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Abstract

In this annual report, we present our recent research results of the anchoring energetic,
molecular alignment and field-induced re-orientation in athin LC film on varying polymeric
aignment layers. The photo-induced anisotropy on a photo-alignment film can be
controlled by varying the exposure of incident linearly-polarized ultraviolet light. The
resulting anchoring properties were studied with optical retardance-voltage (RV), optical
transmission-voltage (TV) measurements, polarized infrared absorption spectroscopy and
Raman scattering spectroscopy.  Our results indicate that the surface anchoring energy on a
UV-defined layer can be as large as that on a rubbed polymeric surface. In addition, the
anchoring energy in atwist nematic cell can not be decomposed into a simple summation of

azimuthal and polar anchoring terms. The LC molecules in a twist pi-cell were found to



exhibit a biased rotation with an angular distribution of f(g)=cos’g relative to the LC
director.

An important question is that how liquid crystal molecules are reoriented during field-
induced switching. It is still unclear about the detailed reorientation process of the chain
and core parts of liquid crystal. To understand the underlying dynamics at the molecular
level, we are employing time-resolved Raman scattering and Fourier transform infrared
absorption spectroscopy to produce time-resolved spectra of liquid crystal molecules.
Based on the primitive results with atwist pi-cell useful information about the field-induced
reorientation dynamics of each atomic segment on the LC molecule can indeed be deduced.
Further applications on antiferroelectric and ferroelectric liquid crystals are currently

undertaken.
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l. Introduction

Thin functional films, such as polymers, liquid crystals, and ferroelectric materials,
possess high application potential. However, usefulness of these thin film systems
critically depends on the orientation and spatial distribution of their constituents. The
information unfortunately is quite difficult to be obtained. In this annual report, a variety
of techniques are specifically developed for probing the anchoring energetic and orientation
distribution of functiona liquid crystal films. These techniques include optical retardance
measurement, polarized and time-resolved Fourier-transform infrared (FTIR) absorption and
Raman spectroscopy.

With the optical retardance measurement method, the anisotropy in the plane of athin
film can be deduced. The in-plane optica anisotropy reflects the distribution of molecular
segments that possess most polarizable electronic structure and therefore significantly
contribute to the index of refraction of the material. To answer which functiona groups
are involved to produce the observed optical anisotropy; polarized FTIR with the molecular
specificity is employed to provide more detailed picture. Usually structure and orientation
of atomic groups on thin complex films determine the properties related to applications.

Specific application of these methods on a twist pi LC cell is presented. From the
analysis of polarized FTIR spectra, we show that the LC molecules are not freely rotating
along the director. Instead a biased rotation with a cosine square distribution is better to fit
into the observed infrared intensity and dichroic ratio measurements.

Finally, to revea the dynamics of a field-induced reorientation in aliquid crysta film,
we construct a time-resolved Raman and FTIR spectroscopies. From this primitive study,
the underlying reorientation process in the twist pi-cell at the molecular level can indeed be
deduced. In the near future, we hope by combining these techniques to answer how
surface anchoring, molecular chirality, and polar alignment in an antiferroelectric

(ferroelectric) LC film affect the field-induced switching of the chiral liquid crystal



molecules.

Polar Anchoring Properties of Homogeneously Aligned Liquid Crystal Molecules
The orientation of liquid crysta molecules is usually depicted within the

formalism of the mean-field theory with appropriate free energies of various
deformations. To further improve the accuracy of the model on the surface-induced

alignment phenomena, a surface free energy termisincluded [1]

d
F= C)fbdz+ f5(0) + f5(d) (2.1.2)
0

where  fp denotes the free energy density of bulk elastic deformation,
and 5(0), f5(a) represent surface free energy per unit area for the upper and lower
boundaries. A suitable model can be employed to deduce the detailed form of fs.
1 o o2

f,=- 2 A(Nnxe) (21.2)
where A denotes the anchoring strength of liquid crystal molecules on the alignment
surface. The typical magnitude of the anchoring strength on a polymeric alignment
layer is approximately A=10°® 10° pN/mm [2]. In the case of a weak anchoring

strength, the surface liquid crystal molecules can be pulled away from their original

direction by an externally applied field (see the Figures shown below).
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Fig. 2-1 Schematic showing the field-induced reorientation of liquid crystal molecules in homogeneously
aligned L C cells with different anchoring strengths.

The polar-angle profiles of the director nin ahomogeneously aligned LC cell with different

anchoring strengths are depicted in the following
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Fig. 2.2 The polar-angle profiles of the director n in a homogeneously aligned LC cell with different

anchoring strengths.

Severa techniques [1][3][4] exist for probing the polar anchoring strength. Most of
these methods utilize the field-induced variations in the optical properties of liquid
crystal cell. For aliquid crysta cell with finite anchoring strength, all molecules in
bulk and on alignment surfaces can be oriented to be parallel to an applied electrical
field at a sufficiently high strength. This voltage is termed as the saturated voltage
and can be related to the anchoring strength of liquid crystal molecule [3].  This can
be implemented by measuring the field-induced phase retardation a function of applied
voltage (i.e, the R-V method). The underlying principle can be depicted as follows:

The free energy of an elastically deformed liquid crystal medium under an applied

electrical field can be expressed as

d d

N 1 . a B
F= 0ofbdz= ooé[(Kn cos’ g+ K?,3snn2q)(7‘;)2 -D-H (2.1.3)
.2
where f, =% fq - %eOEZ(Desinzq+eA), (2.1.4)



and D= & (e E+ De(77- E)B) : (2.1.5)
By applying Euler-Lagarange Equation

¥, gm0
fig dzgﬂqg

we can discover the director profile that leads to minimum free energy. EQ.2.1.

0, (2.1.6)

6 can be further simplified as

dq _ -sin2g

) K’ 71 217
dZ 2(K, cos’q+ Ky,sin’q) [(K,- Ki)g°+e,DeE)] ( )

Note that the norma component of the electrical field E, can be deduced from the

applied voltage via

V= QEdz=2 (2.1.8)

On the alignment surfaces, the free energy per area f, and the bulk restoring force

produces a torque balance equation [5]

dz|.,  2(Kyc08*q)+(Kysin®q) -
dg| _1  Asn2(@-q.) . (2.1.10)
0Z| ~y Z(KnCOSZq)+(K335in2(J)

Hereq_denotes the easy direction on the alignment layer. Eq. 2.1.7 to 2.1.10 can be

solved under given applied voltages to deduce the director profiles and therefore the

corresponding optical retardance. Some simulated results are shown in Fig. 2-3.
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Fig. 2.3 Calculated retardance-inver se voltage curves of homogeneously aligned liquid crystals with

varying polar anchoring energies

2.1 Polar Anchoring Energy of Homogeneously Aligned Liquid Crystalson a
Photo-Defined Polymeric Surface

Homogeneously aligned liquid crystal cells had been assembled with Rolic 5021 photo-
polymer as the alignment layer. The photo polymer was used for controlling the surface
anchoring strength by exposing the alignment layers to linearly polarized ultraviolet light
(LPUV, wavelength centered at 325 nm with 100-nm bandwidth) with varying energy
exposure. Polarized optical microscopy was employed to examine the alignment effect on

LC cellswith varying exposure.
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Uniform alignment can be reliably achieved with an exposure larger than 0.9J/cr?.
The polar anchoring at an exposure of 2.25 Jcny is measured and the result is presented in
Fig. 2-4. From the Figure, we can determine the polar anchoring strength on the Rolic

5021 photo alignment layer to lie between 4-6" 107 pN/mm.
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Fig. 2-4 Measured (symbols) and calculated curves of optical retardance as a function of inverse voltage
The polar anchoring strength can also be changed with the LPUV exposure on the alignment

layers. The measured results are summarized in Fig. 2-5.
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Fig. 2-5 The resulting anchoring strength as a function of LPUV exposure.
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From the Figure, we found that the polar anchoring strength on an LPUV-exposed Rolic

5021 layer can be as large as 10° Jm2 (1 ym2=1 pN/mm). Note that this anchoring

strength approaches the alignment power provided by arubbed polymer surface.
2.2 Pretilt Measurement

The optical retardance of a light beam propagating through a uniaxialy aigned liquid
crystal film can be calculated to be [6]

d(r) =2 §inla(2] - n}dz (2.2.2)

< .
/:hreclorn

| Pretit angle o

-

Fig. 2.6 Schematic showing the beam propagation direction and LC pretilt geometry

Fig. 2.7 Beam propagation geometry in a uniaxial slab
In ahomogeneously aligned LC cell, the index of refraction of the e-ray can be expressed as

= M 222
neff(q) \/[(I’le/l’lo)z i 1]c052q 1 ( )

where gisthe angle between K, and the LC director at thickness z.
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cosq(2 = H- K =cosasinj .+sinacosj , (2.2.3)

The difference between the optical path lengths of o-ray and eray becomes

9 nerf (@)
|e'|o:Q[( erf

- tanj Sinj ) - (—C2—- tanj psinj )|dz
cosf e cosf o

= & (14 (q)cosj - n,cos] )az - (22.4)

Assuming the pretilt isindependent of z, then

(17 - rt)sinacosasin
rmcosa+rsina (2.2.5)

dj) =2

Jricosa+rsna\ rncosa+nsna
The maximum of the optical retardance occursat f =7,
(2 - i?)sinacosa - o resny +
N,k cosa+msin’a- sin’j (2.2.6)
(2 cos’ a + 1 sin® @) sinj x=g

When the pretilt is small, Eq. (2.2.6) can be reduced to

a®o0

. 1 o
sina @Imsm/ X (2.27)
Experimentaly, f, can be easily determined by measuring the optical transmission through

a 45°-oriented LC cell, which is inserted between a cross polarizer-analyzer set up

T)=7 Sln[ dg)l-
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Fig. 2.8 Measured transmission curve T(f ) as a function of the incident anglej .

For larger pretilt (a > 15°), the optical transmission curve can be calculated to be

1
2_
A

2p d[(nﬁ - m’)sina cosa sinj
/ mcos’a +n;sin’a

nn sin?j RN '
£ 0 1- - /% -sin
\/ m.cos’a +n;sin’a © /1

Jrcosa+msin’a

T(F) = 1sin
2
(2.2.8)

We can apply Eq. (2.2.8) to deduce the pretilt angle from the measured T(j ) curve when the
cell gap disknown.
For an illustration, Fig. 2.9 presents a measured T(j ) curve for a LC cell under an

applied voltage of 1.2 V.

Pretilt_17.5_ Cell gap 25.27um

05

045
04

-60 -40 40 60

Fig. 2.9 Measured T(j ) curve for a homogeneously aligned LC cell with an applied voltage of V=1.2 V.

By using Eg. (2.2.8), we can produce a simulated curve (see Fig. 2.10) with a pretilt angle of
17.5° and cell gap of ¢=25.3 nm to match to the measured curve. The comparison

indicates the LC director tilts at an angle of 17.5° from the alignment surface.

15



20 40 60

Pretilt angle=17.5 cell gap=25.27
Fig. 2.10 Calculated T(j ) for a LC cell with a pretilt angle of 17.5° and cell gap of d=25.3 nm

We employed the technique to measure the pretilt angle of LC cells, which were
aligned with Rolic 5021 films at different UV exposure. The results are presented in Fig.

2.11.
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Fig. 2.11 Pretilt angle of LC célls aligned with Rolic 5021 films exposed to LPUV at different exposure

It shows that the pretilt closes to 80° at very low UV light exposure on this photo-polymer

surface. The pretilt angle decreases as the UV exposure is increased and the alignment is

improved.

2.3Transmission-Voltage (T-V) M easurement

T-V curve carries the information about the reorientation of LC molecules at varying

16



applied voltage.  Strong anchoring implies that the anchoring direction of LC molecules on
the alignment layer is more difficult to be changed with an external field. Therefore the
anchoring properties of LC molecules can affect the T-V profile. Fig. 2.12 shows the
calculated and measured T-V curves with a LC cell, which was prepared with Rolic 5021
films exposed to 1.5 Jcm2.  From the comparison, the anchoring strength of the LC cell is

more near to 1" 10 pN/mm. By increasing the LPUV exposure to 3 Jcn?,  the resulting

TV curve changes as expected from an increasing anchoring strength  4=10*® 103 pN nm-

The comparison is presented in Fig. 2.13.

uv 1500mJiTchrve

0.5

Vv

Fig. 2.12 Calculated (lines) and measured (symbols) T-V curves for a L C cell homogeneously aligned with
Rolic 5021 film exposed to 1.5 J/cni-
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UV 3000mJ_TVcurve

3 4 5 6 7 8 9 10

Fig. 2.13 Calculated (lines) and measured (symbols) T-V curves for a LC cell homogeneously aligned with
Rolic 5021 film exposed to 3 J/cré

2.4Azimuthal Anchoring Energy in a Twist Nematic Liquid Crystal Cell
In atwist 90° nematic LC cell, the easy axes of the alignment layers are normal to each
other. The polar and azimuthal anchoring properties can be modeled with a surface free

energy density. A proper form of the surface free energy is expressed as
I N R
s —EAa(nxy) +§Ap(n><z) : (2.4.1)

The director profile n[q(z),f(z)] in a TN cell can be determined from Euler-Lagrange

eguation

dg  1df dg,, 1ah df , 1 )
+2dq dz) 2dq(dz) +Zeo><DeE(z)sn(2q)+ksm(2q) , (24.2)

,,(q)ﬂ DD E) +ksneg =0

&7 dg oz

where f(q) = K, cos’ g + Ky, sin*q, h(g) = cos’ q(K,, cos’ g + Ksin® g, @d &, =- 2pK,,/p With p
denoting the pitch of chiral dopant added. The equations can be solved with boundary

conditions from surface torque balance equations

18



@)% |o=sn@al Asin’ - A]

aF .
h(q)E | =0 =c0s°(q) A, sin(2f )

a, __ L2 g
f(q)alz:d_ Sln(zq)[’455|n f Ap] ] (243)
af . _ :
h(q)EIFd—COS (@) A, sin(2f)
Egs. (2.4.2) and (2.4.3) have been solved to yield the director profile at varying surface

anchoring strengths.  The results of the field-free condition are presented in Fig. 2.14.

Aq:300 pN/um

A(phi)=3 pN/um
A(phi)=10 pN/um
A(phi)=30 pN/um

Aq=300 pN/um

Azimuthal Angle (Deg.)
A
&

Polar Angle (Deg.)

———  A(phi)=3 pN/um
A(phi)=10 pN/um
A(phi)=30 pN/um

90 . . .
) ) ) 0 5 10 15 20
0 5 10 15 20 z position (nm )

z position (M)

Fig. 2.14 The polar and azimuthal profiles in a twist nematic LC cell with different azimuthal anchoring.

It clearly shows that as the azimuthal anchoring strength is weak, the azimuthal angle
deviates from the easy axis of the alignment layer. The actual twist angle Df can be related

to the azimuthal anchoring strength by [7]

- 2Df
A_ K22(p 2D)

=2 (2.4.4)
d,sin[p - 2Df)]

To determine the azimuthal anchoring strength from Eq. (2.4.4), the twist angle has
to be measured accurately. Unfortunately, this is difficult to achieve. The angular
deviation also leads to light leakage through TN cell locating between a cross polari

zer-analyzer combination (see Fig. 2.15).
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Fig. 2.15 Optical transmission through a TN cell inserted between a cross polarizer-analyzer combination.

This provides another way to deduce azimuthal anchoring strength via Stokes parameter

measurement technique.

Analytical result presented in Figure 2.16 indicates that the

minimum value of S, and S, is sensitive to the azimutha anchoring strength, therefore the

ratio of the extreme values can be employed to deduce the azimuthal anchoring strength.

10°
9
< 10t} TN Cell : S2 Stokes parameter
S -
g Ap_300 pN/mm
c
S 102
@
£ —— A(phi)=3 pN/um
@108 A(phi)=10 pN/um
E ....... A(phi)=30 pN/um
|_
10 ' I
0 40 80
)
<
8 . TN Cell : S1 Stokes parameter
210 A,=300 pN/mm
S
k%)
0
£ 142 —— A(phi)=3 pN/um
e I — A(phi)=10 pN/um
s ¥ A(phi)=30 pN/um
'_
10

40
Angle of TN Cell (Degrees)

o

80

Fig. 216 The angular variations of okes parameters S, and S, for a TN cell with varying azimuthal

anchoring strength.

Some calculated curves of the extremeratio are shown in Fig. 2.17. Thetwist angle of TN
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cell is chosen to be 90° (Dev. Ang.=0°), 80° (Dev. Ang.=10°), and 70° (Dev. Ang=20 °).
The results support the approach that uses Stokes parameter measurement for azimuthal

anchoring determination.

3.0
—O— Dev. Ang.=0 Deg.
== Dev. Ang. =10 Deg
251 —O=— Dev Ang=20 Deg.

TN Cell A;=300 pN/mm
201 q

el \O

T
\

0 30 60
Azimuthal Anchoring Energy (pN/nm)

Ratio of Stokes Parameters (S2,,./S1.)

0.0

Fig. 2.17 Calculated values for the extreme ratio of S/S,.  The twist angle of TN cell is chosen to be 9° (Dev.
Ang.=0°), 80° (Dev. Ang.=10°), and 70° (Dev. Ang=20°).

In a homogeneous aligned LC cell with very weak azimuthal anchoring strength can exhibit
Neel wall defects[8-9]. This can be understood by considering the free energy density
\¥ \¥ 2
F= ) dxfp dy + in< f
Q¥ b dy Q¥ W sn“f dy (2.4.5)

The profile of azimuthal angle that minimizes the free energy satisfies
af d

v ;Sinf . (2.4.6)
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Fig. 2.18 Schematic showing the structure near an Neel wall ina homogeneously aligned nematic LC céll.

Here

= [dxkqa le+ Kss- Kiig2f » |91 ~Xo- (2.4.7)
20 K11 20

We therefore can deduce the azimuthal anchoring strength from the wall width w;, as

A =20y (2.4.8)

W,

We have used LC cells homogeneously aligned by LPUV-defined polyvinyl cinamate

(PVCi) layers and found that Neel wall indeed appears in very weak anchoring, but
disappears as the azimuthal anchoring is increased above 25 Jcm?. The measurement

results are presented in Fig. 2.19.
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Fig. 2.19 Nedl wall defect and the azimuthal anchoring strength of LC cells homogeneously aligned with
LPUV-exposed PVCi films
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Fig. 2.20 Measured and calculated T-V curves for TN LC cell with photo-defined Rolic 5021 alignment layer

As shown in the previous section, the LPUV-defined Rolic 5021 layer with an exposure
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of 3 Jem? can exhibit a polar anchoring aslargeas 1 10° Jm?  To test the effectiveness of
the alignment layer for a twist nematic LC configuration, we prepared a 90° TN cell and
measured its TV curve. Theresult isshown in Fig. 2.20. Based on the TV measurement,
we estimate the polar anchoring strength to be only 3.8 10° Jn®. This value is much
lower than that in a homogeneously aligned cell, indicating that the surface anchoring
energy in a TN cell can not be decomposed into a simple Rapini-Papoula form. More
accurate expression for the surface free energy density has to be developed. Thiswork is
currently undertaking.

For a weak azimuthal anchoring, LC molecules tend to orient aong the easy axis but
with a fairly broad width € ¢~"9°/2% [10]. This causes light leakage through LC cell,

which isinserted between a cross polarizer-analyzer setup. The degree of light leakage can

be expressed as
l(w) = losinz(%) szsin(Zf CARRES: ' (2.4.9)
LC cells homogeneously aligned with LPUV-exposed Rolic 5021 layers had been prepared

and the light leakage was monitored. The result is presented in Fig. 2.21, indicating that

the azimuthal anchoring stength is also increased with LPUV exposure.

1000

ann *
2
+ A
1
1
e
A
g
4 410 +

. *
mn "
+s
I
I 100] 2 300 w0d 300 a1 moa
TWdomg Energyim Iem "2)

Fig. 2.21 Light leakage through a polarizer ((°)-LC(45°)-analyzer (9CP) setup. The LC cells were prepared
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with Rolic 5021 alignment layers exposed to LPUV at different exposure.

2.5 Photo-stability Study
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Fig. 2.22 Laser annealing effect on the pretilt and light leakage for a LC cell homogeneously aligned with
Rolic 5021 layer exposed to 3 J/en?.  The lines are drawn for eye-guiding only

The information about the alignment variation in a photo-aligned LC cell with laser
illumination is of importance from the point of view of applications. We have conducted
such an investigation. The TV curve before and after irradiation exhibits no detectable
change. Although polar anchoring strength shows no change from TV measurement, the
pretilt and light leakage measurements shown in Fig. 2.22 indicate that the LC alignment
after irradiation at 514.5 nm is indeed improved from laser annealing. The decrease in
light leakage suggests the azimuthal distribution of LC molecules on the alignment surface
becomes narrower. But the improvement appears to saturate at an irradiation of 2.6" 10°

Jem?.

2.6 Thermal Stability Study

Thermal stability of a LC alignment technique plays an important role and in many cases
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could limit the usefulness of the technique. Because of the need for photochemical ability,
photo polymer usually has lower molecular weight and therefore exhibits less thermal
stability. We had investigated this thermal stability problem and the results are presented

in this section.
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0.0E+00
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Fig. 2.23 Optical transmission images taken on photo-aligned (Rolic 5021) L C cells with cross polarizer-
analyzer setup after the cells had been heated to various temperatures for 20 minutes.  The total area of the

alignment degradation is evaluated and plotted as a function of temperature.

The total area of the alignment degradation can be evaluated and the result is found to

follow to the equation
A= A,e Dt (2.6.1)
Here A isthe area of LC film, and t the heating time. K(T) is the temperature-dependent

decay constant, which can be related to temperature via an activation energy parameter £,

K(T)= Ko(N)e &/4T (2.6.2)
By substituting Eqg. (2.6.1) into (2.6.2), we can obtain

K(T) = 1Tlog( Ao’f‘—OA) : (2.6.3)
w

The measured value of the undamaged area at varying temperature can be fitted into Eq.

(2.6.3) to yield the activation energy. The result is shown in Fig. 2.24 with the activation

energy is determined to be £, =2.147" 10 ®erg=1.342" 10 'eV/ =134 meV.
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Log(K(T))= -1.3581-1556.14702* (L/T)
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Fig. 2.24 Activation energy determination fromthe fit to Eq. (2.6.3) with the measured undamaged areas

This energy, which is about five times of room-temperature thermal energy, indicates the
degree of the thermal stability of the LC alignment on a photo-defined film. It is therefore

auseful parameter for the alignment applications with photo polymers.

11 Polar Alignment and Field-Induced Re-orientation in a Twist Pi-Cell

3.1 Molecular Alignment of Liquid Crystal Moleculesin a Twist Pi-Cell

Twisted-nematic (TN) liquid crystal cell has been widely used in the active matrix
liquid crystal display (AMLCD) technology. Unfortunately, two serious problems of slow
response and angular dependence of the image quality were encountered in the TN
configuration. To overcome the drawbacks, pi-cell [11] (or optica compensated
birefringence, OCB, see Fig. 3.1.1) LCD [12] had been proposed. However, a common
problem in a pi-cell or OCB device is the unstable bend configuration at low driving field.
A more stable splay configuration appears first and thereby a few minutes of warm-up
period is required to transform the LC device from the splay state to the bend state. In the
multiplexed display application, it is difficult to convert the inter-pixel LC molecules from
splay to bend configuration. Consequently disclinations appear in the inter pixel regions

[11], and therefore degrades the display performance. To solve the problem polymer

27



chains are added with small mole fraction into LC films to stabilize the bend configuration.
Unfortunately, this scheme produces hysteresis in optical transmittance and poor optical
quality from light scattering due to the index mismatch between the liquid crystal and
polymer. The other method is to adopt a high pretilt angle in the LC film.  Although the
stability of the bend configuration indeed increases with pretilt angle, the device s response
time has to be trade-off.

The flow behavior in a LC device is important for the LC switching dynamics.
Optical bounce in atwisted nematic (TN) LCD, which had been attributed to from a back-
flow effect, appears when the applied electrical field is switched-off. The back-flow-
induced optical bounce was aso observed in a chiral-homeotropic liquid crystal (CHLC)
cell during its switch-on stage [13].

In this section, a twisted pi-cell with a stable bend configuration and fast response
behavior is proposed. Switching dynamics of the twisted pi-cell is investigated in details.
We found that in a twisted pi-cell LC flow can produce a fast optical response. Unlike TN
and CHLC cells, optical bounces were observed not only in the homeotropic-to-planar
transition but also in the planar-to-homeotropic transition. The optical bounces accelerate
the optical response. We calculated the transient transmittance of the twisted pi-cell with
Erickson-Leslie theory and the results agree well with our observations.  Our simulation
also shows that the backflow causes an abnormal LC twist, which then results in the
observed fast optical responses during the switch-on and switch-off processes.

Samples of pi-cell and twisted pi-cell were assembled with two ITO-coated glass
plates under the same condition. The substrates were coated with a 700~800 A thick SE-
3310 (Nissan co.) alignment layer, which produces a pretilt angle of 3° for the LC molecules
used. The substrates were then rubbed in the same direction. We use plastic pearl balls
with 6-nm diameter to maintain the cell gap. The empty cells were then filled with liquid

crystal of ZLI1-2293 (Merk co.) in vacuum. To produce 180°-twist in the twisted pi-cell, S-
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811 chiral molecules were added into the liquid crystal.  The LC cells were enclosed with
UV-cured sealant.

We insert the LC cells between two crossed polarizers. The rubbing direction of
the front substrate is rotated 45° from the transmission axis of the incident polarizer. The
transmittance-voltage (T-V) curves were measured by using a liquid crystal display panel
evaluation device from Otsuka Electronics co.

The director configurations of the pi-cell are depicted in Fig. 3.1.1.
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— S . Bend
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V=0 . . V>1.450
: 1
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Fig. 3.1.1 Schematic of the LC director in api-cell under varying applied voltages.
The opposite alignment forms a splay structure in the pi-cell as shown in Fig. 3.1.1. When
the applied voltage is increased to above the threshold voltage, the pi-cell first exhibits a
transient splay configuration, and then an asymmetric splay is followed. A rather long
holding time is needed to convert the splay state into the bend state (see Fig. 3.1.1). Ina
typical application of a Pi cell, transition between two bend states is employed. When the
applied voltage is decreased from the bend state, a twist configuration instead of the splay

state isresulted. Thisleadsto a hysteresis behavior in the T-V curve as shownin Fig. 3.1.2.
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Fig. 3.1.2 Optical transmission of a pi-cell as function of applied voltage. The dashed curve denotes the T-
V characteristics with applied voltage increasing from 0 to 10 V; the solid curve represents the T-V curve of

decreasing voltage after the cell is hold at 10 V for a sufficient long time.

Here the dotted curve is the transmittance as a function of the applied voltage starting from
the initial state. The solid curve represents the measured transmittance with voltage
decreasing from the bend state after the bend state is secured at 10 V. We discovered
domains are fairly easy to occur, which can become the major application obstacle of pi-
cell.

The opposite surface anchoring alignment is more appropriate for fabricating a pi-

cell with 180°-twist angle.

ﬁ A
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V=0 V>V, V= large

Fig. 3.1.3 Schematic showing the director of a twist pi-cell at varying voltages

We can add appropriate chiral molecules into liquid crystal medium to produce |eft-handed

180° twist from the lower substrate to the upper substrate. The stable 180°-twist liquid
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crystal configuration at OV is depicted in Fig. 3.1.3. As the applied voltage increases above
the threshold voltage, the LC configuration exhibits a director profile, which is voltage
dependent. At the off-voltage (~2.5 V), most of the angular twist occurs in the middle of the
liquid crystal cell where the molecules are perpendicular to the substrate. It is interesting
to note that the LC profile forms a symmetrical bend state, therefore the birefringences
above and below the middle plane are self-compensating which allow fairly wide view
angle. Transmittance-voltage curves of the twisted pi-cell were measured under the same
condition as with the pi-cell and the results are presented in Fig. 3.1.4. The T-V curves with
increasing and decreasing voltages are essentially overlapped; indicating that only one

stable bend configuration exists.
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Fig. 3.1.4 Optical transmission of a twist pi-cell as function of applied voltage.

We aso investigated the switching processes of the pi-cell and the twisted pi-cell.
Therising time (0% ® 90%) of the optical transmittance for the twisted pi-cell is about 1.56
ms (Fig. 3.1.5(a)) and the decay time (100% ® 10%) is 0.68 ms (Fig. 3.1.5(b)). For the pi-
cell, the corresponding rising time is 3.37 ms and the decay is 0.90 ms. The tota response

time of the twisted pi-cell is about 50% of the pi-cell.
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Fig. 3.1.5 The optical transmittance for a twisted pi-céll is plotted as a function of time after the applied
voltage is changed from2.5 Vto 10 V at time 0.  The decay time (100% ® 10%) isabout 0.68 ms. The
rising time is observed to be 1.56 ms after the applied voltage is increased 10 Vto 2.5V

In Fig. 4.1.5 the measured transient transmittance of the twisted pi-cell is presented and
compares with the calculated results. Optical bounce can be observed after the applied
voltage is changed from 10 V to 2.5 V (see Fig. 3.1.5(b)). For comparison, following the
voltage change from 2.5 V to 10 V, a dip develops in the transient T-V curve (see Fig.
3.1.5(a)). The solid curves in these figures are the calculated results with the flow effect
based on Ericken-Ledlie theory being taking into account, while the dashed lines are the
calculated results by considering rotation viscosity only without flow effect. By taking
into account the flow effect successful reproduction of the optical bounce and valley can be
achieved.

To probe into the underlying process of the field-induced optical bounce and valley,
we analyze the dynamic director profile of the twisted pi-cell and the results are presented in

Fig. 3.1.6.
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Fig. 3.1.6 Calculated transient director profile of tilt angle (left) and twist angle (right) of a twist pi-
cell after the applied voltage is switched from 2.5 Vto 10 V at time 0. Here zis the axis perpendicular to the
substrates and d the cells gap.

The LC molecules near the two alignment surfaces are found to significantly tilt away from
the surface normal at a low voltage. ~ With a high voltage at 10 V, these LC molecules
stand up rapidly as a result of a large torque being encountered here than that near the
middle plane of the cell. The rapid tilt up of the director causes an abnormal twist motion
(see Fig. 3.1.6(b), which starts with aswing at a smaller angle than the twist profile at 0 ms.
The negative twist motion persists up to 0.6 ms. At this moment, the tilt profile achieves the
vertical alignment state. After 0.6 ms, the twist profile reverses its twist direction while
preserves the high tilt angle. A stable twist profile is achieved after 6 ms. From the
switch-on to 0.6 ms, the optical properties of the LC cell is mainly determined by the tilt
angle profile.  The small LC twist near the two alignment surfaces leads to a decrease in
the optical phase retardation. This accelerates the decreasing rate of the transmittance and

thereby speeds up the optical response.
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Fig. 3.1.7 Calculated transient director profile of tilt angle (left) and twist angle (right) of a twist pi-cell after
the applied voltage is switched from10 Vto 2.5 V at time 0. Here zis the axis perpendicular to the
substrates and d the cell thickness

When the voltage applied is changed from 10V to 2.5V, the flow velocity of the LC
molecules near substrates can be fairly large due to strong anchoring on both alignment
surfaces. Thisresultsin an abnormal twist motion near the upper and lower surfaces of the
cell and a pure bend profile is obtained. The optical retardation increase is accelerated, and
at this moment the twist motion has not yet arrived its stable profile.

In summary, we report a twisted nematic liquid crystal pi-cell with stable bend
configuration and fast response time. It could be applied to any electro-optical device and
display where wide view angle and video rate are needed. The field-induced flow effect
results in a bounce and valley in the transient transmittance curve. The flow effect is

shown to be in the positive side to accelerate the optical response of atwisted pi-cell.

3.2 Polarized Fourier-Transform Infrared Absorption Spectroscopy of Nematic Twist
Pi-Célls
3,2,1 Theory of Polarized FTIR Soectroscopy

Considering the case of alaser beam propagating through aLC sample. The LC cell

has a complex index of refraction n(n) = n(n) - iK(n), will attenuate the infrared beam by

~d=kmyid=""8_(N.- N)Id, (3.2.1)
(o



where N, is the population of the n’ level. B is the Einstein B coefficient of the material

and can be related to the square of the transition moment from n to n

g, = %L

=y LM n B+, P = 2PL (2”)

[ (M) - (322)

From Egs. (3.2.1) and (3.2.2), the extinction coefficient K(n) can be then expressed as

nn(N N (M) P (3.2.3)
Assuming B,,. to be constant over the spectral line, we then have an integrated absorption
coefficient of
Keydn =L <(m),, P>, (3.2.4)
where m, = nf® +3 M 0Q,.
K
A 2™-rank absorbance tensor can be defined as

AF)=—— nZK) xE]* f(W)aW, (3.2.5)
where F is the angle between the incident light polarization direction and the X-axis of the
laboratory coordinates system, AW) denotes the orientational distribution of the dipole
moment derivative in the measurement spot. We can also deduce an anisotropic part from
the absorbance tensor [14]

a,= A, - % Tr(A)d, . (3.2.6)

In the molecular frame, the anisotropic absorbance tensor can be expressed in terms of a

1" 5 vector [14]

wm = (\/% Qs \/ﬁ(ahh - aW)1 \/E Gy \/E Gy \/E a\/f() ) (3.2.7)
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Similarly, in the laboratory frame, the corresponding anisotropic absorbance tensor can be

found to be:
W? =(J32a,, ¥2(a,- a,).v2a,v2a,+2a,). (3.2.8)
V4
I :
""""""" -yl
A i
b 2 i
< ; Yy
SN §
X ~~\s~s i
"

Fig. 3.2.1 Schematic diagram showing the relationship between the molecular frame (xhz) and the laboratory
coordinates system (XYZ).

From EqQ. (3.2.5) we can obtain simple relationships between the orientational averaged

absorbance tensors from the molecular to the laboratory frames [ 14]

<SW® >= YT FWdW= V™S, F(WdW= < W* >< §,, >

wheem | =1 2,....5

(3.2.9)

With anormal incident geometry on the XZ plane, the integrated absorbance is found to be

AF) :%A- %\Em’% 2W™* < cos2F >. (3.2.10)
Based on the analysis, the orientational distribution of given functional groups in a
complicated thin film can be deduced from a set of measured polarized Fourier-transform

infrared (FTIR) absorption spectra.  The procedure is detailed as follows:
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(i) For a given normal mode vibration the integrated absorbance as a function of the
incident infrared polarization direction A(F) is first calculated from measured FTIR
Spectra,

(i) Fit the resulted A(F ) to Eq. (I1a.10) to deduce W® and W,

(iii) From
M(abz\/%az=l/l{’”"'<5n>+V|ém"'<%l> (3.2.11)
szab:\/ﬁ(ax_ay):m(”"’<§2>+l/|/2'""’<%2> h
and
mol - K)y2
W™ = /32 (n) (3.2.12)

W = Jy2((nfy)* - (nf))’]
the order parameters of molecular distribution, < §, >,< §, >,<§, > awd< S, >, can
then be determined. Note that < §, >and < §, >denote the orientational order
parameter and the transverse order parameter (which relates to the dichroic ratio), and
< §, >and < S, >can reflect the bi-axiality of the film.

For simplicity, consider a uniaxial LC film with a normally incident infrared beam.
The resulting infrared absorbance can be expressed as[15-18]

AF =90°) = A <[- cosgcosf sinb +cosgsinbsingsinf +cosbsingsinf]® > (32.13)

AF =0°) = A <[singcosqg cosf sinb +sing cosb cosf +cosgsinbsinf]? >

where the bracket <...> denotes the orientational averages over the LC molecular

distribution. The infrared dichroic ratio DR can then be calculated to be [15]

DR=A/A, = AF =0°)/AF =90,). (3.2.14)
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Fig. 3.2.2 Measured optical transmission of a twist pi-cell as a function of applied voltage. The
simulated TV curve (solid curve) and the underlying director profilesat 0V, 2V, 4V, and 10 V are also

included for comparison

A twist pi-cell had been prepared and its optical transmission curves were measured.
The results are shown in Fig. 3.2.2. For the optica transmission measurements, the LC
cell was first subjected to an externa electric field with voltage increasing from 0 to 10 V.
The transmission obtained is plotted in terms of filled squares. After the LC cell was
stabilized at the high voltage for 30 sec, the filed was then decreased from 10 V to 0 V and
the result was shown with the open symbols. No hysteresis was observed, indicating the
bend configuration is the most stable configuration. For probing more deeply, we perform
theoretical simulation on the LC configuration at varying applied voltages. The resulting
LC profilesat 0V, 2V, 4V and 10 V are also presented in the inset for comparison.

A typical Fourier-transform infrared absorption spectrum of the twist pi-cell at 0 V is
presented in Fig. 3.2.3. The polarization direction of the incident infrared beam is oriented
to along the rubbing direction. The major featuresin the IR spectrum are 1448, 1502, 1606,
2228, 2851, and 2924 cm™*.  The highest two peaks at 2851 and 2924 cm™ are contributed
from the symmetric and anti-symmetric stretches of CH, along the akyl chain of the LC

molecules. The peak at 2228 can be attributed to C° N stretch and the features at 1606 and
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1502 cm™ are mainly from the C=C stretch of the LC core. The 1448 cm’—peak can be
ascribed to the combination of the C-C stretch and the in-plane wag of the C-H on the LC
core. The mode assignments are summarized in Table 3.1 with some calculated results of

molecular normal-modes of cyano biphenyl.

IR Absorbance
o
Ul
T
1

0.0 A

1 1 1 1 1
1000 1500 2000 2500 3000 3500
Wavenumber (cm™)

Fig. 3.2.3 Fourier transform infrared absorption spectrum of the twist pi-cell at 0 V. The polarization

direction of the incident infrared beam is oriented to along the rubbing direction.

Table 3.1 Calculated molecular normal-mode frequencies of cyano biphenyl and the corresponding infrared

absorption strengths
y——{C4 Y—c10
C3 \ /C9
N=C1fc2 ey (o8 cC)Cl4
f;"i_‘.'cs c13)— ez
Normal Modes Vibration Frequency IR Absorption Symmetry
(cm™)
1. C-H Stretch
SCH, 2851 (IR) 2851 (Raman)
aCH, 2924 (IR)
f CH, 2937 (Raman)
2. C;-N dtretch 2237 (calc.) 89.8 A
2228 (IR) 2228 (Raman)
3. Biphenyl C=C 1605 (calc.) 46.3 A,
stretch 1606 (IR) 1606 (Raman)
1502 (IR)
4. (a) biphenyl C-C + 1446(cdc) 1448(IR) 295 A
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C-H in-plane wag
(b) C.-C; stretch +
C-H in-plane wag
5. C(biphenyl)-H in-
plane wag
6. Biphenyl in-plane
angular distortion
7. C-H out-of-plane

weg

1261 (calc.) 1285 (Raman)
1240 (Raman)

1095 (calc.) 1177(Raman)

985 (calc.) 957 (Raman)
510 (calc.)

507 (calc.)
544 (calc.)
664 (calc.)
713 (calc.)
742 (calc.)
818 (calc.) 790 (Raman)

821 (Raman)

705 (Raman)

6.5

13.9

4.2
5.9
9.9
6.3
42.8
11.8
45.7
23.2

The peak intensities are presented in Fig. 3.2.4 as a function of the azimuthal angle between

the infrared polarization and the rubbing direction of the cell for varying voltages applied.

The three major peaks at 1502, 1606 and 2228 cm™ are generated from the core of LC

molecules and therefore exhibit very similar azimuthal patterns.

dichroic ratio of these peaks also display significant voltage dependent.

The amplitude and

The voltage

dependence of the dichroic ratio at various modes is summarized in Fig. 3.2.5(a) and the

corresponding peak intensities are shown in 3.2.5(b).
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Fig. 3.2.4 Azimuthal patterns of the infrared absorption peaks of the twist pi-cell at varying applied voltages.

The azimuthal angle denotes the angle between the infrared polarization and the rubbing direction of the cell.
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Fig. 3.2.5 (a) Infrared dichroic ratio and (b) intensity ratios at the infrared absorption peaks are plotted as a

function of voltage. Smulated curves with various orientational distributions of L C molecules were included

for comparison.

For comparison, simulation results using various orientation models of the LC molecules are

included. The LC molecules are assumed to be either free rotation with f(g)=1 or biased
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rotation with f(g)=cos’g relative to the x-axis of the averaged orientation frames (xhz).
The frame is assumed to be oriented according to the director profile calculated from the
elastic theory of continuum medium (see Fig. 3.2.2). The stretch modes associated with
the LC core part apparently suggest that the LC molecules do not rotate freely relative to the
x-axisin the twist pi-cell.

In Sec. 3.3, we further employ time-resolved Raman scattering spectroscopy for
probing more deeply about the field-induced reorientation of the LC molecules in this
interesting twist pi-cell.

3.3 Time-Resolved Raman Scattering Spectroscopy of Nematic Twist Pi-Cells

For revealing the molecular orientation and composition, vibrational spectroscopy is
better suited than absorption/luminescence spectroscopy owing to its finger printing
capability. Vibrational spectroscopy based on Raman scattering process is suited for
producing information about the molecular orientation and composition of asample.

Considering a molecule, which is excited by alaser beam with a polarization aong the
X-axis and propagation along the Y -axis of the laboratory frame, the Raman signal along
the Z-axisis proportional to [19]

[< m(Q) > + < n(Q) >] :MK al,>+<a, > (33.1)

c

20°n n3
C

lng,ny) =
The Raman polarizability tensor for a rod-shape molecule usually possesses a single
dominant component a,. A free molecular rotation along the V-axis leads to the

following orientational averages of the squared polarizability component [20]

<a;, >=sin“g[cosF cosf - sinF sinf]*a},

1 (3.3.2
<a’, >= Zsin“q[ZcosF sinF cos(2f) + (cos’F - sin*F)sin(2f)]? a;,

Here F is the azimuthal angle between the sample coordinates (xyz) and the laboratory
frame (XYZ). By combining Egs. (3.3.1) and (3.3.2), we therefore obtain the azimuthal-

dependent Raman scattering intensity
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Ing,n,) = 1[1+ < cos(2f >cos(2F)] = I 4[1+ Q>xcos(2F )], (3.3.3)

where Q is the azimuthal order parameter. Therefore the order parameter Q can be

deduced from / (F =0°)// (F =90°) = (1+ Q)/(1- Q).

3.3.1 Static Raman Spectroscopy of a Pi-Cell under varying applied voltage

A twist pi-cell described in 3.3.1 was prepared and investigated with Raman
spectroscopy. The Raman spectra taken with an exciting laser beam polarized along the
rubbing direction are presented in Fig. 3.3.1. As shown by Fig. 3.1.1, the director of the
LC molecules is twist by 180 degrees along the z-direction. This causes a decrease in the
dichroic ratio of the C=C stretching mode of LC molecules at 1606 cm™. The order

parameter of the mode at 0 V was found to be 0.52, comparing to 0.67 in a homogeneous 0°

configuration.

Raman \ntensity

Fig. 3.3.1 Raman spectra from a twist pi-cell under varying applied voltages. The incident exciting laser
beam is polarized along the rubbing direction of the pi-cell.
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Raman Intensity

Fig. 3.3.2 Raman spectra from a twist pi-cell under varying applied voltages.  The incident exciting laser

beam is polarized perpendicular to the rubbing direction of the pi-cell.

Several other peaks can also been observed at 705, 790, 821, 957, 1177, 1240, 1285,
1606, and 2228 cm™. The peaks at 705, 790, and 821 cm™ are ascribed to the C-H out-of -
plane wag on the core part of the LC molecule. The angular distortion of the core appears
at 957 cm™. The coupled motions of the inter-core C-C stretch and the C-H in-plane wag
appear at 1177 and 1240 cm'*, and the coupling between the intra-core C-C stretch and C-H
in-plane wag was found to be 1285 cm™.  The stretching modes of C=C and C° N produce
the major peaks at 1606 and 2228 cm™. It was found that the LC molecules tilt upward at

near 90° when the applied voltage is above 4V. The high polar angle leads to the reduced

Raman intensities at 1177, 1285, 1606 and 2228 cm™.



Normalized Raman Intensity I/1(10V)

Applied Voltage (V)

Fig. 3.3.3 Normalized Raman peak intensities versus applied voltage.  The Raman intensities are
normalized to the values at 10 V.

Near the C-H stretching region, two major peaks can be detected at 2851 (s CH, stretch) and
2937 (FCH,). Unlikethe vibrational featuresfrom the LC core, these C-H stretching peaks
were found to increase with the applied voltage. This result also agrees with the FTIR
result presented in Fig. 3.2.4 and suggests that the planes of the alkyl chains of the LC
molecules are twisted by the electric field to yield alarger projection of the &CH, stretching

mode on the film surface.
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Raman \ntensity

Fig. 3.34 Raman spectra near the C-H stretching region. The spectra were taken from a twist pi-cell under

varying applied voltages. The incident exciting laser beam is polarized along the rubbing direction of the pi-
cell.

3.3.2 Time-Resolved Raman Spectroscopy of a Pi-Cell under voltage switching

CW Q-switched Doubled / h
Nd:YLF Laser '
i = ¥ | Spectragraph
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Fig. 3.3.5 Experimental setup for acquiring transient Raman spectra froma LC céll during the field-induced

switching process.
Figure 3.3.5 depicts an experimental setup used to acquire the transient Raman spectra
from a LC cell during the field-induced switching process. Twist LC pi-cell was chosen

since its field-induced re-orientation dynamics remains unclear.  The incident laser beam
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with a wavelength of 523 nm is polarized along the rubbing direction of the pi-cell. The
LC cell was switched at 500 Hz with a voltage of 10 V from 0 msto 1 ms and 10V from 1

msto 2 ms. The results are presented in Fig. 3.3.6.

20000
B

10000

Raman Intensity

Fig. 3.3.6 Raman spectra from a twist pi-céell at varying time. The applied voltage is switched from O V to 10
VatOmsand 10Vto 0V at 1 ms. Theincident exciting laser beam is polarized along the rubbing direction of

the pi-cell.

It is interesting to note that the peak at 790 cm, which has been attributed to from the out-
of-plane wag of the C-H on the LC core, is significantly enhanced after the switching off
period. The voltage applied and the peak intensities at 790, 1606 and 2228 cm™ in Fig.
3.3.6 are plotted as a function of timein Fig. 3.3.7. By comparing to the results shown in
Fig. 3.3.3, it indicates that the LC molecules do not return to their 0-V configuration.
Instead, at 500 Hz the effective switching appears to be from 4 V to 10 V. Thisis aso

consistent with the optical transmission measurement shown in Fig. 3.3.8.
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Fig. 3.3.7 Normalized Raman peak intensities versus time after voltage switching. The applied voltage is
switched from O V' to 10 V at O ms and 10V to O V at 1 ms. The Raman intensities are normalized to the values
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Fig. 3.3.8 Optical transmission through a twist pi-cell lying between a cross polarizer and analyzer
combination.  The rubbing direction of the cell is oriented at 45 relative to the axis of the polarizer, and the

applied voltage is switched from O V' to 10 V at (a) 50 Hz, (b) 100 Hz, (c) 500Hz, and (d) 1-kHz.
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According to the simulated result shown in Fig. 3.1.7, it indicates that after the voltage

is changed from 10V to 2.5V, the flow velocity of the LC molecules near substrates could
be fairly large since a strong anchoring is experienced on both alignment surfaces. Within
the first 1 ms, the LC molecules near the upper and lower surfaces are twisted to along with
the rubbing directions and therefore a pure bend profile is obtained. At this moment, the
twist profile has not reached its final stable configuration. Thisrapid change in polar angle
may play arole in producing the enhanced out-of-plane wag of the C-H near the LC core
shown in Fig. 3.3.6. Similar enhanced response after switch-off was also found at the C-H,
and C-Hj, stretching modes (see Fig. 3.3.9), indicating LC molecules do not response to the

applied field with arigid molecule.
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Fig. 3.3.8 Raman spectra at the C-H stretching region taken from a twist pi-cell at varying time after voltage
switching. The applied voltage is switched from 0 Vto 10 V at 0 msand 10Vto 0 V at 1 ms. The incident

laser beam is polarized along the rubbing direction of the pi-céll.

IV Conclusions and Future Prospect

In conclusion, the anchoring energetic of LC molecules in homogeneous nematic cell,
twist 90°-nematic cell, and twist pi-cell with various alignment layers has been studied in
detail. Optical techniques included retardance measurement, pretilt angle, optica
transmission, and vibrational spectroscopies have been developed. These methodologies
can be employed to provide detailed information about the anchoring properties, the depth
profile of molecular aignment, and field-induced reorientation dynamics in various LC
configurations. By applying these techniques to atwist pi-cell, we show that the rising and
falling times with an external driving field can be as small as 1 ms. The fast response is
originated from a flow effect which accelerates the optica response in the LC cdll.
However, the LC configuration does not settle down to its equilibrium configuration in 30

ms. Therefore a twist pi-cell can be used as a light shuttle instead of video rate applications.
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We probe the switching dynamics with time-resolved Raman spectroscopy and polarized
FITR to yield information about LC alignment with molecular specificity. The efficacy of
these techniques has been proven with numerous applications reported in this annua report.
For our future research, these techniques developed will be applied for probing the
anchoring properties, alignment, and field-induced switching dynamics of anti-ferroelectric
and ferroelectric liquid crystal cells. The FLC and AFLC have a potential in producing
true video rate display with wide viewing angle. The research tools and approaches
developed in this annual program could serve as a useful platform for the future frontier

L CDs development.
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