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A versatile photochemical procedure to introduce
a photoreactive molecular layer onto a polyimide
film for liquid crystal alignment

Akira Sasaki1, Hozumi Aoshima1, Shusaku Nagano2,3 and Takahiro Seki1

A polyimide film containing a cholesteryl moiety spin-coated on a solid substrate is treated with vacuum ultraviolet light from

a Xe2* excimer lamp at 20Pa. This procedure generates oxidized chemically functional groups, such as hydroxyl groups,

selectively on the top-most surface without changing the nature of the bulk polymer. Onto the chemically functionalized

surface, photofunctional units such as azobenzene and cinnamate units are attached at a monolayer or sub-monolayer level.

When nematic liquid crystal (LC) cells are fabricated, such photoresponsive surfaces work as effective ‘command surfaces’

for photoswitching the zenithal LC orientation and photoaligment layers to achieve the homogeneous azimuthal orientation

applicable for vertical alignment mode LC devices. The proposed photochemical treatment provides a simple but versatile

alternative process for the preparation of surface molecular films comparable to self-assembled monolayers or Langmuir–

Blodgett films.

Polymer Journal (2012) 44, 639–645; doi:10.1038/pj.2012.45; published online 28 March 2012

Keywords: azobenzene; cinnamate; liquid crystal cell; photoalignment; polyimide film; surface modification; vacuum ultraviolet light

INTRODUCTION

In liquid crystal (LC) display devices, the aligned layers of LCs are
commonly used, and the alignment is typically determined by an
anisotropic solid surface. Owing to the long-range orientational
interaction, the preferred alignment of an LC determined by this surface
extends into the LC bulk on a macroscopic scale. This photoalignment
effect was first described in 1988 by Ichimura et al.1 (Figure 1a). Light
irradiation of the aligning substrate covered with azobenzene (Az)
monolayers resulted in homeotropic-to-planar reorientation of the LC
due to the trans–cis isomerization of Az. This process is reversible by
varying the wavelength of light used. After this discovery, Gibbons et al.2

and Schadt et al.3 (Figure 1b) demonstrated photoalignment in an
azimuthal plane of the aligning substrate using linearly polarized light.
The former and the latter cases utilized an Az dye and a cinnamate unit,
respectively. Photoalignment technology provides non-contact and
effective control of basic anchoring parameters, namely an easy
orientation axis, pre-tilt angle and anchoring energy.4–6

To control the alignment of nematic LCs, the occurrence of the
photoreaction throughout the thickness of a coated polymer film is
not necessary; the introduction of a photoreactive layer on the

top-most surface is sufficient because the molecular orientation at
the contacting substrate surface boundary critically affects the nematic
LC alignment. The introduction of such a layer is thus far achieved by
setting a self-assembled monolayer1,7,8 or a Langmuir–Blodgett
monolayer.9,10 In this paper, we propose a new alternative and
versatile procedure using a photochemical treatment on a polymer
surface to set a photoaligning molecular layer.
Surface modifications of polymer surfaces have been widely

performed using plasma,10–15 corona discharge,16,17 ultraviolet (UV)
light,17,18 ion beams19 or bombardment,20–22 g-radiation,23–25 and
chemical solutions26–28 to modify macroscopic surface properties,
such as wettability, friction, adhesion, biocompatibility, molecular
recognition and LC alignment. In most cases, the formation of
oxygen-containing functional groups, such as –OH and –COOH,
occurs on the polymer surfaces. The use of such functional groups to
attach a photoreactive group covalently is anticipated.
In the present approach, we attempted to use an inexpensive light

source of vacuum ultraviolet (VUV, 172 nm) light of a Xe2* excimer
lamp29,30 for the surface modification. Previous studies have discussed
the mechanism for the photodecomposition of organic compounds
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and materials by VUV light in the presence of oxygen.31–33 The VUV
treatment can be expected to be applicable to many types of polymer
materials. Among them, we have selected a polyimide film because of
its practical importance in LC alignment due to its excellent
bulk properties, including its chemical resistance, low dielectric
property and mechanical robustness. The advantage of this method
is that only the top-most surface of the polymer film is modified
without changing its bulk characteristic features, as stated above.
The attachment of two typical photoreactive units, Az (photo-
isomerization) and cinnamoyl (photodimerization) on the surface is
attempted. The scheme of a series of processes and the chemical
structure of the materials are depicted in Figure 2. A cholesteryl

side moiety was introduced in the polyimide structure to
achieve vertical alignment mode switching in response to an electric
field.34,35

EXPERIMENTAL PROCUDURE

Materials
5-(Dimethylamino)naphthalene-1-sulfonyl chloride (dansyl chloride, fluorescent

labeling reagent for hydroxyl group), 3-bromomethyl-7-methoxy-1,4-bonzoxa-

zine-2-one (Br-MB, fluorescent labeling reagent for carboxyl acid group)

cinnamoyl chloride, 40-pentyl-4-cyanobiphenyl (5CB), and 5-(2,5-dioxotetrahy-

drofuryl)-3-methyl-3-cyclohexene-1,2-dicarboxylic anhydride were purchased

from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan) and were used according

to the manufacturer’s protocol. 11-(4-((4-Pentylphenyl)azo)phenoxy)undecanoyl

chloride (5Az10COCl) was synthesized using an approach described previously.9

A nematic LC of DON-103 and dichroic dye (LCD-118) were acquired from

DIC (Tokyo, Japan) and Nippon Kayaku (Tokyo, Japan) respectively.

Cholesteryl 3.5-dinitrobenzoate. This compound was synthesized according to

the method described in the literature35 at a yield of 74%. Melting point:

197–204 1C, 1H-nuclear magnetic resonance (d (p.p.m.), 270MHz,CDCl3):

0.6–2.7 (43H, m, CH), 4.8–5.3 (1H, m, –O–CH–), 5.4–5.5 (1H, m, C¼CH),

9.13 (2H, d, J¼ 1.9Hz, Ar–H), 9.20 (1H, t, J¼ 1.9Hz, Ar–H).

Cholesteryl 3.5-diaminobenzoate. Cholesteryl 3,5-dinitrobenzoate (4.0 g

(6.8mmol)) was dissolved in a dry mixture of tetrahydrofuran (160ml) and

ethanol (40ml) and fed into a 300-ml three-necked flask. Into this solution, a

Pt/carbon (Pd 5%) catalyst was added, heated to 60 1C and stirred for 10min.

Next, hydrazine monohydrate (4.0 g (80mmol)) was slowly added. After

stirring for an additional 12h at 60 1C, the resultant mixture was cooled to

room temperature, the catalyst was filtered off and the filtered solution was

evaporated. The resulting solid was recrystallized from ethyl acetate to obtain a

white powder at a yield of 60% (2.2 g). Melting point: 187–192 1C, 1H-nuclear

magnetic resonance (d (p.p.m.), 270MHz,CDCl3): 0.6–2.7 (43H, m, CH),
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Figure 2 Proposed VUV light irradiation procedure to introduce photoresponsive units on a polyimide surface, and an illustration of the materials used in

this study.

Figure 1 Schematic illustrations of surface-mediated orientational control of

nematic LC molecules using light irradiation.
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3.6–3.8 (4H, s, NH2), 4.7–5.2 (1H, m, –O–CH–), 5.4–5.5 (1H, m, C¼CH),

6.17 (1H, t, J¼ 2.2Hz, Ar–H), 6.78 (2H, d, J¼ 2.2Hz, Ar–H).

Polyamide acid. The precursor polymer for polyimide was synthesized

as follows. Bis(4-aminophenyl) ether (1.6 g (8.0mmol)) and cholesteryl

3,5-diaminobenzoate (1.04 g (2.00mmol)) were dissolved in dry N-methyl-

pyrrolidone and placed in a 100-ml-three-necked flask purged with nitrogen

gas. Into this solution, 5-(2,5-dioxotetrahydrofuryl)-3-methyl-3-cyclohexene-

1,2-dicarboxylic anhydride was carefully added and heated to 60 1C for 48 h.

After cooling to room temperature, additional N-methylpyrrolidone was added

to obtain a 2.5-wt% stock solution.

Methods
The polyamide acid solution (2.5wt%) in N-methylpyrrolidone was spin-

coated on a quartz substrate or an indium-tin-oxide electrode at 2000 r.p.m.

for 60 s. The coated film was pre-baked at 90 1C for 10min and cured at 180 1C

for 1 h to obtain a polyimide film. The polymer film was B50nm thick.

The sample was placed in a vacuum chamber evacuated by a rotary pump.

The residual pressure in the chamber was controlled at 20Pa by introducing

some air through a variable leak valve. The polyimide film was exposed to

172nm VUV light radiated from a Xe2
* excimer lamp (Ushio Inc., Tokyo,

Japan, UER20-172V, l¼ 172 nm, 10mWcm�2) for 60 s with a distance of

B20mm between the lamp window and the sample surface.

Surface modification using dansyl chloride (reactive with the hydroxyl

group) was achieved as follows. The film was exposed to VUV in theafor-

ementioned manner and immersed into anhydrous tetrahydrofuran (THF)

(30ml) containing dansyl chloride (30mg), 4-dimethylaminopyridine (1mg)

and triethylamine (150ml). The film was immersed in the solution at 25 1C for

2 h. The resulting sample was washed with THF and dried. Surface modifica-

tion with Br-MB (reactive with carboxylic acid) was performed in the

following manner. Potassium carbonate was dissolved in ethanol (25ml) to

a saturated concentration. The VUV-patterned substrate was then immersed

into this solution. After 30min, Br-MB (30mg) was added and stirred at room

temperature for 2 h. The resulting sample was washed with ethanol and

then dried.

The surface modification using a photoresponsive molecule (5Az10COCl or

cinnamoyl chloride) on the oxidized polyimide surface was performed using a

similar approach as that used for the dansyl chloride. Photoirradiation to an

Az-modified surface was performed using a 200-Wmercury xenon light (UVF-

204S, San-Ei Electric Co., Osaka, Japan) through an appropriate combination

of optical filters. The cinnamoyl-modified surface was exposed to linearly

polarized UV light (low-power laser (LPL), 400mJ cm�2 at 313 nm) with the

same lamp through a glass slide that acted as a cutoff filter for light with a

wavelength below 300nm.

After exposure to UV light, LC cells with a 4-mm gap were assembled using

the chemically modified polyimide films. A nematic LC of 5CB or DON-103

was injected between the cell gap using a capillary method above the

isotropidization temperature, and the injection hole was then sealed with a

photo-curable epoxy resin.

The voltage–transmittance (V–T) characteristics of the vertical aligned-LC

cells were evaluated using a homemade setup. An alternate current was applied

at 500Hz.

Measurements
The water-droplet contact angles were measured using a CA-XP (Kyowa

Interface, Saitama, Japan) instrument. The measurement was achieved after a

droplet of 1ml was gently placed. The contact angle values were obtained from

the average of five measurements.

Atomic force microscopy measurements were taken using a Nanopics 2100

(Seiko Instruments Inc., Chiba, Japan) to evaluate the polyimide film thickness

and surface roughness. The film was scratched with a spatula, and the film

height was measured.

UV–vis absorption spectra were taken on an Agilent 8453 spectrophot-

ometer (Agilent Technologies, Santa Clara, CA, USA).

An OLYMPUS BX51 microscope (Olympus, Tokyo, Japan) was used for

fluorescence microscopic observation of the patterned dansyl layer and polarized

optical microscopic evaluations (using crossed polarizers) of the LC texture.

X-ray photoelectron spectroscopy was performed using a JPS-9000 MC

(JEOL, Tokyo, Japan). X-rays (Al Ka) at 10 kV were used for the measure-

ments. Take-off angles of 5 and 901 were used, and spectra with a resolution of

0.05 eV were obtained 16 times.

RESULTS AND DISCUSSION

Characterizations of a VUV-treated polyimide surface
The film thickness before and after VUV was virtually unchanged
(from 50.6 to 50.1 nm). The surface roughness (the average root-
mean-square) also remained essentially constant (root-mean-square
from 1.63 to 1.40 nm). Thus, VUV irradiation leads to no changes in
the morphological features of the polymer film.
In contrast, the chemical characteristics of the surface were

significantly altered. Before irradiation with VUV light, the contact
angle with a water droplet was evaluated to be 1011 on the polyimide
film under investigation. Using irradiation with VUV light at 20Pa,
the contact angle rapidly decreased. After 60 s of irradiation, the
contact angle was reduced to 871 and remained almost constant at 751
after further irradiation for 600 s. The decrease in the contact angle of
water clearly indicates the generation of polar groups on the surface.
X-ray photoelectron spectroscopy spectra were measured for the

C1s and O1s regions. In this setup, measurements at take-off angles of
5 and 901 provided information for depths of B0.8 nm and 9.0 nm,
respectively.36 In Figures 3a and b, the spectra taken at 51 are
displayed. In both the C1s (a) and O1s (b) regions, signals from the
C–O and C¼O bonds were enhanced with concomitant decreases in
the C–H and C–C signals. These results suggest that oxidation
occurred on the surface. The intensity (area) ratios of O1s/C1s are
shown in Figure 3c. The O1s/C1s ratio increased as the irradiation
time increased. At a take-off angle of 51, the ratio was enhanced from
0.44 to 0.66 after VUV light treatment for 300 s. The increase in the
ratio was more prominent for the take-off angle of 51, indicating that
oxidation selectively occurred at the surface region of the polyimide
film within B0.9 nm. In Figure 3d, transmission Fourier transform
infrared spectroscopy spectra of the polyimide films before and after
VUV light irradiation are compared. From this measurement,
information about the chemical bonds for all film thickness regions
was obtained. No change was observed between the two spectra,
indicating that the oxidation proceeded only on the polyimide film
surface without changing the chemical nature of the bulk.
To confirm the reactivity of the oxidized surface, a fluorescent

labeling reagent of dansyl chloride was reacted with the surface after
patterned VUV irradiation (figures of ‘A’ and ‘S’). In Figure 4, a
fluorescence microscopic image of the polyimide film after this
procedure is presented. The fluorescence from the attached dansyl
sulfonate is clearly observed in the irradiated areas of the photomask.
As acid chloride was reacted with the surface, hydroxyl groups were
generated at the polyimide film surface. We also attempted to label
the VUV-exposed surface with Br-MB, a fluorescent labeling reagent
for the carboxyl acid group. In this case, the contrast of the pattern
was unclear. Therefore, the major oxygen-containing functional group
is composed primarily of a hydroxyl group.

Attachment of an Az unit and the photoresponse of an LC cell
For the standard VUV irradiation condition, we adopted an irradia-
tion of 60 s to obtain good reproducibility of the chemical modifica-
tion. An Az derivative (5Az10COCl) was reacted with the VUV-
treated surface as performed for dansyl chloride. The UV–visible
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absorption spectra are presented in Figure 5. After the attachment of
the Az derivative, the spectral change was small, as observed in
Figure 5a; however, in the magnified spectra shown in Figure 5b, an
absorption enhancement ofB360 nm is observed for the pp* band of
Az. The absorbance increment at 360 nm was B0.005, indicating that
the Az derivative was attached at a sub-monolayer level. In compar-
ison with the absorbance of a monolayered Langmuir–Blodgett film
(B0.02),9,10 the attached amount was approximately one-fourth of a
well-packed monolayer.
Figure 6 displays the photoresponse of the nematic LC (5CB) cell

prepared with two Az-modified polyimide substrates. In crossed
polarizers, the entire area was dark in the trans-Az state due to the

homeotropic alignment of the LC. When a spot UV light was
irradiated, the exposed area became bright, and a Schlieren texture
was observed. This result demonstrates that the nematic LC
was randomly oriented on the cis-Az surface. Such behavior is
typically observed in an LC cell with Az-modified substrates by
S-adenosylmethionine1,7,8 or a Langmuir–Blodgett monolayer.9,10

Although the attached Az derivative was sparse as mentioned
above, the surface possessed sufficient ability for photoswitching to
the zenithal direction. The present photochemical approach provides
a photoresponsive command surface equivalent to that prepared
using conventional methods.1,7–10

Attachment of cinnamate unit and alignment control of LC cells
We then attempted to introduce a photocrosslinkable cinnamoyl
group onto the polyimide surface. Two cinnamoyl units undergo

200 �m

Figure 4 Fluorescence microscopic image of a polyimide film after

patterned irradiation with VUV light followed by a reaction with dansyl

chloride. The bright are as correspond to the VUV-irradiated parts.
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(2þ 2) photodimerization to form a cyclobutane ring. Figure 7a
presents the UV–visible absorption spectra of the polyimide film
modified with cinnamoyl chloride before and after VUV light
irradiation. For the non-irradiated film, the absorption band corre-
sponding to the cinnamoyl group was hardly observed (Figure 7a,
dashed line). However, the VUV-irradiated film exhibited a large
absorption band (absorbance 40.03) peaking at 295 nm, ascribed to
the attachment of the cinnamate group. The larger absorption band
represents the greater attachment of the cinnamate units than Az
units on the polyimide surface. As the molar extinction coefficient of
Az and the cinnamoyl units are comparable, the attached amount of
the cinnamate unit was 6–7 times greater than that of the Az
derivative. Steric bulkiness is assumed to affect the reactivity. The
smaller cinnamic acid chloride appears to react more readily with the
surface. However, its amount is still too small, indicating a molecular
layer formation whose coverage is below a bilayer level.
To induce angular-selective photoreaction, 313 nm LPL was irra-

diated on the cinnamate-modified film. Figure 7b depicts the
polarized UV–vis absorption spectra of the films before and after
LPL irradiation. The in-plane selective photoreaction was evaluated by
measuring the absorbance of the p–p* band of the cinnamate group
obtained using polarized absorption spectroscopy. Here, A// and A?
denote the spectra obtained by probing a polarized light beam parallel
or perpendicular, respectively, to the direction of the actinic 313 nm
LPL. After LPL irradiation, the absorption band near 295 nm slightly

decreased, and A// became lower than A?, suggesting that the
cinnamoyl group underwent anisotropic selective photodimerization
to form a cyclobutane ring.
We prepared the LPL-irradiated films of the polyimide on an

indium-tin-oxide substrate using the same procedure, and DON-103
was sandwiched between them. Figures 8a and b present the optical
microscopic images of the LC cell fabricated with the two cinnamate
photoalignment layers before application of an electric field. Regard-
less of the angle y between the LPL and the crossed polarizers, only
dark-field images were observed. This fact indicates that the nematic
LC adopts homeotropic alignment to the substrate plane in contrast
to poly(vinyl cinnamate)3 or other series of cinnamate-containing
polymer films,37,38 where parallel homogeneous (uniaxial) alignment
is formed after LPL irradiation. The present polyimide film possesses
cholesteryl side chains in the original state, and these long-chained
moieties may induce the homeotropic alignment in the initial state.
After modification with the cinnamoyl group, the nematic LC adopts
the homeotropic alignment. As argued in the text, this fact clearly
indicates that the cholesteryl group, a homeotropically aligning unit,
remains. This assumption is in agreement with the contact angle
measurements, where the contact angle of water was reduced by VUV
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irradiation and saturated at 751. The saturated value exhibits a more
hydrophobic nature than expected for a fully oxidized surface. Some
hydrocarbon parts, possibly cholesteryl units, should remain on the
surface.
By applying an electric field of 4V at 500Hz, however, the cell

exhibited a bright-field image at y¼ 451, and the bright- and dark-
field imagees were inverted for every 451 rotation thereafter (Figures
8c and d). This electro–optical behavior indicates that the axial-
selective photoreaction of the cinnamate group at the surface induced
the homogeneous alignment of DON-103 with negative dielectric
anisotropy. In the homogeneous alignment, the nematic director
(long axis of the LC molecules) is aligned orthogonal to the electric
field of the LPL, as confirmed by the polarized absorption spectro-
scopic data of the LC cell containing a dichroic dye (LCD-118, 0.1%
by weight). In the present cell, the photoinduced anisotropy of the
modified polyimide exhibited high thermal stability. The homoge-
neous alignment was retained even after heating 4120 1C, which
agreed with the results obtained by the spin-cast films of poly(vinyl
cinnamate) and other cinnamate-containing polymers37,38 after
photocrosslinking.
The vertical alignment-LC cell performance upon application of an

electric field was further investigated. The transmittance of the cell
was measured. Figure 9 illustrates the transmitted light intensity of
the cell at 550 nm under crossed polarizers as a function of the
applied voltage. Here, the zero transmittance level (T¼ 0%) was
obtained by a measurement without the LC cell. As the applied
voltage increased, the transmitted light intensity increased at y¼ 451,
whereas that at y¼ 01 did not change under the same conditions. In
this manner, the resulting photoalignment layer provides a vertical
alignment LC device.

CONCLUSION

The surface of a polyimide film with a cholesteryl side moiety was
selectively oxidized by VUV (172nm) treatment without changing the
inner chemical structure of the polyimide film. On the oxidized
surface, chemical functional groups, such as hydroxyl groups, are
generated and can be subjected to the formation of an ester bond
using select photofunctional acid chlorides. This newly proposed
photochemical procedure is simple but should be widely applicable to
many types of polymer surfaces. As observed in this work, this
method leads to the facile introduction of both photoisomerizable Az
and photocrosslinkable cinnamate units in the same procedure,
suggesting the versatility of the process. The present process is an

alternative to the conventional SAM formation or the Langmuir–
Blodgett method. Moreover, it should be stressed that the surface
nature overlaps with the characteristics of the bulk polymer existing
underneath, as indicated for the case of the cinnamoyl unit. For this
reason, we expect that a more compositive and tunable functional
surface can be produced using this approach.
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