AFM images of the films in the
intermediate stage of reorganization, which were sometimes
captured from the sample annealed for 1—2 h under the THF
vapor. These images show that the PHIC blocks in the bottom
layer are already highly oriented before free copolymer chains
in the overlayer reorganized completely. The phase contrast
image Figure 3f exhibits the segregation of free copolymer
chains over the PHIC background is underway.

As the amount of free copolymer chains deposited over the
bottom nematic monolayer was increased so as to form many
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Figure 6. Tapping mode AFM images of densified PHIC nematic bottom layers formed by annealing the as-coated films for 20 h under toluene
vapor atmosphere. The films were coated by dip-coating in 0.5% (a, b) and 1% (c, d) copolymer solutions. (a, ¢) Height contrast; (b, d) phase

contrast image.

rod—coil bundles, on annealing with THF vapor, they aligned
parallel to each other until they covered almost the entire surface
of the nematic bottom layer, as shown in Figure 4. The resulting
pattern at the top layer was smectic-like. Low-magnification
images in Figure 4a—c exhibit a long-range, unidirectional
smectic order in the overlayer, extending over a 10 x 10 um?
area. The thickness of the smectic layer is about 1.5 nm (Figure
4d), slightly thicker than the isolated nano-objects, likely due
to denser packing of the rod—coils in the smectic rows than in
isolated bundles. The AFM image in the region not covered
with the smectic overlayer shows that the nematic pattern of
the bottom layer persisted in the presence of the smectic
overlayer. It is noteworthy that the resulting film has a smectic-
on-nematic biphasic bilayer structure in a thickness of only about
3 nm. A nanosheet structure of bimolecular packed rods has
been predicted by computational study for laterally tethered
nanorods.*?

Long-range smectic arrangement in the overlayer was not
observed when the as-coated films were annealed under toluene

vapor, which is a rod (PHIC)-selective solvent. The AFM images
in Figure 5a,b show that the nanoscale bundles of the copolymer
chains are arranged only in a short-range order along the pattern
of the bottom nematic monolayer containing a high density of
splay and bend deformation. The result is likely an indication
that the reorganization of the surface-adsorbed copolymer chains
is restricted by the strongly bound P2VP blocks under toluene
atmosphere. The copolymer chains that are not directly adsorbed
to the substrate surface are free to diffuse and can be rearranged
along the curved nematic pattern of the bottom monolayer. This
behavior was unchanged by increasing the amount of the
copolymer residues in the overlayer as can be seen in Figure
5c,d. Side by side arrangement of the nano-objects occurred
locally in the domains under which the bottom layer director
were not deformed, resulting in the fragmented smectic stripes
distributed over the surface.

An interesting result was obtained when the films were
annealed under a toluene atmosphere for a prolonged time. The
film which exhibited the morphology in Figure 5 at 1 h
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Figure 7. Formation of an inverted nematic monolayer structure observed in the film annealed under methanol vapor which is a selective solvent
for coil (P2VP) block: (a) height contrast, (b) phase contrast AFM image for the 0.1% solution dip-coated sample annealed for 20 h under toluene

vapor followed by 1 h under methanol vapor.

annealing transformed to a dense layer of PHIC chains after
annealing for a sufficiently long time (20 h) under a toluene
atmosphere. In Figure 6a,b are shown the AFM images of the
monolayer obtained from 20 h toluene vapor annealing of the
film dip-coated in a 0.5% w/v copolymer solution. The surface,
on which the nanoobjects of the rod—coil bundle are absent,
shows a typical nematic texture with very low surface roughness.
The corresponding phase contrast image exhibits chemical
uniformity of the surface, indicating the film surface consists
of only rods (PHIC). This result is attributed to the diffusion of
the free rod—coil chains from the overlayer to the bottom layer
during toluene vapor annealing and their irreversible adsorption
onto the mica surface.

When the amount of free copolymers was increased even
further by preparing the film by dip-coating in 1% w/v
concentration, all of the free copolymer chains could not diffuse
to the substrate surface likely because of saturation of the surface
toward adsorption. In addition to the densification of the bottom
layer, the excess chains reorganized to islands of short zigzag
stripes, distributed randomly over the bottom layer surface, as
shown in Figure 6c,d. The random orientation in the bottom
layer director and the zigzag stripes indicate that the orientational
order in the film plane can be significantly enhanced only when
the coil (P2VP) blocks are allowed to desorb from the substrate
surface as in the case of THF vapor annealing.

Desorption of the coil (P2VP) blocks from the surface is
promoted by annealing the nanofilms under methanol vapor,
which is a coil (P2VP)-selective solvent. In Figure 7 is shown
the AFM image of the monolayer-thick film after annealing
under methanol vapor. Before methanol exposure, the sample
was treated under toluene vapor to ensure the formation of the
PHIC nematic monolayer that is adsorbed via P2VP—mica
bonding. In the films treated with methanol vapor, as shown in
the topographic image in Figure 7a, the domains with blurred
nematic texture appeared. The phase contrast image in Figure
7b shows clear distinction between different domains, indicating
that the blurred topographic region is covered with the P2VP
blocks raised over the surface of the PHIC monolayer.

The absence of macroscopic dewetting of the film under
methanol vapor is rather surprising considering that the hydrogen
bonding between the P2VP and mica can be easily broken by
methanol. This may be accounted for by the two-dimensional
physical cross-links by the crystalline rod (PHIC) bundles in

the nematic monolayer. The pattern with high density of nematic
defects indicates that the PHIC layer has not been solublized
under a methanol atmosphere.

We investigated the morphology of the films with relatively
large amount of copolymer residues by annealing under THF
vapor. Annealing the films which was immersion-coated in 0.5%
toluene solution (which gives an as-coated morphology similar
to Figure 2c) for about 1 h under a THF atmosphere resulted in
rough surface morphology with thick and large islands, as shown
in Figure 8a. The thickness of some islands of Figure 8a was
approximately integer multiple of monomolecular thickness, and
some of them exhibited a terraced edge structure (see Supporting
Information, Figure S1). A smectic arrangement of the copoly-
mer in the islands is easily visible in the phase contrast image
of Figure 8b.

Interestingly, some islands in Figure 8a do not exhibit the
smectic stripes in the corresponding phase contrast image in
Figure 8b but show curved nematic texture, suggesting that at
the early stage of annealing the smectic order is poorly
developed in the polymer residues above the deformed nematic
bottom layer.

As the films with the islands were annealed further for a
prolonged time (20 h) under THF vapor, the film surface became
flattened (Figure 8c) in the topography and exhibited a long-
range oriented smectic texture in its phase contrast AFM image
(Figure 8d). In the phase contrast image, almost the entire
surface was covered with the smectic pattern, indicating that
the initial nematic residues in the overlayer (as shown in Figure
8a,b) transformed to the smectic state in Figure 8c,d. The
planarization may be accounted for by the compatibility between
the smectic overlayer and the nematic bottom layer in the long
annealed sample, which resulted from the long-range orienation-
al order developed under prolonged exposure to THF vapor.

The images shown above in Figures 2—8 were obtained from
the thin films dried after dip- or immersion-coating or solvent
vapor treatment. As swollen with the toluene or THF, the PHIC
chains may not exist in the form of the crystalline bundles, which
made possible to obtain clear height or phase contrast images
for the nematic and smectic texture in the thin films. It is most
likely that the copolymer chains exist as illustrated in Figure 9,
the schematic drawings for the liquid crystalline monolayer and
bilayer structures of the amphiphilic rod—coil—rod block
copolymer in their solvent-swollen state. It is intriguing that
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Figure 8. Tapping mode AFM images of the films with smectic layer structures formed on the nematic monolayer surface after annealing the
as-coated films with thicker free copolymer residues under THF vapor for different annealing times: (a, b) 1 h and (c, d) 20 h. (a, c) Height contrast
images; (b, d) phase contrast images. Corresponding untreated films were obtained by immersion for 3 h in a 0.01% copolymer toluene solution.

ngmatic

Figure 9. Schematic drawings for the liquid crystalline monolayer and bilayer of the amphiphilic rod—coil—rod block copolymer in their solvent-
swollen state on the substrate surface: (a) oriented nematic monolayer under toluene or THF vapor, (b) inverted nematic monolayer under methanol
vapor, and (c) oriented smectic-on-nematic bilayer structure under THF vapor.

these structures are analogous to those of self-assembled
monolayers or bilayers obtained from small molecule am-
phiphiles or phospholipids, except for the fact that the hydro-
phobic part in the present system consists of rodlike polymer
chains that organized in liquid crystalline phases.

Conclusion

We obtained several types of liquid crystalline monolayer or
bilayer morphologies, including unprecedented smectic-on-
nematic biphasic sheet structure, via self-organization of the

amphiphilic rod—coil—rod block copolymer in a few nanometers
thick films. We have demonstrated that the self-assembly of
the rod—coils in a few nanometers thick films can be controlled
by adjusting the interaction of each block with the substrate
surface and solvents and the amount of deposited copolymers.

The results implicate that other rodlike polymers or inorganic
nanoparticles tethered with flexible polymers can show similar
self-organizing behaviors on the substrate surface. The unique
surface behaviors of amphiphilic rod—coil block copolymers
investigated here may be used in designing functional thin films
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from many rodlike polymers with electronic or biological
properties.
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