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Formation of Single-Crystal-like Poly(9,9-dioctylfluorene) Thin Film by
the Friction-Transfer Technique with Subsequent Thermal Treatments
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ABSTRACT: A liquid-crystalline polymer, poly(9,9-dioctylfluorene) (PFO), was found to form highly
oriented films by a friction-transfer technique. The polarized UV—vis absorption and photoluminescence
spectra of the films formed showed strong dichroism with a dichroic ratio of approximately 10 in the
drawing direction of friction transfer. Subsequent thermal treatments of the friction-transferred PFO
films were specifically effective for the improvement of the physical properties, structure, and morphology
of the films. By rapid and slow cooling from the liquid-crystalline melted states of the friction-transferred
films, liquid-crystalline and crystalline films were prepared, respectively. Both thermally treated films
showed enhanced optical anisotropy with a dichroic ratio of approximately 25 in photoluminescence
spectra. The electron diffraction pattern of the crystalline film showed a large number of sharp diffraction
spots as seen in a single crystal. The liquid-crystalline polymer was found to form a single-crystal-like
thin film by the friction-transfer technique with subsequent thermal treatments.

Introduction

Conjugated polymers have aroused interest for vari-
ous applications such as field-effect transistors (FETs),!
photovoltaic cells,?2 and light-emitting diodes (LEDs)3
due to their excellent electrical and optical properties,
reasonable chemical stability, and ease of processability.
Also, conjugated polymers are expected to exhibit aniso-
tropic properties because the intrinsic characteristic of
conjugated polymers originates from the electrons de-
localized along the polymer backbone (main chain).4—8
Therefore, the arrangement of conjugated polymers is
very important for their physical properties in films.
However, films prepared without using a polymer
arrangement technique exhibit isotropic properties.
Various methods such as the Langmuir—Blodgett (LB)
technique,®1° stretching®!2 or rubbing of the conjugated
polymer,*® and the deposition of the latter onto an
alignment layer'4 have been applied to the arrangement
of polymers.

There are various benefits of using oriented films in
electronic devices. For instance, oriented films result in
an emission of linearly polarized light when used in
LEDs16 and in an enhanced mobility when used in
FETs.” For fabricating such devices using a liquid-
crystalline (LC) polymer, the alignment layer, such as
rubbed polyimide, is commonly positioned between the
electrode and an active semiconducting layer. The
problem in this method is that the intermediate align-
ment layer is generally an electrical insulator, leading
to poor device performance. Several attempts to remove
the intermediate alignment layer from oriented films
have been made.17~1°

One of the powerful methods of arranging the polymer
backbone is the friction-transfer technique. When poly-
mers, such as poly(tetrafluoroethylene) (PTFE), are
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Scheme 1. Structure of PFO

squeezed and drawn against a clean surface of metal
or glass, a very thin film of the polymer remains at the
surface.?® Highly oriented polymer backbones were
observed along the drawing direction by transmission
electron microscopy?-22 and X-ray diffraction analysis.??
Moreover, Wittmann and Smith reported that a friction-
transferred PTFE film can be used to orient other
materials.?! By using the friction-transfer technique,
polymers can be arranged without using an intermedi-
ate alignment layer. We have applied this technique to
the preparation of films of conjugated polymers, such
as polysilane (PS), poly(p-phenylene) (PPP), poly(p-
phenylenevinylene) (PPV), poly(alkylthiophene)s (PAT),
and their derivatives.?*~28 Also, we demonstrated that
such films have a large optical anisotropy and in-plane
anisotropic physical properties.29-31

In the present study, we apply the friction-transfer
technique to the preparation of highly oriented films of
LC polymer, poly(9,9-dioctylfluorene) (PFO) (see Scheme
1). PFO has emerged as an attractive material for
LEDs,3233 owing to its efficient blue emission and high
hole mobility greater than 3 x 10=4 cm?/(V s).3* PFO
exhibits thermal liquid crystallinity, leading to the
alignment of PFO when annealed on a rubbed sub-
strate.®® Therefore, we investigate the effects of thermal
treatment on the spectroscopic properties, structure,
and morphology of friction-transferred films. Here we
report that a single-crystal-like PFO thin film was
successfully achieved by the friction-transferred tech-
nique with subsequent thermal treatments without
using an intermediate alignment layer.
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Experimental Section

PFO was used as purchased (American Dye Source, Inc.).
The typical polystyrene equivalent number- and weight-
average molecular weights, as determined by gel permeation
chromatography (GPC, Shimadzu LC-10Vp HPLC System)
with a TOSOH G5000Hur GPC column calibrated using a
polystyrene standard, are M, = 25000 and M,, = 55 000
(polydispersity = 2.2), respectively. The differential scanning
calorimetry (DSC, Perkin-Elmer Instruments) scans showed
a crystallization peak at approximately 80—90 °C and a
melting endothermal peak at approximately 160 °C at a
heating/cooling rate of 20 °C/min. Above this temperature, PFO
shows birefringent LC melt and becomes isotropic at ap-
proximately 270—280 °C.%

PFO films were prepared on quartz substrates by the
friction-transfer technique. PFO powder was compressed into
a pellet. The friction-transfer process was carried out in a
nitrogen atmosphere by squeezing and drawing the pellet on
the substrate kept at a controlled temperature. The applied
load for squeezing was 3 kgf/cm?, and the drawing speed was
0.3 m/min. The thickness of the resulting films was determined
by a surface profile tracer (TENCOR Instruments).

For the improvement of molecular alignments in the films,
the friction-transferred PFO films were then treated by two
different thermal procedures according to the literature.®® In
one case, the PFO films were heated at 200 °C for 1 h and
then rapidly cooled to room temperature. In the other case,
the PFO films were heated at 200 °C and then slowly cooled
to room temperature at a rate of 0.2 °C/min. All procedures
were carried out in a nitrogen atmosphere to prevent thermal
oxidation. Note that, in our experiments, the PFO films were
thermal-treated without an intermediate arrangement layer.
We call a friction-transferred film, a rapidly cooled film, and
a slowly cooled film the “as-deposited film”, “LC film”, and
“crystalline film”, respectively.

For optical measurements, the films were characterized
using an ultraviolet—visible (UV—vis) absorption spectrometer
(Shimadzu MPS2000) and a fluorescence spectrometer (JASCO
FP777). In these optical measurements, a Glan-Tomson prism
was used to characterize dichroism in the films. Dichroic ratio
in absorption can be defined as the ratio of A, to Ay, where A
and Ap are the polarized absorptions parallel and perpendicu-
lar to the drawing direction of friction transfer, respectively.
Also, the dichroic ratio in photoluminescence (PL) can be
defined as the ratio of I, to I, where I;,and I are the polarized
emissions parallel and perpendicular to the drawing direction
of friction transfer, respectively. (Nonpolarized light was used
as excited light.) These dichroic ratios reflect the degree of
alignment in the films.

For morphological and structural analyses, the films were
observed by atomic force microscopy (AFM, Seiko Instruments
Inc., Nanopics NPX100M001) and transmission electron mi-
croscopy (TEM, HITACHI H-7100). For TEM observation, after
the specimen PFO films were reinforced with evaporated
carbon, the films on the substrate were exposed to hydrofluoric
acid for a few minutes and separated from the substrate by
dipping in water. The specimen PFO films were transferred
onto a microgrid. The transmission electron micrographs and
the electron diffraction patterns were recorded at an accelera-
tion voltage of 100 kV.

Results and Discussion

1. Film Preparation by the Friction-Transfer
Technique. The quality of the friction-transferred film
strongly depended on substrate temperature. PFO was
not transferred onto the substrate at a substrate tem-
perature below 60 °C. The PFO transferred at a
substrate temperature between 60 and 70 °C formed a
powdery film, whereas the PFO transferred at a sub-
strate temperature between 80 and 110 °C formed
uniform film. We decided that the optimum temperature
for transfer was approximately 90 °C on the basis of
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Figure 1. (a) Polarized UV—vis absorption and (b) PL spectra
of friction-transferred PFO film. In each case, the polarization
direction is parallel (solid line) or perpendicular (dashed line)
to the drawing direction. For PL spectra, the excitation
wavelength was 390 nm.

the dichroic ratio (discussed below). The thickness of the
film prepared at 90 °C was approximately 50 nm.

The molecular arrangements, the polymer backbone
in particular, in the films were evaluated by polarized
optical spectroscopy. Figure 1a shows the polarized UV—
vis absorption spectra of the film prepared at 90 °C. The
absorption spectra showed different profiles depending
on the type of polarization. In the parallel polarization,
a major absorption maximum was observed at 397 nm
with a shoulder in the long-wavelength edge of the band,
which was associated with delocalized w—x* transitions
on fluorene backbones. In the perpendicular polariza-
tion, however, this peak was sufficiently suppressed.
Thus, the film exhibited a strong dichroism with a
dichroic ratio at an absorption maximum of approxi-
mately 7, which indicates that polymer backbones in the
film were highly aligned parallel to the drawing direc-
tion.

Figure 1b shows the polarized PL spectra of same
sample. The PL spectrum with the parallel polarization
showed a well-resolved vibronic progression with peaks
at 435, 460, and 493 nm. On the other hand, these peaks
were sufficiently suppressed in the PL spectrum with
the perpendicular polarization. The dichroic ratio in PL
was approximately 10 for the peak at 435 nm. We
assumed that the higher dichroism in PL than in
absorption might be consistent with the migration of
excitons to the lowest energy, most highly oriented
segments of the polymer before emission occurred.1®

The alignment of PFO has first been demonstrated
on rubbed polyimide by Grell el al.3> They reported that
the dichroic ratios in absorption and PL are approxi-
mately 6.5 and 10, respectively.1>16.35 Our results of the
dichroic ratios for the friction-transferred films were
almost comparable to those for molecular arrangements
on rubbed polyimide. We note that the friction-transfer
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Figure 2. Polarized UV—vis absorption and PL spectra of (a)
LC film and (b) crystalline film. In each case, the polarization
direction is parallel (solid line) or perpendicular (dashed line)
to the drawing direction. For PL spectra, the excitation
wavelength was 390 nm.

technique is a very simple but powerful method of
arranging a polymer backbone without using an inter-
mediate alignment layer.

2. Effect of Thermal Treatments. 2.1. Spectro-
scopic Properties. One interesting feature observed
in PFO is the appearance of thermotropic liquid crystal-
linity, leading to the alignment of PFO when annealed
on rubbed polyimide.35> We are interested in the effects
of thermal treatments on the properties and structures
of friction-transferred PFO film, which does not have
an intermediate alignment layer. All procedures for the
thermal treatments have been described in the Experi-
mental Section.

Figure 2 shows the results of polarized UV-—vis
absorption and PL spectra of (a) the LC film and (b)
crystalline film. In both thermal treatments, the dichroic
ratios in absorption and PL were approximately 10 and
25, respectively, indicating an excellent uniaxial align-
ment of the polymer backbone. Such high dichroic ratios,
particularly in PL, have not yet been reported in PFO
films prepared by other polymer backbone alignment
methods.

We note that the degree of alignment in the as-
deposited film was improved by subsequent thermal
treatments without using an intermediate alignment
layer. In the case of LC alignment on rubbed polyimide,
the ordered polyimide chains induce a preferred molec-
ular alignment in the adsorbed LC monolayer, and then
the orientation of the first LC monolayer can effectively
determine homogeneous bulk alignment.36:37 We assume
that a similar mechanism can cause the rearrangement
in the LC melted states of the friction-transferred film.
It is considered that the friction-transferred polymer
chains at the interface between a polymer and a
substrate may be firmly fixed to the substrate even at
the melting temperature. Tanigaki et al. have reported
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that a melted friction-transferred PTFE film recrystal-
lizes into the same polymer arrangement as that of an
as-deposited PTFE film.22 This result indicates that the
orientation of whole polymer chains in films can be
controlled by immobilized polymer chains at the inter-
face. However, it has never been reported that the
degree of alignment in friction-transferred films is
improved by subsequent thermal treatments.

From these viewpoints, we consider the rearrange-
ment mechanism of thermally treated films as follows.
First, polymer chains at the nearest interface of the
substrate are highly ordered and firmly fixed to the
substrate by the friction-transfer technique. Second, the
orientation of the immobilized polymer chains at the
interface induces the homogeneous bulk alignment
above the LC transition temperature. Finally, the
rearrangement of whole polymer chains in the films is
achieved when the films are cooled to room temperature.
Thus, we conclude that dichroic ratio increases with
subsequent thermal treatments because disordered
polymer chains in the as-deposited film are realigned
along the drawing direction.

There are some differences in optical properties
between the LC and crystalline films depending on the
different thermal treatments. The LC film showed a
relatively narrow peak at 397 nm in absorption and a
clear vibronic structure with peaks at 434, 458, and 487
nm in PL for the parallel polarization. On the other
hand, the crystalline film showed a peak at 388 nm with
a shoulder in the long-wavelength edge of the band in
absorption and a clear vibronic structure with peaks at
432, 458, and 490 nm with a broad structureless green
emission at approximately 530 nm in PL for the parallel
polarization. It is assumed that the differences in optical
spectra between the LC and crystalline films result from
the difference in structure between the films (discussed
below).

2.2. Film Structure and Morphology. According
to the results of the optical measurements, both the LC
and crystalline films showed an excellent uniaxial
alignment of the polymer backbone, but there were some
differences in optical spectra between them. To obtain
structural information on each PFO film, we carried out
TEM observation. The transmission electron micro-
graphs and electron diffraction patterns are shown in
Figure 3. Note that the drawing direction (fiber axis) is
always vertical. These data showed a considerable
difference in polymer arrangement between the films.

Figure 3a,b shows a transmission electron micrograph
and an electron diffraction pattern of the as-deposited
film. The transmission electron micrograph showed long
grains with a preferred orientation parallel to the
drawing direction. The electron diffraction pattern
displayed a fiber pattern with several diffraction arcs,
indicating an in-plane uniaxial orientation. One inter-
esting feature shown in Figure 3b is the appearance of
strong diffraction arcs along the meridian with an
interplanar spacing of 0.42 nm, which is same as that
observed in grazing-incidence X-ray diffraction (GIXRD)
studies using synchrotron radiation on PFO thin films
by Kawana et al. and can be identified as the benzene
ring repeat distance along the polymer backbone (0.42
nm).38 This benzene periodic distance is half the fluo-
rene monomer periodic distance. On the other hand,
there are a series of diffraction arcs with a repeat
distance of 1.17 nm perpendicular to the fiber axis. It
is considered that this periodicity is governed by the
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Figure 3. Transmission electron micrographs and electron diffraction patterns of (a, b) as-deposited film, (c, d) LC film, and (e,

f) crystalline film. The arrow indicates the drawing direction.

alkyl side-chain length (1 nm). Therefore, we conclude
that the polymer backbone lies in the film along the
drawing direction and forms periodic side packs with
the spacing governed by the alkyl side-chain length.

Figure 3c,d shows a transmission electron micrograph
and an electron diffraction pattern of the LC film. In
the transmission electron micrograph (Figure 3c), two
types of growth habit were observed. One is the part of
spherical crystals of submicrometer diameter, and the
other is the part of featureless uniform morphology.
Although the electron diffraction pattern in Figure 3d
shows an almost pattern similar to that in Figure 3b,
it shows no arcs but only sharp spots. This indicates
that the degree of polymer arrangement in the glassy
film was higher than that in the as-deposited film.
Figure 3d also shows diffused scattering in both the
equator and meridian, which is typical of a nematic
crystal with its director pointing along the fiber axis.
Therefore, we conclude that the LC film is composed of
a mixture of LC glass and crystalline fractions. In both

parts, because the molecular axis is parallel to the
drawing direction, the observed large dichroism in
polarized optical spectra can be explained. We note that
the ratio of growth habits between LC glass and
crystalline fractions may strongly depend on the speed
of quenching to room temperature.

Figure 3e,f shows a transmission electron micrograph
and an electron diffraction pattern of the crystalline
film. The transmission electron micrograph showed no
significant texture, indicating a homogeneous morphol-
ogy of the crystalline film. The diffraction pattern of the
crystalline film showed a large number of sharp dif-
fraction spots. Again, strong diffraction spots were
observed at a spacing of 0.42 nm along the meridian
and a repeat distance of 1.17 nm along the equator,
which can be identified as the benzene ring repeat
distance along the polymer backbone and the side-
packing distance governed by the alkyl side-chain
length, respectively. The structure resembles that ob-
served in aligned fibers after physicochemical treat-
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Figure 4. Microelectron diffraction pattern of crystalline film.

ments, which is characterized by a fiber repeat of 3.35
nm along the fiber axis, equal to four monomer units.3°
Figure 3f also shows additional weak diffraction spots
corresponding to spacings of 0.77, 0.47, and 0.45 nm in
the equator (indicated by arrows). We believe that these
weak diffraction spots arise from a distortion of the
sample rather than from different orientations.
Figure 4 shows a selected area electron diffraction
pattern from a circular area of 5 um diameter in the
crystalline film. The electron diffraction pattern dis-
played a single net pattern with the diffraction spots
corresponding to the interplanar distances of 3.35 and
1.17 nm, suggesting that PFO molecules are arranged
as a single crystal on the microscopic scale. This is the
first observation of the single-crystal-like arrangement
in the PFO thin film. The two-dimensional crystal
parameters of PFO are determined to be a = 1.17 nm
and ¢ = 3.35 nm (fiber axis). Therefore, we conclude that
improved intra- and interchain registries in the crystal-
line film may give rise to the spectrum with a shoulder
in absorption and the green emission in PL. Further
experiments are being planned to analyze three-
dimensional structures in the films by energy-dispersion
total-reflection X-ray diffraction (ED-TRXD) analysis for

Figure 5.

AFM images of (a) as-deposited film and (b) LC film.

200 [rm]
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the measurement of whole reciprocal lattice spaces,??
and the results will be reported separately.

The surface morphologies of PFO films were investi-
gated by AFM. Figure 5a shows the as-deposited film
surface morphology, revealing a rough topography with
height variations of approximately 40 nm. On the other
hand, Figure 5b shows the LC film surface, revealing a
smooth topography with height variations of approxi-
mately 5 nm. The same smooth topography as the LC
film surface was observed in the crystalline film. Thus,
the surface morphology of the as-deposited film was
drastically smoothened by subsequent thermal treat-
ments. A smooth topography is advantageous to device
applications such as in LEDs and FETSs.

Conclusions

The highest degree of alignment in PFO films was
achieved by the friction-transfer technique with subse-
quent thermal treatments. Both the LC and crystalline
films showed enhanced optical anisotropy, indicating an
excellent uniaxial alignments of polymer backbones
parallel to the drawing direction. However, each ther-
mally treated film had different film structures and
morphologies. The LC film showed a mixed structure
of both the LC glass and crystalline fractions, while the
crystalline film showed a single-crystal-like structure.
The two-dimensional crystal parameters of PFO are
determined to be a = 1.17 nm and ¢ = 3.35 nm (fiber
axis).

The surface morphology of the as-deposited film was
improved by subsequent thermal treatments, which is
advantageous to device applications. Since physical
properties are also affected by molecular arrangement,
an active semiconducting layer with an intrinsic in-
plane anisotropy can be prepared by the friction-transfer
technique. For instance, when LEDs are prepared using
an aligned polymer as an emission layer, they emit
polarized light,3° and when FETs are prepared using
an aligned polymer as a semiconducting layer, they
show a large in-plane anisotropy of carrier mobility.2°
The fabrication of some new devices with highly aniso-
tropic physical properties using the friction-transfer
technique is currently under way.
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