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Anchoring properties of photoaligned azo-dye materials
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The photoinduced alignment of a liquid crystal~LC! on films of azo dyes was studied for the liquid crystal
display applications. In order to improve the alignment stability of the photoaligned dye~SD-1!, the azo-dye
derivative with polymerizable terminal groups was synthesized~SDA-1!. The films of SDA-1 exhibit good
photoalignment properties and ultraviolet stability after thermal polymerization. We investigated the anchoring
coefficient for polar and azimuthal energy for both azo-dyes SD-1 and SDA-1 using a differential method
developed by us. The polar and azimuthal anchoring strengths of azo-dye aligning materials are comparable
with those of usual polyimide aligning materials. The electro-optic response of a 90° twisted LC cell remains
almost the same after heating up to 200 °C, i.e., the anchoring energy remains considerably high.
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I. INTRODUCTION

The photoinduced alignment of a liquid crystal~LC! on
azo-dye films have been studied for the liquid crystal disp
applications@1–3#. The azo-dye molecules are photochem
cally stable and align their absorption oscillator perpendi
lar to the polarization of the activating ultraviolet~UV!-light
without cis-trans isomerization process@4–6#. This process
was described statistically as a diffusion motion of dye m
ecules under the action of a polarized light@7–10#. The order
parameter induced in the azo-dye film is considerably h
and the LC polar and azimuthal anchoring energy is as la
as that one of the rubbed polyimide layer@3#. Furthermore,
high-thermal stability of the alignment and high-volta
holding ratio in the LC devices using the film suggest pot
tialities of its practical use.

In order to improve durability against light exposure a
moisture, we developed an azo-dye monomer, which can
polymerized by heating after the photoalignment. We p
pose a new differential method of measuring polar ancho
energy and discuss the anchoring properties of azo-dye
ers. The thermopolymerized azo-dye layers are UVstable
provide a high LC aligning quality.

II. EXPERIMENT

The dye compound, synthesized for the studies of pho
induced alignment, is shown in Fig. 1. SD1 was synthesi
from corresponding benzidinedisulfonic acid using azo c
pling. The product was purified by recrystallization. The az
dye SD1 was dissolved in N,N-dimethylformamide~DMF!
at a concentration of 1 wt %. The solution was spin coa
onto glass substrates with indium-tin-oxide electrodes
dried at 100 °C. The coated film on the substrate was unifo
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and about 10–20 nm thick. UV light was irradiated onto t
surface of the film using super-high-pressure Hg la
through an interference filter at 365 nm. The light intens
irradiated on the surface of the film was 5–15 mW/cm2 for
polarized light and 40 mW/cm2 for nonpolarized light. Two
glass substrates with the photoaligned films were assem
to form liquid crystal cells to measure the azimuthal a
polar anchoring energy. The cell thickness was 5.7 and
mm, correspondingly. After heating at 150 °C for 1 h, liqu
crystal mixtures ZLI 5700-000~from Merck! were injected
into the cell in an isotropic phase by capillary action.

The polymerizable azo-dye SDA-1 shown in Fig. 2 w
also synthesized. It was dissolved in DMF and a heat ini
tor V-65 ~from Wako pure chemical industries, Ltd.,! was
added in relation of 1:50 to SDA-1. The mixture was sp
coated onto the glass substrates, dried at 100 °C and ph
aligned in the same manner as SD-1@1–3#. After the photo-
aligning procedure, the SDA-1 films were heated at 150
for polymerization.

III. MEASURING OF POLAR ANCHORING ENERGY
BY A DIFFERENTIAL METHOD

In a differential method we have found the condition
when we can exclude the contribution of the bulk deform
tion into the measured value of the LC layer phase retar
tion. Let us compare the retardations of the two LC ce
having the same thickness. If the anchoring energy in the
cells is the same, the phase retardations will be also equa
any voltage applied. If anchoring properties in these cells
different, the difference in the phase retardations will be p
portional to the difference in the values of the correspond

s, FIG. 1. Sulfuric azo-dye SD1 used for the study of photoalig
ment.
©2003 The American Physical Society02-1
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anchoring energies. The LC phase retardation depend
versus electric field can be defined from the high-elect
field technique@11–13#. The dielectric properties of the
alignment layers must be also allowed for, which is sho
on the equivalent electrical circuit of the LC cell~Fig. 3!.
The normalized phase retardationR/R0 in this case@11–13#

R

R0
5S 1

C
1

2

Cal
DC'I 0

VC

V
22

K11

Wd
, ~1!

where
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2

p
E
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W is a polar anchoring energy;d is a LC layer thickness;« i ,
«' , D«5« i2«' , K11, K33, ne , no are a LC dielectric,
elastic, and optical constants, respectively,C, C' , and Cal
are capacities of the LC layer under the voltageV, infinite
voltage, and the capacitance of the aligning layer, acco
ingly, VC is critical ~threshold! voltage. In theRV method,
the capacity has the following voltage dependence@13#:

C5Ci

12a
D«

« i

VC

V

12
2K11

Wd

D«

«'

, ~2!

where a51/p*sin2 up

1 A@(11g)(11kh)#/@h(11gh)#dh,

up-LC pretilt angle at the substrates. We can rewrite Eqs.~1!
and ~2! as Eq.~3!

FIG. 2. Polymerizable azo-dye SDA-1.

FIG. 3. An equivalent electrical circuit of the LC cell.C andCal

capacities of the LC layer and the aligning layer accordingly~1!.
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The complicated dependence~3! in the limit of high volt-
ages,V→`, becomes

R`

R0
522

K11

Wd
. ~4!

If we cannot apply a high voltage, the value ofR` is not easy
to find. In this case we have to modify the above-mention
differential method to obtain the anchoring energy. If w
have two cells with different anchoring properties and diffe
ent thickness, the relative differential phase retardat
writes ~indices 1 and 2 refer to the first and the second c
respectively!
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~5!

In the right part of Eq.~5! we have the sum of ‘‘dielectric’’
and ‘‘anchoring’’ contributions. If the thickness of the align
ment layer is small: d/«'@dal /«al , the ‘‘dielectric’’ term dis-
appears.

The expression~5! can be written in more simple form fo
a high-voltageV.6Vth , taking into account Eqs.~1! and~2!

FIG. 4. RetardationR/R0 ~3! versus inverse voltage 1/(V-VC),
where VC is the critical ~threshold! voltage for SD-1 photoalign-
ment materials. The UV exposure time was 30 min; the thicknes
the LC cell ~ZLI 5700-000! was 5.7mm. The measured polar an
choring coefficientW5Wpolar54.731024 J/m2.
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Expression~6! is a basic formula for the differential method
If we prepared the two cells with identical alignment laye
but different thicknessd1 and d2, the expression~6! will
transform to Eq.~7! and helps to find the LC polar anchorin
energyW

dR5
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2
R2
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522
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W S 11
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« i
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V D S 1

d1
2

1
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IV. RESULTS AND DISCUSSION

We investigated the anchoring properties of SD-1 a
SDA-1 usingRV high-voltage technique@13# and our differ-
ential method for the measurement of polar anchoring ene
of azo-dye aligning layers. The azimuthal anchoring ene
was measured by the method, described in Ref.@14#.

Figure 4 shows the retardation of LC cell versus appl
voltage for SD-1 photoalignment materials. The polar a
choring coefficient for this material wasW5Wpolar54.7

FIG. 5. Difference of the normalized retardations dR~7! in two
cells versus voltageV for SDA-1 photoalignment material. Th
thickness of the first LC cell~ZLI 5700-000! was 22mm and the
second 5.7mm. The UV light exposure time was 30 min. The me
surement was performed before polymerization. The dotted
solid lines show the results of the measurements and approxim
by formula ~7!, respectively. The measured polar anchoring ene
Wpolar52.331024 J/m2.
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31024 J/m2. We measured the similar dependence
SDA-1 photoalignment material with Wpolar58.5
31024 J/m2 ~Fig. 5!.

We determined the polar anchoring energy before the
lymerization of SDA-1 material. The high-voltage techniq
cannot be used for such measurements, because the a
ment layer before polymerization is not stable and the
pretilt angle increases and does not return to its initial val
In this case we used the modified differential method to fi
the polar anchoring coefficient~Fig. 5!. This method de-
scribed above has many limitations in comparison with
high-voltage technique, but enables one to measure a p
anchoring energy even for rather small applied volta
~slightly more than 6VC). The measured values of the az
muthal anchoring energy are also given in Table I.

The polymerization procedure in SDA-1 is very sensiti
to the heating rate, when we increase the temperature to
polymerization starting pointT5150 °C. We are facing the
two competing processes in this case:~i! disordering process
with a large time constant, that decrease with tempera
and~ii ! polymerization process, which stabilize the layer o
dering, but starts only when the system comes toT
5150 °C. If fast heating is provided, the LC anchoring e
ergy assumes its maximum value. Thus, when heating
SDA-1 layer during 5 min, we got the azimuthal anchori
energyWazimuthal52.231025 J/m2 ~see also Table I!. At the
same time while heating the SDA-1 layer for 3 h, we obse
the system degradation and even see some Schlieren tex
inside the cell. This means that the azimuthal anchoring
ergy is very small.

d
on
y

TABLE I. Polar and azimuthal anchoring energy of azo-d
photoaligning materials.

Polar anchoring,
Wpolar ~J/m2!

Azimuthal anchoring,
Wazimuthal~J/m2!

SD-1 4.731024 7.231025

.1024 ~Ref. @3#!

SDA-1 before
polymerization

2.331024 4.231026

SDA-1 after
polymerization

8.531024 2.231025

3.2931025 ~maximum value,
obtained in our experiments!
TABLE II. Anchoring energy of photoaligned LC cells.

Photoaligned material Polar anchoring~J/m2! Azimuthal anchoring~J/m2!

Linearly photopolymerized~LPP!
material LPPF 301 CP~Rolic! @15#

4.8– 731026

Polyvinylcinnamate~PVCi! @16–19# 6 – 1431026

Poly ~cyclobutanetetracarboxylic acid
dianhydrideoxydianiline!imide
~CBDA-ODA! @20#

0.1– 131026

Photodimerized molecular monolayers
~PDMLs! @21#

4.23– 14.231025
2-3
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However, the situation can be considerably improved
the second UV illumination of SDA-1 layers. After 30 min o
UV illumination we again obtained the azimuthal energy
SDA-1c layerW5Wazimuthal53.131025 J/m2. We did not
observe the similar changes in the value of the SDA-1 po
anchoring energy for various rates of the heating up to
point of the polymerization.

The values of polar and azimuthal anchoring energies
photoaligned azo-dye surfaces of SD-1 and SDA-1~after po-
lymerization! provided in Table I are about an order of ma
nitude higher, which is usually measured for photoalign
LC cells @15–21# ~Table II!. The azimuthal anchoring energ
is an order of magnitude lower than the polar one, which
usually the case@22#. The mechanism of LC-azo-dye laye
interaction is not yet clarified. We believe that dipole-dipo
interaction does not play such an important role as, e.g
case of photodimerized molecular monolayers~PDMLs!
@21#, so dispersion forces and induced dipole interactio
have to be allowed for. The latter is clear from Table I, whi
states that the polymerization process of SD-1 layer resul
a considerable increase both of polar and azimuthal anc
ing energy, while dipole-dipole interactions remain almo
the same.

SDA-1 film can provide a high LC aligning quality, usin
either polarized or obliquely incident nonpolarized light irr
diation@23# ~Fig. 6!. LC on the polymerized SDA-1 film was
aligned perpendicular to the polarization of the UV light,
it was in the case of photoaligned SD-1 layer@1–3#. The
pretilt of LC was achieved by an obliquely incident nonp
larized light illumination @3#. The LC cell alignment was
perfect and stable against UV-light exposure and mois
after the polymerization of SDA-1 dye. Figure 7 compar
the transmission voltage characteristics of the of 90° twis
nematic LC cell~TN-LC! based on photoaligned azo-dy
SD-1 and SD-2 films and rubbed polyimide PI 2424 lay
@3#. The azodye SD-2 has a similar structure as SD-1
differs only by the lateral substituents@3,23#. The
transmission-voltage curves~TVCs! are similar and a very
good contrast as the result of a perfect LC alignment can
measured directly. It is greater than 70:1 at the normal in
dence. The electro-optical response does not change ev

FIG. 6. Polarized microscope photograph of LC alignment
photoaligned polymerized SDA-1 film@23#. The polymerization
was performed for 1 h at T5150 °C. The size of the picture is
mm2. Both the homogeneous and twist LC alignments look perf
between crossed polarizers. The LC cell thickness was 10mm.
06170
y

f

r
e

n

d

s

in

s

in
r-
t

re
s
d

r
d

e
i-

in

case the SD1 photoaligned cell is heated up to 200 °C du
2 h, i.e., the anchoring energy remains considerably h
Our preliminary investigations show that the polymeriz
SDA-1 azo-dye material can provide even higher thermo
bility. We will publish the detailed results elsewhere.

CONCLUSION

The photoaligned azo dyes, which exhibit the effect
induced ordering due to the reorientation of the molecu
perpendicular to the polarization of the UV light, are prom
ising photoalignment layer for LC devices. SD-1 and SDA
azo-dyes exhibit the polar and azimuthal anchoring energ
which is very close to those of the common polyimide~PI!
aligning materials. We show also that the fast heating rate
SDA-1 material up to the polymerization point provides t
higher values of the LC azimuthal anchoring energy. T
values of both LC polar and azimuthal anchoring ene
with polymerized SDA-1 layers are about an order of ma
nitude higher than usually found for photoaligned LC ce
and are comparable with rubbed PI layers. The photoalig
SD-1 and SDA-1 layers provide a high thermostability a
the corresponding transmission-voltage curve of 90° twis
nematic LC cell ~TN-LC! remains almost the same afte
heating up to 200 °C, which confirms our results that t
anchoring energy is considerably high.
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FIG. 7. The comparison of transmission-voltage curves~TVCs!
for 90° twisted nematic LC cell~TN-LC! based on photoaligned
azo-dyes SD1 and SD2 films and rubbed polyimide PI 2424 la
@3#. The azo-dye SD-2 has a similar structure as SD-1 and dif
only by the lateral substituents@3,23#. Heating the cell up to 100
150, and 200 °C during 2 h does not have any effect on th
transmission-voltage curve. The contrast ratio remains consider
high ~.70:1!.
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