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Abstract: With the study goal of firstly elucidating the anisotropic interactions between oriented polymer chain seg-
ments and liquid crystal (L.C) molecules, and secondly of determining the contributions of the chemical components
of the polymer segments to the film surface topography, LC alignment, pretilt, and anchoring energy, we synthesized three
dianhydrides, 1,4-bis(4'--butylphenyl)pyromellitic dianhydride (BBPD), 1,4-bis(4'-trimethylsilylphenyl)pyromel-
litic dianhydride (BTPD), and 2,2'-bis(4"-tert-butylphenyl)-4,4',5,5'-biphenyltetracarboxylic dianhydride (BBBPAn), and
a series of their organosoluble polyimides, BBPD-ODA, BBPD-MDA, BBPD-FDA, BTPD-FDA, and BBBPAn-FDA,
which contain the diamines 4,4'-oxydianiline (ODA), 4,4'-methylenediamine (MDA), and 4,4'-(hexafluoroisopro-
pylidene)dianiline (FDA). All the polyimides were determined to be positive birefringent polymers, regardless of
the chemical components. Although all the rubbed polyimide films exhibited microgrooves which were created by
rubbing process, the film surface topography varied depending on the polyimides. In all the rubbed films, the poly-
mer chains were unidirectionally oriented along the rubbing direction. However, the degree of in-plane birefringence
in the rubbed film varied depending on the polyimides. The rubbing-aligned polymer chains in the polyimide films
effectively induced the alignment of nematic LCs along their orientation directors by anisotropic interactions
between the preferentially oriented polymer chain segments and the LCs. The azimuthal and polar anchoring ener-
gies of the LCs ranged from 0.45x10™ - 1.37x10™ J/m? and from 0.86x 10 - 4.26x 10" J/m?, respectively, depending
on the polyimides. The pretilt angles of the LCs were in the range 0.10-0.62°. In summary, the soluble aromatic poly-
imides reported here are promising LC alignment layer candidates for the production of advanced LC display devices.

Keywords: aromatic polyimides, nanoscale thin films, liquid crystals, rubbing process, surface chain orientation, sur-
face topography, microgrooves, anisotropic molecular interaction, liquid crystal orientation, optical retar-
dation, azimuthal anchoring energy, polar anchoring energy.

Introduction

Polyimides (PIs) have high glass transition temperatures,
dimensional stability, and heat resistance as well as excel-
lent mechanical and dielectric properties, optical transpar-
ency, and adhesion."* One of the most recently developed
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applications of Pls is their use as liquid crystal (LC) align-
ment layers in flat-panel LC display (LCD) devices.*”> LC
alignment PI layers are known to stably anchor LC mole-
cules, which is critical to the high performance and reliabil-
ity of LCD devices.**" PI film surfaces need to be treated if
they are to produce the uniform alignment of LC molecules
with a defined range of pretilt angle values.*”> Rubbing
with a velvet fabric is currently the only technique used to
treat PI film surfaces in the mass-production of flat-panel
LCD devices by the LCD industry. This process has become
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the method of choice because of its simplicity and the con-
trollability with this method of both the LC anchoring
energy and the pretilt angle.**%

The rubbing process is known to modify the surface mor-
phology and to orient the polymer chains in the alignment
layer film.*® It is therefore not only important to examine
the modification of the film surface produced by rubbing,
but also to understand the mechanism of rubbing-induced
molecular orientation. These issues have been examined in
a variety of studies.”™”*’® Atomic force microscopy (AFM)
has been used to study rubbed film surfaces.” These studies
showed that as the rubbing depth (density) increases, micro-
grooves are produced that are aligned parallel or perpendic-
ularly to the rubbing direction. The anisotropic alignment of
the polymer chains has been examined with optical phase
retardation measurements,” second harmonic generation,”
near edge X-ray absorption spectroscopy,” grazing incident
X-ray scattering,” and polarized infrared spectroscopy.’’
These methods provide information about the surface topo-
graphies of rubbed polymer films, as well as about the
molecular orientations within the films and the thickness of
the oriented layers. However, the critical information requir-
ed for understanding the effects of rubbing the surfaces of
films is a characterization of the events involved in the ori-
entation of polymer chains in the rubbed films, and these
events have yet to be investigated in detail.

Much effort has also been exerted in the investigation of
the mechanism behind the alignment of LC molecules on
rubbed PI surfaces over the last ten years. A variety of fac-
tors has been proposed to explain the surface anchoring and
alignment of LC molecules: (i) microgrooves in connection
with anisotropic LC orientational elasticity via steric inter-
actions,”*® (ii) polymer molecules from the velvet fabric
deposited and oriented on the alignment layer surface dur-
ing the rubbing process,”*#® (iii) anisotropically oriented
polymer chains,%67+781% (iyy 3 near-surface order para-
meter different from that of bulk LC molecules,'®'% (v)
surface electric fields,'” and (vi) coupling of the bending
mode of the LC director with surface electric fields.'® Of
the mechanisms proposed so far, the anisotropic polymer
chain orientation mechanism**7#7>#1% and the microgroove
mechanism’™* are widely accepted. Nevertheless, the aniso-
tropic polymer chain orientation and microgroove mecha-
nisms are still the subjects of debate in aspects of under-
standing their quantitative contributions to the LC alignment
on rubbed polymer film surfaces. Further, the processes
determining the pretilt angle of LC molecules on polymer
film surfaces have rarely been investigated.

In this study, we synthesized the interesting chemical
structures of three dianhydrides, 1,4-bis(4'-t-butylphenyl)
pyromellitic dianhydride (BBPD), 1,4-bis(4-trimethylsilyl-
phenyl) pyromellitic dianhydride (BTPD), and 2,2'-bis(4"-
tert-butylphenyl)-4,4',5,5'-biphenyltetracarboxylic dianhy-
dride (BBBPAn), and a series of their organosoluble poly-
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imides BBPD-ODA, BBPD-MDA, BBPD-FDA, BTPD-
FDA, and BBBPAn-FDA containing the diamines 4,4'-oxy-
dianiline (ODA), 4,4-methylenediamine (MDA), and 4,4'-
(hexafluoroisopropylidene)dianiline (FDA) in order to investi-
gate the contribution of the dianhydride units to anchor and
align LC molecules at the polyimide film surface. To deter-
mine the orientations of the polyimide chains produced at
various rubbing strengths, the surface orientational distribu-
tions of the main chains of the corresponding PIs were mea-
sured by using optical retardation analysis and the surface
topographies of the PI films were examined with AFM. The
alignments of LC molecules in contact with the rubbed PI
films were investigated and, furthermore, the pretilt behav-
iors and anchoring energies of the LCs on the PI films were
determined. The measured LC alignment, pretilt, and an-
choring characteristics were analyzed to elucidate the aniso-
tropic interactions between the oriented polymer chain seg-
ments and the LC molecules. In addition, the contributions
in each case of the chemical components of the polymer
segments to the film surface topography, the LC alignment,
pretilt, and the anchoring energy were determined.

Experimental

Materials and Film Preparation. The three dianhy-
drides, 1,4-bis(4'--butylphenyl)pyromellitic dianhydride
(BBPD), 1,4-bis(4"-trimethylsilylphenyl)pyromellitic dian-
hydride (BTPD), and 2,2'-bis(4"-tert-butylphenyl)-4,4',5,5'-
biphenyltetracarboxylic dianhydride (BBBPAn) were pre-
pared and a series of their organosoluble polyimides [BBPD-
ODA, BBPD-MDA, BBPD-FDA, BTPD-FDA, and BBBPAn-
FDA (Figure 1)] were synthesized from the obtained dian-
hydrides and respective aromatic diamines by the conven-
tional polycondensation reaction followed by high-temper-
ature, one-step polymerization, according to the method
described previously.'®!'° Diamines, 4,4'-oxydianiline (ODA),
4,4'-(hexafluoroisopropylidene)dianiline (FDA), and meth-
ylenedianiline (MDA) were purchased from Aldrich Chem-
ical Company and used as received.

Each PI solution was diluted to 2% (w/v) with dried chlo-
roform and then the diluted chloroform solution was spin-
coated onto silicone substrates for AFM images, and indium
tin oxide (ITO) glass substrates for optical retardations and
LC cell assemblies, followed by drying on a hot plate at 80 °C
for 1 h. The dried PI films were measured to have a thick-
ness of around 100 nm, using a spectroscopic ellipsometer
(model M2000, J. A. Woollam) and an a-stepper (model
Tektak3, Veeco). The PI films coated onto the substrates
were rubbed at various rubbing strengths using a laboratory
rubbing machine (Wande) with a roller covered with a
rayon velvet fabric (model YA-20-R, Yoshikawa, Japan).
The rubbing strength was varied by changing the cumula-
tive rubbing time for a constant rubbing depth, 0.25 mm.

LC Cell Preparation. Some of the rubbed PI films on
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(2) BBPD-ODA PI (b) BBPD-MDA PI

(¢) BBPD-FDA P1 (d) BTPD-FDA PI

Figure 1. Chemical structures of the soluble aromatic polyimides
containing #butylphenyl and trimethylsilylphenyl side groups.

glass substrates were cut into 2.5 cmx2.5 cm pieces and
then used for assembling two different LC cells as follows.
First, paired pieces cut from each glass substrate were
assembled together antiparallel with respect to the rubbing
direction by using 50 pm thick spacers, injected with a nem-
atic LC, 4-n-pentyl-4'-cyanobiphenyl (5CB) (n,(extraordi-
nary refractive index)=1.717 and #,(ordinary refractive
index)=1.53) containing 1.0 wt% Disperse Blue 1 as a dich-
roic dye, and then sealed with an epoxy glue, giving antipar-
allel nematic LC cells. Secondly, paired pieces from each
glass substrate were assembled together orthogonal to the
rubbing direction by using silica balls of 4.0 um diameter as
spacers, injected with the LC and then sealed with an epoxy
glue, giving 90°-twisted nematic LC cells (TN LC cells). All
the prepared LC cells were found to be uniform and homo-
geneous throughout by optical microscopy. Third, paired
picces from the same ITO glass substrate were assembled
together by using silica balls with a diameter of 50 um as
spacers, aligning the direction antiparallel to the rubbing
direction and 5CB LC molecules were injected into the cell
gap, followed by sealing of the injection hole with a com-
mercialized sealant minimizing ion-induced space charge,
giving antiparallel nematic LC cells with the rubbed films,
respectively. Leads were attached to the cell so that electric
field can be applicable and go through the LC layer thick-
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ness direction.

Measurements. Thermogravimetric analysis (TGA) was
performed under nitrogen on a TA instruments 2050 ther-
mogravimetric analyzer. The sample was heated with a
heating rate of 10 °C/min from 50 to 800 °C. Differential
scanning calorimetry (DSC) was conducted under nitrogen
on a TA instruments 2100 differential scanning calorimeter.
The sample was heated with a heating rate of 10 °C/min
from 30 to 400 °C. Inherent viscosities were measured in
chloroform solution (0.5 g/dL) at 25 °C using a Canon Fen-
ske viscometer.

The dried powder samples were characterized by wide-
angle X-ray diffraction (WAXD). WAXD measurements were
performed using a Rigaku diffractometer (Model Rint-2000)
with a vertical type goniometer and a rotating anode X-ray
generator. The entire system was automated by software
running in a Unix environment on an HP workstation. All
measurements were carried out in 826 mode in the reflec-
tion geometry. The Ni-filtered CuK,, radiation source was
operated at 40 kV and 60 mA. The 26 scan data were col-
lected in a fixed time mode (3 s) with step size of 0.05° over
the range 1.5-25°.

The surface morphology of the PI films was measured
before and after rubbing, using an atomic force microscope
(Digital Instruments, model Multimode AFM Nanoscope
IIa) in contact mode. The film surface was scanned using
an ultralever cantilever (with a 26 N/m spring constant and
268 kHz resonance frequency). Image processing and data
analysis were performed using a software program provided
by Digital Instruments. Optical phase retardations were
measured using an optical set up equipped with either a
photoelastic modulator (model PEM90, Hinds Instruments)
with a fused silica head or a quarter plate (Oriel). The opti-
cal phase retardation measurements were calibrated with a
A/30 plate standard (Wave plate zero order 4/30 (1=632.8
nm), Altechna); A is the wavelength of a laser light source.
Samples were installed perpendicular to the incident beam
direction. Optical phase retardations were measured as a
function of the angle of rotation of the samples.

The LC alignment of antiparallel LC cells was examined
using an optical setup that was equipped with a He-Ne laser
(632.8 nm wavelength), a polarizer, a photodiode detector,
and a goniometer. In the measurement, the laser beam was
incident perpendicular to the surface of the LC cell mounted
on the goniometer, and these components were placed
between the polarizer and the detector. Light absorption of
the dichroic dye aligned together with the LC molecules in
the cell was then monitored as a function of the angle of
rotation of the cell. The pretilt angle & of the LC molecules
was measured using a crystal rotation apparatus,>-556%-71:8%-9

For the TN LC cells, azimuthal anchoring energy was
measured by using an ultraviolet-visible (UV-vis) spectro-
photometer (model S-300, Scinco, Korea) equipped with
two Glan-Laser prisms (model PGL5015, Casix, China);
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the analyzer was mounted on a motorized goniometer
(model SKIDS-PH, Sigma Koki, Japan). Each TN cell was
placed between the polarizer and the analyzer. UV-vis spec-
tra were recorded at 0.8 cm™ resolution as a function of the
angle of rotation of the analyzer in the range 0-180° with an
interval of 1.0°. In these measurements, the rotation angles
giving a minimum transmittance in the UV-vis spectra were
determined. Of the rotation angles for which measurements
were carried out, one angle was chosen by considering the
nature of the birefringence dispersion of the LC and used
for determining the twist angle at which the easy axes of the
upper and lower substrates of the cell occur. *556715% The
azimuthal anchoring energies of the LCs on the rubbed PI
film surfaces were estimated from the twist angle using the
optical parameters of the LC 32671959

For the measurement of polar anchoring energy, we
adopted the resistance-voltage technique''"'™ where one
measures only the retardation of the cell as a function of
applied voltage. No capacitance measurements are needed
to determine anchoring energy when the dielectric constant
of the liquid crystal is known. First, the optical phase retar-
dation of the LC cell under the application of electric field
was determined by the Senarmont technique.”>"* In this
method, optical elements are a He-Ne laser of 632.8 nm
wavelength (Spectra-Physics, model 106-1) as a light source,
a pair of polarizers (Oriel, model 27300), a photodiode
detector (UDT Sensors, model PIN-10DL), and a quarter-
wave plate (Newport optics, model 59260) with optical-
wave plate. The second polarizer as an analyzer was set up
mounted on a motorized goniometer (model SKIDS-PH,
Sigma Koki, Tokyo, Japan) and rotated into the crossed
position with the first polarizer. Each optical element arrang-
ed in a row was placed perpendicular to the laser direction
and experimental setup to measure is like described else-
where.""""'* The applied voltage was controlled from 0 to 20
V using an Agilent 4284A precision LCR meter. All mea-
surements were conducted at room temperature and the
temperature change of the cell due to a high applied voltage
(up to 20 V) was determined to be negligible.

Results and Discussion

High molecular weight polyimides were successfully syn-
thesized and found to have high inherent viscosities (77;,,) in
the range 0.41-1.98 dL/g: 1.98 dL/g for BBPD-ODA, 0.64
dL/g for BBPD-MDA, 0.62 dL/g for BBPD-FDA, 1.06 dL/
g for BTPD-FDA, and 0.41 dL/g for BBBPAn-FDA. The
thermal properties of the polyimides were investigated by
carrying out DSC and TGA in a nitrogen atmosphere. The
TGA results show that the BBBPAn-FDA polyimide exhib-
its thermal stability up to 549 °C; the other polymers were
found to be stable up to 500-510 °C. The glass transition
temperatures (7;) of the polyimides were found to be 381
°C for BBBPAn-FDA, 292.3 °C for BBPD-ODA, 291.7 °C
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Figure 2. WAXD patterns of the polyimides: (a) BBPD-ODA PI;
(b) BBPD-MDA PI; (c) BBPD-FDA PI; (d) BTPD-FDA PI; (e)
BBBAn-FDA PI. The arrows indicate the second order diffrac-
tions.

for BBPD-MDA, 259.6 °C for BBPD-FDA, and 245.6 °C
for BTPD-FDA.

WAXD Measurements. Figure 2 shows the WAXD patterns
of the PI samples. For both the BBPD-ODA and BBPD-
MDA PIs, the WAXD patterns contain two diffraction peaks
in the range 3-25° (26). According to the peaks at higher
angles spreading from 10 to 25° (26), the d-spacing values
are 5.5 A for the BBPD-ODA PI and 5.3 A for the BBPD-
MDA PI. These d-spacing values might be due to the mean
value of the polymer-polymer interchain distance. The d-
spacing values estimated from the peaks at lower angles
spreading over the range 3-10° are 15.4 A for the BBPD-
ODA PI and 14.7 A for the BBPD-MDA PI. These peaks
might be related to the average intra-distance of the re-
peated units of the respective polymer single chains. Taking
this into account, the determined d-spacing values are a
barometer to reflect the polymer chain rigidity. In compari-
son, the d-spacing value of the BBPD-ODA PI is slightly
larger than that of the BBPD-MDA PI. However, the ether
linker is generally known to be flexible compared to the
hydrocarbon linker. Due to this flexible ether linker, the
BBPD-ODA PI is expected to reveal slightly lower polymer
chain rigidity than that of the BBPD-MDA P1.

For the BBPD-FDA, BTPD-FDA, and BBBAn-FDA PlIs,
each WAXD pattern contains three peaks in the range 2-20°
(Figure 2). Two weak diffraction peaks are present in each
of these patterns in the range 2-11°, with one diffraction
peak in the range 11-20°. According to the peaks at higher
angles spreading from 11 to 20° (26), the d-spacing values
are 5.9 A for the BBPD-FDA PI, 5.8 A for the BTPD-FDA
PL, and 5.7 A for the BBBAn-FDA PI. These d-spacing
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Table I. The d-Spacing Values of Various Polyimides (PIs) Deter-
mined from the First Diffraction in the Small Angle Region
and from the Wide Angle Diffraction

Small Angle Region =~ Wide Angle Region
Polymer
d-Spacing (&) d-Spacing (A)

BBPD-ODA PI 15.3 55
BBPD-MDA PI 14.6 52
BBPD-FDA PI 19.8 5.9
BTPD-FDA PI 19.3 58
BBBAn-FDA PI 21.5 5.7

values might correspond to the mean value of the polymer-
polymer interchain distance. On the other hand, the d-
spacing values estimated from the peaks at lower angles
spreading over the range 2-11° are 19.8 A for the BBPD-
FDA PI, 19.3 A for the BTPD-FDA PI, and 21.5 A for the
BBBAn-FDA PI. These peaks might be related to the aver-
age intra-distance of the repeated units of the respective
polymer single chains.

As summarized in Table I, the diffraction peaks of the
BBPD-FDA, BTPD-FDA, and BBBAn-FDA PIs are slight-
ly shifted to the lower angle region with respect to those of
the BBPD-ODA and BBPD-MDA PIs and their average d-
spacing values are correspondingly higher. This phenomenon
is apparently caused by the enhanced rigidity of the polymer
chains that results from the introduction of the bulky tri-
fluoromethyl substituents, which reduces space-efficient
packing in a constitutive manner. In addition, the highest
value of those Pls with FDA units arises for the BBBAn-
FDA PI, which reflects the bulkiness of the twisted bi-
phenyl groups in the polymer chains.

Surface Morphology. By using AFM, we examined the
surfaces of the PI films in detail before and after they had
been rubbed with various rubbing strengths. Figure 3(a) shows
an AFM image of unrubbed BTPD-FDA. The BTPD-FDA
film was found to have a root-mean-square (rms) roughness
of 0.36 nm over an area of 1.0x1.0 um® The other un-
rubbed PI films were also found to have an rms roughness
of 0.36 nm over an area of 1.0x1.0 pm? (images not shown).
Figures 3(b)~(e) show representative AFM images of the PI
films after rubbing at a rubbing strength of 120 cm.

As can be seen in Figure 3(b), the surface of the BBPD-
ODA film rubbed with a rubbing strength of 120 ¢cm con-
tains microgrooves that run parallel to the rubbing direction,
which resemble those reported for rubbed films of conven-
tional PIs used in the LCD industry.**"">!"” The rms sur-
face roughness of this rubbed PI film is 1.62 nm, which is higher
than that of the unrubbed film. The width of the grooves in
the surface is 84 nm and the depth between grooves is 3.99 nm.
Figure 3(c) shows a representative AFM image of the
BBPD-MDA films rubbed with a rubbing strength of 120 cm.
As can be seen in the figure, the surface of this rubbed PI
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Figure 3. Surface AFM images of the PI films before and after
rubbing at a rubbing strength of 120 ¢cm: (a) unrubbed BTPD-
FDA PI; (b) rubbed BBPD-ODA PI; (c) rubbed BBPD-MDA PI;
(d) rubbed BBPD-FDA PI; (e) rubbed BTPD-FDA PI; (f) rubbed
BBBAn-FDA PI. The arrows in these AFM images indicate the
rubbing direction.

film also contains microgrooves that run parallel to the rub-
bing direction, with an rms surface roughness of 2.66 nm.
The height of the grooves running parallel to the rubbing
direction is 10.26 nm and the width of the valleys around
the grooves is 117.19 nm.

Figure 3(d) shows a representative AFM image of BBPD-
FDA PI films rubbed at a rubbing strength of 120 cm. As
can be seen in this figure, the rubbed PI film has an rms sur-
face roughness of 2.46 nm. Unlike the two AFM images
discussed above, microgrooves running parallel to the rub-
bing direction are difficult to discern, but submicroscale
grooves run perpendicular to the rubbing direction that sig-
nificantly increase the surface rms roughness. As can be
seen in Figure 3(e), the rubbed BTPD-FDA PI film has an
rms surface roughness of 4.48 nm, and contains submicro-
scale grooves that lie perpendicular to the rubbing. The
average height and width of the submicroscale grooves are
13.86 and 103.52 nm respectively. The rubbed BBBPAn-
FDA PI film has an rms surface roughness of 3.90 nm, and
has submicroscale grooves that lie perpendicular to the rub-
bing direction and contribute significantly to the surface
rms roughness (Figure 3(f)).

The differences between the observed surface morpholo-
gies might be due to the differences between the character-
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istic deformation responses of the PIs to the shear force
caused by the contact of fibers with the surfaces during the
rubbing process. In fact, it is very hard to find correlations
of the observed surface topographies in the rubbed PI films
to the PIs’ chemical and physical natures. However, some
correlations can be considered as follows. First, the rela-
tively less rigid BBPD-ODA and BBPD-MDA PIs in films
reveal microgrooves parallel aligned along the rubbing
direction, while the more rigid PIs containing trifluorome-
thyl groups in films show microgrooves perpendicularly
oriented along the rubbing direction. Second, the BTPD-
FDA PI with the relatively lowest T, exhibits the largest sur-
face roughness for the rubbed film. Finally, the BBBPAn-
FDA PI with the largest chain rigidity and the highest 7,
also shows the second largest surface roughness for the
rubbed film. Here it is noted that the BBBPAn-FDA PI is
composed of twisted biphenyl moieties in addition to triflu-
oromethyl groups.

Rubbing-Induced Molecular Orientation. To obtain
information about the optical properties of the polymer
chains in the rubbed PI films, an optical phase retardation
technique was used. Figure 4 displays polar diagrams of the
variations of the transmitted light intensity [= (in-plane bi-
refringence) x (phase)] with the angle of rotation of the PI

@ (b)

Transmittance (a, u.)
Transmittance (. n.)

~
&
-’
o
(-
~

Transmittance (3. u.)
Transmittance (2. 0.)

Transmittance (2. w.)

Rubbing Direction

Figure 4. Polar diagrams of the variation of the retardation with
the angle of rotation of the film, obtained from optical phase
retardation measurements of PI films rubbed at a rubbing
strength of 120 cm: (a) BBPD-ODA PI; (b) BBPD-MDA PI; (c)
BBPD-FDA PI; (d) BTPD-FDA PI; (e) BBBAn-FDA PI. The
arrow in the AFM image shows the rubbing direction.
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films rubbed at a rubbing density of 120. As can be seen in
Figure 4(a), for the rubbed BBPD-ODA film the maximum
transmitted light intensity arises for the direction 0°4>180°,
which is parallel to the rubbing direction, and the minimum
light intensity arises for the direction 90°>270°, which is
perpendicular to the rubbing direction. Thus Figure 4(a)
indicates that the polymer main chains are aligned parallel
to the rubbing direction on the rubbed BBPD-ODA film.

For the rubbed BBPD-MDA film, the maximum intensity
of transmitted light also arises for the direction 0°<>180°,
and the minimum light intensity also arises for the direction
270°90° (Figure 4(b)). Thus the anisotropic polar diagram
indicates that for the rubbed BBPD-MDA film the polymer
main chains are aligned along the rubbing direction, and
that the refractive index in the direction along the polymer
main chains is higher than in the direction orthogonal to the
polymer main chains, i.e., these two PIs are positive bire-
fringent polymers.

Similarly, the maximum intensity of transmitted light for
the rubbed BBPD-FDA, BTPD-FDA, and BBBPAn-FDA
films with bulky CF; groups in the repeat units also arise for
the direction 0°<>180°, with the minimum light intensity in
the direction 270°90° (Figures 4(c), (d), and (e)). Thus these
anisotropic polar diagrams indicate that the polymer main
chains of these three PI films are aligned along the rubbing
direction, and the refractive indexes in the directions along
the polymer main chains are also higher than in the direc-
tions orthogonal to the polymer main chains, i.e., these Pls
are also positive birefringent polymers.

Figure 5 shows the variations with rubbing strength of the
in-plane birefringence A,, of the PI films. The magnitude of
A,, increases most rapidly with rubbing strength for the
rubbed BBPD-MDA film, and then levels off with further
increases in the rubbing strength.

For the BBPD-ODA film, A,, rapidly increases with rub-
bing strength up to 120 cm, and then levels oft with further
increases in the rubbing strength. Overall, the absolute value of
A,, is slightly larger for BBPD-ODA than for BBPD-MDA
when their films are rubbed at the same rubbing strength. In
particular, the kinked structure of the polymer repeat unit of
BBPD-ODA that results from its oxygen lone pairs contrib-
utes negatively to the polymer chain alignment. Thus, the
optical retardation results indicate that the polymer chain
alignability of the BBPD-ODA PI along its long axis is lower
than that of the BBPD-MDA PI.

For the BBPD-FDA PI film, A,, rapidly increases with
rubbing strength up to 120 cm, and then levels off with fur-
ther increases in the rubbing strength. Overall, the absolute
value of A,, is smaller for the rubbed BBPD-ODA and
BBPD-MDA PI films when they are rubbed at the same
rubbing strength. Similar results were observed for the BTPD-
FDA and BBBPAn-FDA PIs, with the ordering of the value
of the in-plane birefringence (A,) as follows: BBPD-MDA
PI > BBPD-ODA PI > BBPD-FDA PI > BTPD-FDA PI >
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Figure 5. Variations with rubbing strength of the in-plane bire-
fringence A,, of the rubbed PI films: (a) BBPD-ODA PI; (b)
BBPD-MDA PI; (c) BBPD-FDA PI; (d) BTPD-FDA PI; ()
BBBAn-FDA PL

BBBPAn-FDA PI, as shown in Figure 5.

Taking into account the chemical structures of the Pls in
Figure 1, the CF; groups in the BBPD-FDA, BTPD-FDA,
and BBBPAn-FDA PIs are bulkier than the methylene
groups and oxygen atoms in the BBPD-MDA and BBPD-
ODA PI. This bulky group contributes negatively to the
alignability of the polymer chains by causing kinked poly-
mer chain alignment and loose packing. Note also that the
BTPD-FDA PI contains bulky and flexible trimethylsi-
lylphenyl groups, which further reduce the polymer chain
interaction and rigidity, and so it has a lower value of A,,
than that of the BBPD-MDA PI; moreover the bulky and
twisted biphenyl repeat structure of BBBPAn-FDA means
that it has the lowest value of A,,. Thus the differences in the
variations of the in-plane birefringence A,, with rubbing
strength are due to the variation in the chemical components
of the polymer repeat units.

LC Alignment and Anchoring Energy. Figure 6 shows
polar diagrams of the absorbances of LC cells fabricated
with PI films rubbed at a rubbing strength of 120 cm. As is
clear from Figure 6(a), the LC cell of the rubbed BBPD-ODA
film exhibits maximum absorbance along the direction 0°
«<>180°, which is parallel to the rubbing direction. The anisot-
ropy of this polar diagram indicates that the LC molecules
in contact with the rubbed BBPD-ODA film surface are induced
homogeneously to align parallel to the rubbing direction.

Similarly, the LC cells of the rubbed BBPD-MDA, BBPD-
FDA, BTPD-FDA, and BBBPAn-FDA films exhibit maxi-
mum absorbance along the direction 0°>180°, which is
parallel to the rubbing direction (Figures 6(b-d), and (e)).
The anisotropy of these polar diagrams indicates that the LC
molecules in contact with the rubbed film surfaces are
induced homogeneously to align parallel to the rubbing direc-
tion. Thus the LC molecules align parallel to the polymer
main chains, which are oriented along the rubbing direction.

Taking into account the surface morphologies and the ori-
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Figure 6. Polar diagrams of the light absorbance of a dichroic
dye aligned with the LC molecules in antiparallel LC cells, mea-
sured as a function of the angle of rotation of each cell: (a)
BBPD-ODA PI; (b) BBPD-MDA PI; (c) BBPD-FDA PI; (d)
BTPD-FDA PI; (¢) BBBAn-FDA PI. The PI films were rubbed
at a rubbing strength of 120 cm.

entations of the polymer chain segments described above,
and this observation that the LC molecules align parallel to
the rubbing direction, we conclude that the alignment of the
LCs is directly induced by the microgrooves or the strong
anisotropic molecular interactions with the oriented polymer
main chains (both oriented parallel to the rubbing direction).

The pretilt angles of the LCs in the LC cells were mea-
sured by using the crystal-rotation method. For the five LC
cells fabricated with the rubbed films of the respective Pls,
the measured LC pretilt angles were found to be in the range
0-1.0°, depending on the rubbing strengths employed in the
rubbing process. Overall, all the PI films induce LC mole-
cules to align with low pretilt angles on the rubbed film sur-
faces. In general, an LC molecule is composed of an aromatic
mesogen and an aliphatic tail. The aromatic mesogen com-
ponent can favorably interact with the aromatic components
of an alignment layer film via 77 interactions, whereas the
aliphatic tail can undergo van der Waals type interactions
with the film’s aliphatic components. It has been reported
that the pretilt angles of LC molecules in contact with
rubbed film surfaces are predominantly governed by the
nature and length of the side groups that are oriented by
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the rubbing process, and in part by the inclination of the
polymer main chains oriented along the rubbing direc-
ﬁOl’l.43’44’50’51’53'54’65’67’95’96

Thus the lengths of the #-butylphenyl, trimethylsilylphe-
nyl, and twisted biphenyl groups of the Pls considered here
are too small to induce LC molecules to anchor with a high
pretilt angle on the surfaces of the rubbed films. Further-
more, the biphenyl mesogen of the SCB LC molecule might
interact directionally and anisotropically with the parallel
oriented polymer main chains, which lie in the film plane,
via a 77 interaction, which causes the LC molecules to
align with low or zero pretilt angles.

TN cells were prepared and found to be very stable and
homogeneous. These TN LC cells were used in measure-
ments of the twist angle of the LC molecules with a UV-
Visible spectroscopic technique. The twist angle was mea-
sured to be 89° for the cell with a BBPD-ODA film, 89° for
the cell with a BBPD-MDA film, 88° for the cell with a
BBPD-FDA film, 88° for the cell with a BTPD-FDA film,
and 87° for the cell with a BBBPAn-FDA film; all these PI
films were rubbed with a rubbing strength of 120 cm. From
the measured twist angles, the azimuthal anchoring energy
of the LC molecules was determined to be 1.37x10* J/m>
for the BBPD-ODA and BBPD-MDA PI films, 0.68x 10* J/
m? for the BBPD-FDA and BTPD-FDA PI films, and 0.45
x10"* J/m* for the BBBPAn-FDA PI film (Table IT). In addi-
tion, polar anchoring energy measurements were carried out
for the homogeneous anti-parallel LC cells fabricated with
rubbed PI films; all the films were rubbed at a rubbing
strength of 120 cm. The polar anchoring energies of the LC
molecules were determined to be 4.26x107 J/m? for the
rubbed BBPD-ODA PI film, 3.93x10° J/m? for the rubbed
BBPD-MDA PI film, 1.24x 10 J/m? for the rubbed BBPD-
FDAPI film, 1.00x107° J/m? for the rubbed BTPD-FDA PI
film, and 0.86x 10 J/m? for the rubbed BBBPAn-FDA PI
film. The LC anchoring energies of the rubbed PI films
increase in the order BBBPAn-FDA PI < BTPD-FDA PI
BBPD-FDA PI < BBPD-MDA PI BBPD-ODA PI accord-
ing to the two anchoring energy measurement methods.

These results indicate that the parallel LC alignments on

Table II. LC Cell Properties: Pretilt Angle, Azimuthal Anchoring
Energy and Polar Anchoring Energy

Pretilt Azimuthal Polar.
Rubbed PI Angle Ag%}é‘r)rmg Agfllégrmg
(degree) (0% Ty (x10° Tm?)
TBPMDA-MDA P1 0.60 1.37 4.26
TBPMDA-ODA PI 0.62 1.37 3.93
TBPMDA-FDA 0.60 0.68 1.24
TMSPMDA-FDA 0.30 0.68 1.00
BBBPAn-FDA 0.10 0.45 0.86
SE 7492 (Nissan) 8.00 11.40 9.80

Macromol. Res., Vol. 17, No. 12, 2009

the rubbed PI films are very stable, and the differences
between the measured anchoring energies suggest that the
chemical components of the polymer chains contribute to
the anchoring of the LC molecules on the rubbed film sur-
faces.

Conclusions

A series of soluble aromatic polyimides with high molec-
ular weights were synthesized, revealing high thermal and
dimensional stabilities. The WAXD analysis of the polyimides
confirmed that for the BBPD-ODA, BBPD-MDA, BBPD-
FDA, BTPD-FDA, and BBBPAn-FDA PIs, the incorporated
bulky trifluoromethyl and twisted biphenyl substituents
enhance the rigidity of the polymer chains but severely
reduce the degree of space-efficient packing of the polymer
chains. Similarly, the WAXD analysis found that the BBBPAn-
FDA PI has the highest average d-spacing value, which is
attributed to the bulkiness and rigidity of the twisted biphenyl
groups in the polymer chains.

The surface morphologies and molecular orientations of
the rubbed BBPD-ODA, BBPD-MDA, BBPD-FDA, BTPD-
FDA, and BBBPAn-FDA PI films were investigated in detail
by using AFM and optical retardation analysis. The LC
alignment behaviors and anchoring energies of LC mole-
cules on the rubbed films were also determined. The rubbed
BBPD-ODA and BBPD-MDA PI film surfaces contain
microgrooves that run in the rubbing direction, whereas the
rubbed BBPD-FDA, BTPD-FDA, and BBBPAn-FDA PI
film surfaces contain microgrooves that run perpendicular
to the rubbing direction. The observed surface morpholo-
gies might be due to the characteristic deformation responses
of the Pls to the shear force caused by the contact of fibers
with the surfaces during the rubbing process. The character-
istic deformation response depends on the molecular weight,
rigidity, free volume, and glass transition temperature of the
polymer chain, which are in turn due to the chemical com-
ponents making up the polymer repeat units.

Despite the different surface morphologies of these rubb-
ed films, the polymer main chains lie in the film plane on
the surfaces of the BBPD-ODA, BBPD-MDA, BBPD-FDA,
BTPD-FDA, and BBBPAn-FDA PIs, and preferentially ori-
ent along the rubbing direction. The rubbed PI film surfaces
induce LC alignment parallel to the rubbing direction. The
anchoring energies of these parallel LC alignments were
found to be as large as those observed for conventional PI
alignment layers. The differences between the anchoring
energies might be due to the differences in the alignability,
rigidity, efficient space packing, and interaction of the LC
molecules with the chemical components of the polymer
chains. In conclusion, our LC alignment, anchoring energy,
surface morphology, and polymer segmental orientation
results indicate that LC alignment on the surfaces of rubbed
PI films is determined by the interplay between the direc-
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tionally anisotropic interactions of the LC molecules with
the oriented segments of the polymer main chains, and also
by the chemical components of the segments of the polymer
chains.
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