This article was downloaded by:

On: 26 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Liquid Crystals
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713926090

Phase behaviour and electro-optic characteristics of a polymer stabilized

ferroelectric liquid crystal

C. Allan Guymon?; Erik N. Hogga® David M. Walba® Noel A. Clarks; Christopher N. Bowman®

2 Department of Chemical Engineering, University of Colorado, Boulder, Colorado, U.S.A.
Department of Chemistry, University of Colorado, Boulder, Colorado, U.S.A. ¢ Department of Physics,
University of Colorado, Boulder, Colorado, U.S.A.

To cite this Article Guymon, C. Allan , Hogga, Erik N. , Walba, David M. , Clark, Noel A. and Bowman, Christopher
N.(1995) 'Phase behaviour and electro-optic characteristics of a polymer stabilized ferroelectric liquid crystal’, Liquid
Crystals, 19: 6, 719 — 727

To link to this Article: DOI: 10.1080/02678299508031091
URL: http://dx.doi.org/10.1080/02678299508031091

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713926090
http://dx.doi.org/10.1080/02678299508031091
http://www.informaworld.com/terms-and-conditions-of-access.pdf

09: 35 26 January 2011

Downl oaded At:

LiQuip CRrYSTALS, 1995, VoL. 19, No. 6, 719-727

Phase behaviour and electro-optic characteristics of a
polymer stabilized ferroelectric liquid crystal

by C. ALLAN GUYMONH, ERIK N, HOGGANT, DAVID M. WALBAZ,
NOEL A. CLARKS and CHRISTOPHER N. BOWMAN*+

T Department of Chemical Engineering, University of Colorado, Boulder,
Colorado 80309-0424, US.A.
i Department of Chemistry, University of Colorado, Boulder,
Colorado 80309-0215, U.S.A.
§ Department of Physics, University of Colorado, Boulder,
Colorado 80309-0396, U.S.A.

(Received 5 May 1995; accepted 11 July 1995)

The effects of adding a diacrylate monomer or its polymerized network to a ferroelectric liquid
crystal have been characterized. The monomer lowers the temperatures of transition to the more
ordered phases, whereas the polymer network phase separates into polymer rich and LC rich
phases and has little effect on the LC phase behaviour. Ferroelectric polarization decreases
comparably in both monomer and networked systems. As the network concentration increases,
the size of LC domains decreases considerably. With low concentrations of polymer and, thus
large LC domains, optical response and tilt angle remain fairly independent of polymer
concentration, but as the polymer concentration increases, switching speed and tilt angle decrease
dramatically. Polymerization rate maxima increase with monomer concentration until saturation
of monomer in the liquid crystal is reached. The rate maxima then decrease as monomer must
diffuse from monomer rich droplets. Double bond conversion during the polymerization is
comparable for all monomer concentrations below 50 per cent.

1. Introduction

In recent years polymer dispersed liquid crystals
(PDLCs) have received considerable attention, particu-
larly because of their great potential for electro-optic
applications [1,2]. The most widely studied systems are
thin polymer network sheets containing drops of a nematic
liquid crystal [3]. Most of these materials are obtained by
in situ polymerization of a cross-linking monomer in a
liquid crystal solution which produces a polymer network
containing LC molecules which are not chemically bound
to the network [4]. At higher concentrations, plasticized
networks are formed. In such systems the LC domains are
small and the LC optical and phase behaviour are
dominated by interactions with the polymer. At lower
concentrations of polymer, the PDLC behaves more like
an anisotropic gel [5]. If appropriately aligned, these
PDLC films can be switched between a translucent state
and a transparent state by application of an electric field.
The gel phase of chiral nematic liquid crystals has recently
become of special interest due to the discovery of PSCT
switching, which provides switching between a translu-

* Author for correspondence.

cent and a coloured state due to selective reflection of light
by a cholesteric phase [0, 7].

Numerous studies have been performed on PDLC films
to characterize their phase behaviour, and the most studied
systems involve nematic liquid crystals. The phase
behaviour in such systems changes dramatically upon
addition of monomer and subsequent polymerization
[4,8,9). For example, monomers reduce the nematic to
isotropic (N-I) transition temperature considerably. After
the system is polymerized, the transitions return to near
normal values of the pure liquid crystal, but the N-I
transition enthalpy decreases with increasing network
concentration. The decrease in the transition enthalpy is
caused by an increasing amount of liquid crystal dissolved
in the polymer network. Because of the finite size of the
LC domains and the strong interactions between the LC
and the polymer network, the liquid crystal inside the
network orders continuously with decreasing temperature
and does not exhibit discrete phase transitions [10].

Optical and electro-optic properties are also changed
when polymer networks are introduced into these LC
systems. The birefringence typically is reduced up to 50
per cent in the nematic phase of anisotropic gels {4, 8]. For
plasticized networks the birefringence also is reduced, and

0267-8292/95 $10-00 © 1995 Taylor & Francis Ltd.
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even after heating above the clearing point (N-I tran-
sition), birefringence is retained due to the LC molecules
that remain aligned by the polymer network and to the
anisotropy in the polymer network itself. The decrease in
the birefringence is caused by frozen-in disorder within the
polymer network [6]. Optical response can also change
considerably with incorporation of polymer as response
times generally increase while decay times decrease with
very small amounts of polymer network [5]. Conse-
quently, the switching threshold voltage also increases as
more energy is required to overcome the more restrictive
environment.

Recently, it has been shown that some systems have
photocontrollable optical properties when groups capable
of photoisomerization are incorporated [11]. When iso-
merized, these groups decrease the order in the system and
subsequently decrease the birefringence. The degree of
change can be regulated by the length of exposure to the
appropriate wavelength of UV light.

Despite the versatility of PDL.C films, their usefulness
is limited by the relatively slow response times of nematic
liquid crystals [12]. Chiral tilted smectic liquid crystals,
also known as ferroelectric liquid crystals (FLCs), have
shown great promise in applications requiring fast switch-
ing. FLCs respond up to 500 000 times faster than systems
currently used in high contrast computer displays [13].

FLCs exhibit supermolecular polar order with the polar
axis normal to the plane of director tilt. This polar structure
gives rise to a macroscopic dipole density, ie. the
ferroelectric polarization [14). If an electric field is applied
to the LC, the molecules will orient to align the
ferroelectric polarization along the electric field. These
properties prompted the development of the surface
stabilized FLC (SSFLC) light valve which enables an FLC
cell to be switched from a dark to a light state between
crossed polarizers upon reversal of the electric field [15].

To combine the advantage of PDLC films with those of
ferroelectric liquid crystals, polymer dispersed ferroelec-
tric liquid crystals (PDFLC) [16] and polymer stabilized
ferroelectric liquid crystals (PSFLC) [17] have recently
been developed. PDFLCs consist of FLC droplets sus-
pended in a polymer matrix, while PSFLCs contain only
small amounts of polymer network dispersed in an FL.C
matrix. These films are prepared in ways similar to those
for PDLC films with monomer being dissolved in an FLC
matrix. The monomer is then polymerized to create a
PDFLC or PSFLC film. Both of these systems show
enhanced resistance to mechanical shock relative to
normal SSFLC cells 18] and, when polymerized under
small shearing rates, can be made bistable [19].

Interestingly, preparation strongly influences PDFLC
and PSFLC properties. If systems are cured via UV
irradiation, polymerization conditions may drastically
alter their electro-optic characteristics. Optical response

time increases dramatically at lower voltages, and mea-
sured polarization decreases when higher UV intensities
are used to increase the polymerization rate {18]. Electro-
optic characterizations of these systems have also been
reported {20, 21].

In this article, investigations of the influence of
relatively small concentrations of monomer and a simple
polymer network on basic FLC properties are reported.
Effects of increasing concentration on phase behaviour are
characterized. Changes in optical and electro-optical
properties with temperature and concentration are
examined as are polymerization rate and double bond
conversion for these systems.

2. Experimental

2.1. Materials

The tetrafunctional monomer in these studies was
p-phenylene diacrylate (Polysciences, Warrington PA}.
The ferroelectric liquid crystal used was 1:1 mixturc of
W82 and W7 (Displaytech, Boulder, CQO). Structures
of the monomer and liquid crystal mixture components are
seen in figure 1. Photopolymerization was initiated using
Irgacure 907 (Ciba-Geigy, Hawthorne, NY).

2.2. Experimental techniques
Phase transitions of the ferroelectric liquid crystal
systems in the presence of either monomer or the polymer
network were measured using both polarizing microscopy

p-Phenylene Diacrylate (PPDA)
O

W82

luo

< > O\/\/\/
CioH,,0 ‘©_<
W7
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Figure 1. The molecular structures of p-phenylenc diacrylate
(PPDA) as well as W82 and W7.
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and differential scanning calorimetry. Microscopy was
performed using a Nikon polarizing microscope equipped
with a rotating, temperature controlled hot stage. Tran-
sition temperatures of the systems with monomer and
polymer network were found by heating to the isotropic
state and then cooling slowly at approximately 1°C min ~ 1.
The clearing point, the smectic A — smectic C* transition
and the smectic C* — semi-crystalline transition were
determined by observing optical changes and switching
behaviour. These phase transitions were confirmed by
those obtained from differential scanning calorimetry
(Perkin—Elmer DSC 7) using a scan rate of 5°Cmin .
Enthalpies of transition were also obtained from the DSC
experiments.

Tilt angle and switching speed were determined
utilizing polarizing microscopy. The tilt angle was
determined by halving the angle of rotation between the
two points of maximum and minimum transmission
during switching. To determine optical response time,
samples were placed in a 4 pm rubbed polyimide, indium
tin oxide coated cell (Standish, Lake Hills WI). A square
wave potential of 8 V um ~! was then applied across the
cell. He/Ne laser light (10 mW) was passed through the
cell, and its intensity was determined by an optical
intensity sensor. The optical response time was then found
using a digitizing oscilloscope [22].

Polarization and rotational viscosity were determined
utilizing an Automated Polarizations Tester (Dis-
playtech). This instrument measures these quantities
utilizing techniques described previously [22,23]. A
6 Vum~' potential is applied across a 4um cell for
rotational viscosity measurements and across a 10 um cell
for ferroelectric polarization measurements.

Monitored polymerizations of monomer/initiator/FLC
mixtures were performed in a differential scanning
calorimeter (Perkin—Elmer DSC 7) modified with a
photocalorimetry accessory. Polymerizations were carried
out in the smectic C* phase, 15°C below the smectic
A — smectic C* transition. The heat of polymerization
was also measured and used to calculate the relative rate
as such:

@M

Rate =
nAH aMass

where /s is heat flow per second, M is the molar mass of
the monomer, n is the number of double bonds per
monomer molecule, AHp, is the heat released per mol of
double bonds reacted (the accepted value for acrylates
of 86-2 kI mol ™ ' [24] was used in this study) and the mass
is the mass of monomer in the sample. Double bond
conversion is calculated by integrating the rate of
polymerization as a function of time.

3. Results and discussion

3.1. Phase behaviour

The phase diagram for the monomer (PPDA) and FLC
mixture is presented in figure 2. The temperature of the
isotropic to smectic A transition decreases almost linearly
with concentration as expected for a first order transition,
However, the decrease for the smectic A to smectic C*
transition is much more pronounced, and this sharp
decrease continues until the FLC is saturated with
monomer. At this point distinct monomer rich and FLC
rich domains are seen in both the smectic A and smectic
C* phases. This saturation point is reached at approxi-
mately 13 wt% monomer. After saturation, the tempera-
ture of both second order transitions, smectic A to smectic
C* and smectic C* to a more ordered smectic, remain
nearly independent of concentration. The range of temper-
atures for coexistence of the isotropic and smectic A
phases increases until saturation is reached, and a distinct
smectic A phase is evident over an ever smaller range until
no distinct smectic A phase is observed.

After polymerization, the phase behaviour changes
dramatically as shown in figure 3. The interactions which
considerably lower the transitions in monomer/FLC
systems are not significant in polymer/FL.C systems. This
factor indicates phase separation of the polymer network
during polymerization.

The enthalpies of the isotropic to smectic A iransitions
(AHya) for polymer and monomer systems are presented
in figure 4. This enthalpy decreases monotonically with
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Figure 2. Phase diagram of FLC(W82, W7, 1:1) with varying
percentages of PPDA monomer. At temperatures below the
smectic C* phase, a more ordered smectic phase is present.
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Figure 3. Phase diagram of FL.C with varying percentages of
PPDA polymer network.

increasing monomer concentration. A small initial de-
crease is seen for polymer systems, but then AHi4 plateaus
at a value approximately 90 per cent of the value for the
pure FLC. Thus, the polymer interacts to some extent with
the LC molecules, but this interaction is limited and does
not change with increasing amounts of polymer network.
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Figure 4. The heat of the ncmatic—-isotropic transition
(per gram of liquid crystal) for monomer (O) and polymer
([]) systems.

This evidence also supports the view that the polymer
network phase separates.

3.2. Electro-optical characteristics

In order to investigate the effects of the monomer or the
polymer network on the FLC mixture, the ferroelectric
polarization density, P, of the samples was measured using
an Automated Polarization Tester. The value of P
decreases considerably after addition of monomer and
remains nearly constant after polymerization, as indicated
for one weight per cent monomer and polymer as shown
in figure 5. This decrease continues until more than 70 per
cent of the net dipole is lost in systems with five per cent
polymer network (see figure 6). Polarization decreases to
some extent simply due to the dilution of the FLC by
monomer and presence of the polymer. The decrease,
however, is greater than would be predicted simply by the
decrease in amount of liquid crystal. This indicates that
increased disorder is generated within the liquid crystal
matrix due to additional freedom around the axis normal
to the smectic layers. By contrast, the decrease in the net
dipole after the polymer network is formed is due to the
network-hindering of liquid crystal molecules adjacent to
the network structure. The polymer network also de-
creases the magnitude of the temperature dependence on
polar order, particularly at temperatures approaching the
smectic C* to semi-crystalline transition.

As seen in figure 7, the rotational viscosity shows
decreases similar to that seen for the net macroscopic
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Figure 5. Polarization as a function of temperature for pure
WHE2, W7 (1:1) (O), 1 per cent PPDA monomer (), and
1 per cent PPDA polymer (A).
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Figure 6. Polarization as a function of temperature for
W82, W7 (1:1) with 0 per cent (O), 0-5 per cent (1), 1 per
cent(A), 3 percent (V), and 5 per cent (&) PPDA polymer.

dipole. The measure of rotational viscosity is highly
dependent on this measured polarization, and the mea-
sured polarization values for samples before and after
polymerization are approximately equal. The optical
response for these same samples is approximately the
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Figure 7. Rotational viscosity as a function of temperature for
pure FLC (Q), 1 per cent PPDA monomer ([J), and 1 per
cent PPDA polymer (A).

same (see figure 9); thus the rotational viscosity decrease
can be attributed to the decrease in ferroelectric polariza-
tion.

3.3. Optical properties

The presence of a polymer network considerably alters
the optical properties in PDFLC and PSFLC systems.
Optical micrographs of selected samples are shown in
figure 8. After addition of monomer, the number of defects
increases slightly, but the sample appears similar to pure
FLC below monomer concentrations close to the satu-
ration point. As described previously, once the saturation
point is reached monomer rich and FLC rich domains are
observed in all liquid crystal phases. Interestingly, both
domains switch upon application of an electric field.

Polymerized samples at any concentration of polymer
network, however, have much different characteristics
from pure W82, W7 or the monomer/W82, W7 mixtures.
In contrast to the monomer/W82, W7 mixtures, which
show distinct isotropic monomer (see figure 8 (f)), the
polymer/W382, W7 mixtures show no distinct polymer rich
and FLC rich domains. The isotropic monomer rich drops
are depleted during polymerization and the polymer
network is continuous throughout the FLC. The monomer
is a solid at the temperatures at which the polymerization
proceeds and thus the monomer rich droplets do not
polymerize and the monomer must diffuse into the FL.C
rich phase to become part of the polymer network. In the
polymer case, defects are numerous even at very low
concentrations, and as concentration is increased the FLC
domains decrease considerably in size. At higher concen-
trations, little, if any, alignment is observed and macro-
scopic polymer networks are observed (see linear objects
in figure 8 (e)). These results indicate that polymerization
creates small pockets of liquid crystal confined within the
polymer network structure. In saturated samples, once the
monomer is depleted by polymerization within the liquid
crystal, monomer diffuses from the monomer rich do-
mains and reacts to become part of the network.

Considerable changes are also seen in optical response
time upon polymerization as shown in figure 9. Response
time changes little when monomer or a small amount of
polymer is added. Once polymer concentrations as low as
three per cent are reached, however, a considerable
increase in response time is observed. At this point the size
of FLC domains is decreased enough to constrain the
reorientation of the liquid crystal molecules. The energy
barriers resisting rotation and thus response time increase.
The tilt angle is independent of monomer concentration,
but decreases after polymerization (see figure 10).

3.4. Polymerization behaviour
To examine the effects of the FL.C on polymerization,
both polymerization rate (see figure 11) and double
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Figure 9. Optical response time at various temperatures for
W82, W7 (1:1) with 0 per cent PPDA monomer (O), 1 per
cent PPDA monomer (), 1 per cent PPDA polymer
network (A), and 3 per cent PPDA polymer network (V).

conversion (see figure 12) were monitored. In figure 11,
the rate of polymerization is presented as a normalized rate
in which the absolute rate is divided by the initial monomer
concentration. In this manner the comparison of rates at
different monomer concentrations is facilitated. For
concentrations lower than one per cent monomer, the
normalized polymerization rate is relatively low. For these
monomer concentrations the monomer and polymer are
extremely dilute in the liquid crystal, and the presence of
this large amount of solvent (i.e. liquid crystal) prevents
auto-acceleration from occurring. It is also probable that
the rate is reduced because the dilution reduces the initiator
efficiency.

Above three per cent monomer, different samples reach
the maximum rate at approximately the same time after
polymerization begins. The maximum normalized rate
increases with concentration until saturation is reached.
The increase in the normalized rate is caused by more
pronounced auto-acceleration in the presence of a network
with higher crosslink density. Beyond the point at which

Figure 8. Optical micrographs (Xx200) of W82, W7
(1:1) with (@) no monomer in the smectic C* at 30°C,
(b) 1 per cent PPDA polymer in the smectic C* at 30°C,
(c) 3 per cent PPDA polymer in the smectic C* at 30°C,
(d) 5 per cent PPDA polymer in the smectic C* at 30°C,
(e) 25 per cent PPDA polymer in the smectic C* at 30°C,
and (f) 10 per cent PPDA monomer with smectic A and
isotropic phases at 40°C.
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Figure 10. Tilt angle as a function of temperature for W82, W7
(1:1) with O per cent PPDA monomer (O), 1 per cent PPDA
monomer (1), and ! per cent PPDA polymer network (A).

monomer saturation is the LC occurs, the maximum rate
then begins to decrease.

Similar effects are also seen when double bond
conversion is examined as seen in figure 12. Double bond

005 -1
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Rate of Polymerization/1/s

001 -|
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Figure 11. Rate of polymerization as a function of time for
polarizing samples of 0-5 per cent (O), 3 per cent (OJ), 5 per
cent (A), 10 per cent (V), 25 per cent (<), and 90 per cent
(@) PPDA in W82, W7 (1:1).
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Figure 12. Double bond conversion as a function of time for
polymerizing samples of 0-5 per cent (O), 3 per cent ((7),
5 per cent (A\), 10 per cent (V), 25 per cent (<), and 90 per
cent (@) PPDA in W82, W7 (1:1).

conversion is slightly higher for lower monomer concen-
trations. For such samples the amount of network is small,
and thus the network is more flexible and fewer double
bonds are trapped and unable to react. As concentration of
monomer is increased, the density of the network also
increases. This effect limits the mobility of double bonds
which are then less able to react, and the conversion
decreases correspondingly. Despite this small decrease,
double bond conversion is fairly comparable for samples
with less than 75 per cent monomer. This indicates that the
amount of unreacted monomer and pendant double bonds
is relatively independent of concentration. Above 75 per
cent monomer, solidification of the monomer phase plays
a significant role and only low double bond conversions
are achieved.

4. Conclusions

Addition of a low molar mass diacrylate monomer to a
ferroelectric liquid crystal matrix dramatically affects
phase behaviour, as well as optical and electro-optical
properties. The monomer lowers the temperatures of
transition to the more ordered phases and decreases the
percentage of liquid crystal that exhibits typical phasc
behaviour. The net ferroelectric dipole also decreases
considerably upon addition of monomer as the monomer
molecules allow for greater freedom around the long axis.
The creation of polymer networks within these systems via
photopolymerization induces different effects. The poly-

mer network causes only small changes to the phase and
transition behaviour which indicates phase separation of
the polymer network. As the concentration of network
increases, the liquid crystal domain size decreases. Upon
generation of small concentrations of network and thus
large L.C domains, the optical response does not change.
As the LC domains are reduced in size with increasing
network concentration, the optical response time in-
creases. Such adverse effects are small at low percentages
of polymer network, less than 3 per cent, and characteris-
tics are not significantly changed as compared to the pure
FLC.

Polymerization behaviour is strongly dependent on the
amount of monomer. The polymerization is relatively
slow for very low and for very high concentrations due to
plasticization and solidification effects, respectively. The
polymerizations for intermediate concentrations occur on
a much faster time scale, with the maximum rate
increasing with concentration until the saturation point of
monomer in the liquid crystal is reached. Once saturation
is exceeded, the maximum rate decreases as increasing
amounts of monomer must also diffuse from the monomer
rich phase. Double bond conversion and thus network
density are comparable for most concentrations.

The authors would like to acknowledge gratefully the
National Science Foundation (MRG Grant # DMR-
9224168) and the Department of Defense for supporting
this research.

References
[1] HikmET, R. A. M., 1990, J. appl. Phys., 68, 4406.
[2] DoANE,]. W., GOLEMME, A., WEST, J. L., WHITEHEAD, J. B,
and Wu, B.-G., 1988, Molec. Crystals lig. Crystals,
165, 511.
[3]1 DoANE, J. W., Vaz, N., Wu, B.-G., and ZUMER, S., 1986,
Appl. Phys. Lett., 48, 269.
[4] HikmEeT, R. A. M., 1991, Lig. Crystals, 9, 405.
[5] HikMmET,R. A.M., and ZWERVER, B.H., 1991, Lig. Crystals,
10, 835.
[6] HixMET,R. A.M.,and ZWERVER,B.H., 1992, Lig. Crystals,
12, 319.
[7]1 HikmET,R. A. M., and ZWERVER, B. H., 1993, Liq. Crys:als,
13, 561.
[8] Braun, D., Frick, G., GrReLL, M., KLINES, M., and
WENDORFF, J. H., 1992, Lig. Crystals, 11, 929.
[9] YamacGucHt, R., and SATO, S., 1993, Lig. Crystals, 14, 929.
[10] PracCELLA, M., BRESCL, B., and NicoLArDI, C., 1993, Lig.
Crystals, 14, 881.
[11] HIKMET, R. A. M., ZWERVER, B. H., and Lus, J., 1994,
Macromolecules, 27, 6722.
[12] ALT, P. M., and PLESHKO, P., 1974, IEEFE Trans. Electron
Devices, 21, 146.
[13] HANDSHY, M. A., JounsoN, K. M., MobpEL, G., and
PAGANO-STAUFFER, L. A., 1988, Ferroelectrics, 85, 279.
{14] WaLBa,D. M., 1991, Adv. Synthesis React. Solids, 1, 173.
[15]1 CLARK, N. A., and LAGERWALL, S. T., 1980, Appl. Phys.
Lert., 36, 899.



09: 35 26 January 2011

Downl oaded At:

Polymer stabilized ferroelectric LC 727

[16] Kitzerow, H.-S., 1994, Liq. Crystals, 16, 1.

[17] Komitov, L., LAGERWALL, S. T., and CHIDICHIMO, G., 1994,
Proceedings of the SPIE Symposium on Electronic
Imaging: Science and Technology, 2175, 160.

[18] Prs, J., BLINC, R., MARTIN, B., Musevic, L, Prs, S,
ZUMER, S., and DOANE, J. W., 1992, 14th International
Liquid Crystal Conference, Pisa, Italy, Poster C-P89.

[19] LEg,K.,SuH,S.-W.,and LEE,S.-D., 1994, Appl. Phys. Lett.,
64, 718.

[20] Zyryanov, V. YA., SMORGON, S. L., and SHABANOV, V. F,,
1993, Ferroelectrics, 143, 271.

[21] MoLSEN, H., and KitzErow, H.-S., 1994, J. appl. Phys.,
78, 710.

{22] DanL, I, LAGERWALL, S. T., and Skare, K., 1987, Phys.
Rev. A, 36, 4380.

[23] EsCHER, C., GEELHAAR, T., and Boum, E., 1988, Lig.
Crystals, 3, 469.

[24] Mooreg, J. E., 1977, Chemistry and Properties of
Crosslinked Polymers, edited by S. Labana (Academic
Press, New York), p. 535.



