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Photo-induced liquid crystal alignment on polyimide containing
� uorinated groups
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Polyimides were prepared from pyromellitic dianhydride, 4,4 ¾ -bis[2-(4-aminophenyl)hexa-
� uoroprop-2-yl]diphenyl ether and 4,4 ¾ -diamodiphenyl ether (PMDA-BDAF-ODA) and used
for liquid crystal alignment using linearly polarized UV exposure. The alignment properties
of a LC on the polyimide � lms were found to depend on the � uorine content in the PMDA-
BDAF-ODA alignment layer and on the UV exposure time. Pretilt angles were obtained in the
range 0ß to 90 ß dependent upon the � uorine content in the polyimide � lm and the UV exposure
time. These eŒects seem to be closely related to the surface energy of the photo-alignment layer.

1. Introduction In this paper, we present a study of photo-induced
LC alignment on polyimide substrates containing tri-The surface alignment of liquid crystal (LC) molecules

is of great importance in the fabrication of liquid crystal � uoromethyl moieties. Special attention is paid to the
dependence of pretilt angle on the � uorine content in thedisplays (LCDs), and much work on this topic has been

carried out. Nowadays, to align LC molecules, the pro- alignment layer and the UV exposure time. The eŒects
of the surface energy and morphology of the alignmentcess of rubbing the surface of a polyimide � lm is usually

adopted in manufacturing LCDs. However, this process layer on the pretilt angle of the liquid crystal were also
investigated.has problems such as generation of static charge, dust,

or scratches caused by rubbing. Therefore the establish-
ment of a rubbing-free method is an important target 2. Experimental

2.1. Synthesis of polyimidesmaking it possible to overcome the problems in the
rubbing process. LC alignment using ultraviolet (UV) The PMDA-BDAF-ODA polyamic acid precursor of

the PMDA-BDAF-ODA polyimide was synthesized byexposure is a promising candidate for use as a non-
rubbing method [1], but generation of a pretilt angle adding an equimolar amount of pyromellitic dianhydride

to an N-methyl-2-pyrrolidon e (NMP) solution of a mix-using this technique is known to be di� cult. Control of
the pretilt angle of LC alignment is very important in ture of 4,4 ¾ -bis[2-(4-aminophenyl )hexa� uoroprop-2-y l]-

diphenyl ether (BDAF) and 4,4 ¾ -diaminodiphenyl etherorder to achieve display uniformity in LCDs, the pretilt
angle preventing creation of disclinations. The properties (ODA) at room temperature under a nitrogen atmosphere .

The amount of DBAF used in the feedstock was variedof the aligning surface are very important in understand-
ing the mechanism of the generation of pretilt angle. It between 10 and 50 mol % (see table 1). The solution

was stirred for 10 h at room temperature, and thenhas been reported that the high pretilt angle generated
in 4-n-pentyl-4 ¾ -cyanobiphenyl (5CB) on rubbed poly- poured into an excess of methanol. The precipitate was

� ltered oŒand dried in vacuo at room temperature.imide surfaces containing tri� uoromethyl moieties is due
to the � uorine atoms in the surface of alignment layer
[2]. Some studies have been carried out on the relation-

Table 1. BDAF content (mol %) in the synthesized PMDA-ship between the surface energy of the rubbed alignment
BDAF-ODA polyimide.

layer and the pretilt angle generated in the liquid crystal
[3]; there have been no such studies on non-rubbed Sample F07 F17 F21 F43
alignment.

Feed 10 20 30 50
Polyimide 6.6 17.4 21.2 43.0
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244 S.-J. Sung et al.

2.2. Characterization of polyimides reduced power of 120 W (12 kV and 10 mA). Through-
out the measurement, the pressure in the analysis chamberThe structures of the polyimides were characterized

using proton nuclear magnetic resonance spectroscopy was maintained at 10 Õ 8 mbar or lower. To compensate
for any surface charging eŒect, all binding energies (BE)(Bruker-AMX-500 NMR spectrometer, Bruker). For the

NMR experiments, we prepared the polymer solutions were calibrated with reference to the neutral carbon C1s
line taken at 284.6 eV.(0.1 g cm Õ 3 ) using dimethylsulphoxide-d6 . Tetramethyl-

silane was used as an internal reference for peak
assignments.

2.7. Preparation of L C cells
A homogeneously aligned LC cell was constructed by

2.3. Preparation of alignment layers sandwiching the nematic LC (E7) between a pair of
A 2 wt% NMP solution of PMDA-BDAF-ODA glass substrates covered with a thin � lm of the polyimide.

polyamic acid was spin-coated onto the glass substrate The thickness of the LC layer was adjusted by adhesive
at 1800 rpm and the cast � lm was prebaked at 60 ß C for tapes of 50 mm thickness. E7 liquid crystal in the isotropic
30 min. Thermal imidization of the cast � lm was then phase was introduced into the cell by capillary action.
conducted at 180ß C for 1 h. After the thermal imidization
of the polyamic acid alignment layer, the photo-reaction

2.8. Pretilt angle measurementof the polyimide was carried out by irradiating with
The pretilt angle of the nematic LC was measured bypolarized UV light to give the alignment layer. Polarized

the crystal rotation method as described elsewhere [5].UV light for irradiation of the polymer thin � lms was
The pretilt angles were determined from the plot of theobtained by passing light from a 300 W high pressure
transmittance as a function of the incidence angle of themercury arc (Oriel ) through a UV linear dichroic polarizer
He-Ne laser beam used as a probing light and passing(27320, Oriel ) and a UV � lter (51650, Oriel ). The intensity
through the cell set between two crossed polarizers.of the irradiating UV light measured using a UV detector

(UIT-150, Ushio) was 5 mW cm Õ 2. To provide a certain
pretilt angle of the nematic liquid crystal, the alignment 3. Results and discussion
layers were � rst exposed to polarized UV perpendicular 3.1. Preparation of PMDA-BDAF-ODA polyimide
to the alignment layer and then to unpolarized UV at copolymers
an oblique angle to the alignment layer. The syntheses of the PMDA-BDAF-ODA polyimide

copolymers were carried out as indicated in � gure 1.
The polyimides derived from PMDA, ODA, and BDAF2.4. Surface energy measurement

The surface energy of the PMDA-BDAF-ODA poly- were obtained as white powders by precipitating their
solutions with methanol. For brevity, the PMDA-imide alignment layer in terms of the varying BDAF

content in the PMDA-BDAF-ODA polyimide, was BDAF-ODA polyimide copolymer will be designated in
this paper as Fn, where n indicates the mol % of thecalculated from water and ethylene glycol contact angles

on the alignment layer. The polar, dispersion, and total monomeric unit of BDAF in the polyimide.
The 1H NMR spectra of PMDA-ODA, PMDA-surface energies were calculated using the Girifalco–

Good–Fowkers–Young equation [4]. BDAF, and PMDA-BDAF-ODA are shown in � gure 2.
For the PMDA-ODA homopolymer, the proton peaks
in the benzene ring of the diamine unit are designated2.5. Scanning probe microscopy
a and b, and for the PMDA-BDAF homopolymer,Atomic force microscopy was used to obtain topo-
the proton peaks in the benzene ring of the diaminegraphical information about the dried substrate surface.
unit are designated 1, 2, 3, and 4. From the relativeThe analysis was conducted, in the tapping mode,
proton peak areas corresponding to PMDA-ODA andwith a commercial instrument (Nanoscope IIIa, Digital
PMDA-BDAF diamine units, it was possible to calculateInstrument Co.) equipped with a TESP (silicon crystal )
the relative content of BDAF diamine unit in thetip.
PMDA-BDAF-ODA polyimide (table 1).

2.6. X-ray photo-electron spectroscopy
X-ray photo-electron spectroscopy (XPS) analysis for 3.2. L iquid crystal alignment on the PMDA-BDAF-ODA

polyimide alignment layerthe blend layers was carried out using a monochromatic
micro-spot X-ray beam originating from a MgK

a
source In order to examine the photo-induced liquid crystal

alignment on the thin layer of PMDA-BDAF-ODA(1253.6 eV photons) with a spot diameter of $600 mm
stemming from a Surface Analysis System SPECS polyimide, parallel aligned LC cells were prepared. The

irradiation energy applied to the alignment layer wasLHS10 spectrometer. The X-ray source was run at a
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245Photo-induced L C alignment on polyimides

Figure 1. Synthetic scheme for the PMDA-BDAF-ODA polyimide.

9 J cm Õ 2. Figure 3 displays the polarized microscopic of p-polarized UV at oblique incidence, is eŒective in
generating pretilt angles [6]. In this case, the polarizationimages of the LC cells prepared with the alignment

layers based on the PMDA-BDAF-ODA polyimide. The direction for the � rst exposure and that of the p-polarized
UV of the second exposure are perpendicular; this isdark and light images repeatedly appear on rotating the

LC cell between crossed polarizers and this behaviour due to the direction of the LC alignment on the poly-
imide induced by the polarized UV irradiation beingis characteristic of homogeneous alignment. The high

contrast between the dark and light images indicates perpendicular to the polarization direction. In our work,
the double exposure method was modi� ed such thatthat the liquid crystal alignments are quite uniform. All

of the polyimide alignment layers with various BDAF unpolarized UV was used in the second exposure instead
of p-polarized UV. Since the electric vector of thecontents show this good homogeneous liquid crystal

alignment. From this result, it is reasonable to conclude p-polarized UV for the second exposure and that of
the linearly polarized UV for the � rst exposure arethat the PMDA-BDAF-ODA polyimide can be used for

photo-induced LC alignment layers. perpendicular to each other, the second exposure can
often reduce the degree of unidirectional LC alignment.
Therefore, unpolarized UV, in which the s-polarized3.3. EVect of BDAF content in the copolymer on pretilt

angle component is parallel to the polarization direction of
the � rst exposure, was employed as the UV light for theIn order to generate the LC pretilt angle required

for avoiding reverse tilt disclinations, we utilized a modi- second exposure in our experiment. This preserves
the unidirectional alignment induced during the � rst� ed double exposure method. It has been reported

that the double exposure method, which involves a � rst exposure, and the p-polarized component provides a
certain pretilt angle.exposure of linearly polarized UV and a second exposure
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246 S.-J. Sung et al.

Figure 2. 1H NMR spectra for
polyimides with various BDAF
contents.

By using the modi� ed double exposure method, we high pretilt angles [7, 8]. This was considered to be due
to the higher content of � uorine atoms with a lowsucceeded in producing higher pretilt angles of 4 ß for

the F21 polyimide alignment layer. Figure 4 shows a surface energy in the polyimide alignment layer [9].
plot of the pretilt angle of E7 as a function of BDAF
content in the polyimide alignment layer. 3.4. Relationship between order parameter and pretilt

angle of the liquid crystalPolarized UV of 9 J cm Õ 2 was irradiated at normal
incidence to the surface of the alignment layer for the Figure 5 shows the change in the order parameter of

a dye in the LC with BDAF content in the polyimide� rst exposure, and the irradiation of unpolarized UV of
1.2 J cm Õ 2 at 45 ß to the surface of the alignment layer alignment layer. The order parameter was measured on

samples of the LC containing an added dye by measuringwas applied as the second exposure. The measured pretilt
angles of E7 on the PMDA-BDAF-ODA polyimide the absorbances of the dye parallel and perpendicular

to the polarization using a polarized UV spectrometer.were dependent on the BDAF content in the polyimide
alignment layer and higher than that on the PMDA- The order parameter steadily decreases with increasing

BDAF content. It is thus seen that the LC ordering isODA polyimide alignment layer. The pretilt angles of
the LC increased with the BDAF content and the LC weakened with increase in the pretilt angle. The decreasing

interaction with the alignment layer with increase inalignment was homeotropic for the F43 polyimide align-
ment layers. It has in fact already been reported that pretilt angle can then be related to the decrease in the

LC ordering on the alignment layer [10].polyimide based on � uorine-containing diamine causes
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247Photo-induced L C alignment on polyimides

Figure 5. Order parameter of the LC as a function of the
BDAF content in the alignment layer.

Girifalco–Good–Fowkers–Young equation:

1 1 cos h 5 2[(cd
s cd

l )0.5 1 (cp
s cp

l )0.5]/cl
ct 5 cd 1 cp.

Figure 6 represents the dependence of the surfaceFigure 3. Polarized optical microscopic images for LC cells
prepared with (a) F07, (b) F17, (c) F21, (d) F43. energy on the BDAF content in the polyimide alignment

layer. The total surface energy and the polar surface
energy of the alignment layer are found to decrease with
increasing BDAF content in the alignment layer, but
the dispersion surface energy is shown to increase with
BDAF content. Since the polar surface energy of the

Figure 4. Pretilt angle of E7 as a function of BDAF content
in the polyimide alignment layer.

3.5. Relationship between the surface energy of the
alignment layer and the pretilt angle of the liquid crystal

To investigate the reason for the increase in pretilt
angle with BDAF content in the alignment layer, water
and ethylene glycol contact angles were measured for
varying BDAF content in the polyimide alignment layer.
From these contact angle data, the surface energy of the Figure 6. Surface energy of the alignment layer as a function

of BDAF content of the copolymer.alignment layer could be calculated using the following
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248 S.-J. Sung et al.

alignment layer is most important for LC alignment, induced changes in morphology of the surface of the
polyimide alignment layer. The roughnesses of the non-the pretilt angle is mainly aŒected by the polar surface

energy [11]. As the polar surface energy of the alignment exposed alignment layer and the 60 min UV-exposed
alignment layer of F17 were found to be 0.183 andlayer decreases, the interaction between LC and align-

ment layer becomes weaker and thus the pretilt angle 0.305 nm, respectively. Considering the size of the LC
molecules, such a small additional roughness of theincreases.
polyimide alignment layer induced by the polarized UV
exposure should have little in� uence on the surface3.6. Surface morphology and chemical composition of the

PMDA-BDAF-ODA polyimide alignment layer energy of the alignment layer.
Spectroscopic analysis of the surface of the polyimideIn order to elucidate the reason for the decrease in

the polar surface energy with BDAF content in the alignment layers was performed using XPS. Figure 8
shows the XPS spectra of the surfaces of F17 and F43polyimide alignment layer, the surface morphology and

chemical composition of the polyimide alignment layer polyimide alignment layers exposed to polarized UV of
18 mW cm Õ 2. The peaks corresponding to the elementswere investigated. These two factors are generally known

to be responsible for LC alignment properties on align- F, O, N and C are clearly observed. The relative surface
atomic content of � uorine to that of carbon was 0.078ment layers. The surface morphology of the polyimide

alignment layer was observed by using a commercial for F17 and 0.130 for F43. Due to the much higher
� uorine atomic content of F43, the polar surface energyatomic force microscope operated in a contact mode in

air at room temperature. Figure 7 shows the morphology of F43 will be much lower. From the XPS analysis, it
can be reasonably concluded that the amount of � uorineof the surfaces of a UV exposed alignment layer. The

atomic force microscope images after the 60 min UV in the polyimide alignment layer is an important factor
for pretilt angle generation.exposure showed us that the polarized UV exposure had

Figure 7. Surface analysis of the
UV-irradiated F17 polyimide
alignment layer.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



249Photo-induced L C alignment on polyimides

Figure 9. Plot of pretilt angle as a function of UV exposure
time for F07 and F17 polyimide alignment layers.

Figure 8. XPS spectra for (a) F17 and (b) F43 polyimide
alignment layers.

3.7. Relationship between UV exposure time and pretilt
angle

The pretilt angle of the LC on F07 and F17 alignment
layers was investigated with varying UV exposure times.
In our work, the modi� ed double exposure method was
used as described above. We irradiated with polarized
UV for various times (10, 20, 40, 60 min) for the � rst
exposure, and then with unpolarized UV for 1 min for
the second exposure. Figure 9 shows the pretilt angle
of the LC (E7) as a function of the � rst exposure time
for the F07 and F17 alignment layers. By using the
modi� ed double exposure method, a pretilt angle greater
than 1 ß could be generated for the polyimide alignment
layers. With increasing UV exposure time, the pretilt
angle of the LC is increased. For the F17 alignment
layer, the pretilt angle of the LC was increased to 8 ß for
the 60 min UV exposure. For the same UV exposure
time, the pretilt angle of the F17 alignment layer was

Figure 10. Surface energy of the alignment layer as a functionhigher than that of the alignment layer based on F07
of UV exposure time.due to the higher � uorine content of the F17 alignment

layer.
In order to investigate the reason for the increase also performed with varying UV exposure time, and the

surface atomic content relative to the carbon atomin pretilt angle with polarized UV exposure time, the
surface energy was measured as a function of varying content was calculated (table 2). The UV-exposed align-

ment layer showed a higher � uorine atom content at theUV exposure time using the method described earlier.
Figure 10 represents the dependence of the surface energy surface than for the unexposed alignment layer, result-

ing in a lower polar surface energy of the UV-exposedof the polyimide alignment layer on the UV exposure
time. Total and polar surface energies are found to alignment layer. However, the eŒect of UV exposure

time on the surface energy is less signi� cant than thedecrease steadily with increasing UV exposure time.
XPS analysis of the polyimide alignment layers was eŒect of the BDAF content of the alignment layer. From
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Table 2. Relative surface atomic content of F17 samples This work was supported by the Center for Advanced
measured from XPS analysis. Functional Polymers at KAIST. This work was also
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