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networks dispersed in chiral nematic liquid crystal having positive dielectric anisotropy, the polymer being present in an amount
less than 10 % by weight of the total weight of the material and, preferably, being cross-linked. The liquid crystal in the vicinity of
the polydomains is less responsive to an applied field than surrounding regions of liquid crystal, whereby the new material exhi-
bits different optical states in response to different field conditions. In one embodiment, the material is light scattering in a field-
OFF condition and optically clear in a field-ON condition, while in another embodiment, the new material is optically clear in a
field-OFF condition and light scattering in a filed-ON condition. In still another embodiment, the new material exhibits stability
at zero field in both a colored, light reflecting state and a light scattering state, as well as being optically clear in the presence of a
field.




applications under the PCT.

AT
Al
BB
BE
BF
BG
BJ
BR
CA
CF
cG
CH
[&]
(&3]
Cs
DE
DK
Es

FOR THE PURPOSES OF INFORMATION ONLY

Cades used to identify States party to the PCT on the front pages of pamphiets publishing international

Austrii
Australia
Barbados
Belgium
Burkini Faso
Bulgarta
Benin

Brivil

Canada
Central Alrican Republic
Congo
Switzetland
Cote d’ivoire
Cameroon
Crechoslovakia
Germany
Denmark
Spain

Fi
FR
GA
GB
GN
GR
HU
IE
1T
JP
Kp

KR

LK
LU
MC
MG

Finland

France

Gabon

Umited Kingdom
Guinca

Greeee

Hungary

Ircland

haly

Japan

Democratic People’s Republic
of Korca
Republic of Korea
Licchienstein

Sri Lanka
Luxembourg
Monaco
Madagascar

Ml.
MN
MR
MW
NL
NO

Mali

Mongolia
Mauritania
Malawi
Netherlands
Norway

Poland

Romania

Russian Federation
Sudan

Swedden

Senegal

Sovict Union

Chad

Togo

United States of America

<

V)



WO 92/19695 PCT/US92/03504

10

15

20

25

30

CRYSTALLINE LIGHT MODULATING DEVICE & MATERIAL

BACKGROUND OF THE INVENTION

TECHNICAL FIELD

The present invention relates generally to liquid crystalline light
modulating devices, and more specifically to new phase-separated polymeric-
liquid crystalline display cells and materials which exhibit different optical states
under different electrical field conditions and are characterized by a unique |
combination of properties, including optical bistability and haze-free light

transmission at all viewing angles in either a field-ON or field-OFF mode.

DESCRIPTION OF THE RELATED ART
Electrically switchable liquid crystal-polymer films intended for use in

various electro-optical devices have been prepared by mechanical entrapment
procedures. One such technique involves imbibing liquid crystal into micropores
of a plastic or glass sheet. Another technique involves evaporation of water |
from an aqueous emulsion of nematic liquid crystal in a solution of water-soluble

polymer such as polyvinyl alcohol or in a latex emulsion.
A different procedure offering significant advantages over mechanical

entfapment techniques and the emulsification procedure involves phase
separation of nematic liquid crystal from a homogeneous solution with a suitable
synthetic resin to form a liquid crystal phase dispersed with a polymer phase.
The resulting materials are referred to as polymer dispersed liquid crystal
(PDLC) films. Some of the advantages of PDLC films are discussed in U.S.
Patent Nos. 4,671,618; 4,673,255; 4,685,771; and 4,788,900; the disclosures of
which are incorporated by reference. PDLC films have been shown to be useful
in many applications ranging from large area displays and switchable coatings for
windows to projection displays and high-definition television.

The methods of phase separation can be carried out by polymerization
initiated by addition of a curing agent, by ultraviolet light or by cooling into the
region of immiscibility. Another method is evaporating a solvent from a matrix-

producing composition of a solution of polymer and liquid crystal in the solvent.
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The various methods of preparing PDLC films are accompanied by
techniques of matching and mismatching the effective index of refraction of the
liquid crystal phase with the index of refraction of the polymer to achieve the
desired viewing angle in which displays, windows, etc. incorporating the films may
be made viewable or clear. In the case of PDLC films made with liquid crystal
having positive dielectric anisotropy, the ordinary index of refraction of a liquid
crystal typically is matched to the refractive index of the polymer so that in a
field-ON state, the display or window appears visible or clear because the optical
axes of refraction of the liquid crystal are aligned parallel to the field and normal
to the viewing surface. In the field-OFF state, the optical axes of the liquid
crystal and polymer are misaligned and randomly oriented so that incident light
is scattered and the display or window appears opaque.

In windows or displays as described above in which the ordinary index of
refraction of the liquid crystal is matched to the refractive index of the polymer,
the device appears most transparent (field-ON state) when viewed along the
direction of the field which is usually normal to the viewing surface.
Transparency decreases giving rise to increasing "haze" at increasing oblique
viewing angles until an essentially opaque appearance is detected at an oblique
enough angle. This condition of haze results from the fact that the farther the
viewing angle is from the orthogonal, the greater is the perceived mismatch
between the effective index of refraction of the liquid crystal and the refractive
index of the matrix.

A further development of PDLC films disclosed in U.S. Patent
Application Ser. No. 07/324,051, now U.S. Patent No. 4,994,204 issued February
19, 1991, involves the use of a birefringent polymer, e.g., a liquid crystal polymer.
The PDLC film prepared with the birefringent polymer has the characteristic of
displaying haze-free transparency for all directions of incident light. This is
accomplished by matching the ordinary and extraordinary indices of refraction of
the polymer to the ordinary and extraordinary indices of refraction of the liquid
crystal.

PDLC films made with birefringent polymer can operate in the normal
manner so that they are clear in a field-ON state and light scattering in a field-

OFF state. Alternatively, the films can be made to operate in a reverse or "fail-
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safe" mode such that the material is clear in the absence of a field and is light

scattering in the field-ON state.

DISCIL.OSURE OF THE INVENTION
The invention is a new electrically switchable, PDLC material which

exhibits a unique combination of properties that afford major advantages over
preceding technology. For example, the new material can operate either in the
mode of being light scattering in a field-OFF condition and clear in a field-ON
condition or in the reverse mode of being clear in the field-OFF condition and
light scattering in the field-ON condition. In both instances, the material is haze-
free at all viewing angles when in the clear state.

Another important feature of the invention is that the new PDLC
material can be prepared so that it exhibits two optically different states, both of
which are stable in the absence of an applied field. When incorporated in a
display device, the material can be driven from one state to another by an
electric field. A low electric field pulse results in a light scattering state which is
white in appearance. The application of a high electric field pulse, i.., an
electric field high enough to homeotropically align the liquid crystal directors,
drives the material to a light reflecting state that can be any desired color. The
light scattering and light reflecting states remain stable at zero field. If a high
electric field is maintained, the material is transparent until the field is removed.
When the field is turned off quickly, the material reforms to the light reflecting
state and, when the field is turned off slowly, the material reforms to the light
scattering state. Application of mechanical stress to the material can also be
used to drive the material from the light scattering to the light reflecting state.

A major advantage of the bistable material is that it does not require an
active matrix to make a high-definition flat panel screen. The screen can be
prepared without active elements at each pixel site and a multiplexing scheme
used to address the display. This greatly simplifies production, increases yield
and reduces the cost of the display.

Multiplexed flat panel liquid crystal displays are not new and have been
developed primarily with super twisted nematic materials for applications such as

lap-top computer screens where speed, contrast or color is not an important
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issue. Ferroelectric liquid crystals, which exhibit a surface stabilized bistable
state, also can be multiplexed. These displays have not proven to be
commercially viable because the surface is not stable over long periods of time
or under severe operating conditions. The new material of the present provides
several advantages in that the light scattering and light reflecting states are
materially stabilized without requiring delicate surface conditions. Display
devices made with the material of the invention do not require polarizers which
limit the brightness of the displays. Furthermore, color is introduced by the
material itself without the need of color filters which also can reduce brightness.

The PDLC liquid crystalline light modulating material of the invention is
incorporated in a cell having wall structure treated to align the liquid crystal
molecules and any suitable addressing means for establishing a field through the
material. The addressing means can be of any type known in the art, such as an
active matrix, a multiplexing circuit, electrodes, etc. The new liquid crystalline
light modulating material comprises phase-separated polydomains of polymer
network dispersed in a chiral nematic liquid crystal having positive dielectric
anisotropy. The polymer is present in an amount less than 10% by weight based
on the combined weight of chiral liquid crystal and polymer. The liquid crystal
molecules in the vicinity of the polydomains are preferentially oriented and are
anchored by the polymer network so as to be less responsive to an applied field
than the surrounding liquid crystal molecules whose orientation is strongly
influenced by field conditions and the surface aligning effect of the cell walls. As
a result, the new material can be made to exhibit different optical states, i.e.,
light scattering, light reflecting and light transmitting, under different field
conditions.

The monomeric material used to form the polymer networks is soluble
with the chiral nematic liquid crystal and phase separates upon polymerization to
form ordered polymer networks. Examples of useful monomers have at least
two polymerizable double bonds so as to be cross-linkable, and include
bisacrylates and the like. The chiral nematic liquid crystal is a mixture of
nematic liquid crystal having positive dielectric anisotropy and chiral material in

an amount sufficient to produce a desired pitch length.
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In cells which operate in either the normal mode of being light scattering
in a field-OFF condition and light transmitting in a field-ON condition or the
reverse mode of being light transmitting in the field-OFF condition and light
scattering in a field-ON condition, the chiral nematic liquid crystal has a pitch
length effective to reflect light in the infra-red spectrum. A preferred pitch
length for normal mode cells ranges from about 1.3 to about 1.6 microns, and a
preferred pitch length for reverse mode cells ranges from about 1.3 to about 3.7
microns. Liquid crystalline light modulating materials that operate in the normal
mode have been prepared with chiral nematic liquid crystal containing from
about 9 to about 11% by weight, chiral material based on the combined weight
of nematic liquid crystal and chiral material, and from about 2.5 to about 5% by
weight polymer based on the combined weight of the chiral liquid crystal and
polymer. Examples of liquid crystalline material capable of operating in a
reverse mode comprise chiral nematic liquid crystal containing from about 4 to
about 12% by weight chiral material based on the combined weight of nematic
liquid crystal and chiral material, and from about 2.4 to about 5% by weight
polymer based on the combined weight of the chiral liquid crystal mixture and
polymer. It will be understood that, in both instances, the weight amounts can
vary depending upon the particular liquid crystal, chiral material and polymer
which are used.

The solution of chiral nematic liquid crystal and polymer preferably
contains a small amount of photo-initiator. In carrying out the invention, the
solution is introduced into a cell, having its walls treated in any suitable manner
to provide for surface alignment of the liquid crystal molecules parallel to the
cell walls. The cell walls may, for example, be provided with rubbed polyimide
layers or treated with detergent or chemicals, etc., all as is known in the art.
Polymerization is initiated in any suitable manner, as by UV radiation. Under
polymerization conditions, the polymer phase separates from the chiral nematic
liquid crystal and forms polydomains consisting of cross-linked polymer
molecules. The liquid crystal molecules in proximity to the polydomains are
preferentially oriented and are anchored by the polymer network.

In the case of normal mode cells, polymerization takes place in the

presence of an electric field that aligns the crystal liquid molecules orthogonally
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to the cell walls. When polymerization has been completed and the electric field
removed, the liquid crystal molecules in the vicinity of the polymer networks are
anchored in a preferential homeotropic alignment. The surrounding chiral liquid
crystal has a focal conic texture which results from competition between the
surface aligning effect of the cell walls and the constraining effect of the polymer
network. In the field-OFF condition, the polymer-liquid crystalline material is
strongly light scattering and the cell is opaque. In the field-ON condition, the
focal conic texture reforms to homeotropic alignment so that the cell is optically
clear. There is negligible variation or fluctuation of refractive index throughout
the liquid crystalline material because of the homeotropic alignment of the liquid
crystal molecules and the very small amount of polymer in the composition.
Therefore, the cell is haze-free at all viewing angles.

In the case of reverse mode cells, polymerization takes place in the
absence of a field. Because of the surface aligning effect of the cell walls, the
liquid crystal molecules throughout the cell have a twisted planar structure. In
the absence of a field, the cell is optically clear, since there is no reflecting or
scattering in the visible light region. In a field-ON condition, the liquid crystal
molecules in proximity to the polydomains prefer the twisted planar structure
due to the anchoring effect of the polymer network. The surrounding liquid
crystal molecules have a focal conic texture in the presence of the field as a
result of competition of the surface alignment effect, the electric field and the
constraint of the liquid crystal-polymer composition. In this condition, the cell is
strongly light scattering.

As generally described above, an important embodiment of the invention
is a liquid crystalline light modulating material that exhibits a stable, light
reflecting colored state, a stable light scattering state, and an optically clear state.
In this embodiment, the chiral nematic liquid crystal has a pitch length in a
preferred range of from about 0.25 to 0.44 microns effective to reflect circularly
polarized colored light. Typical pitch lengths are 0.27 microns for blue color,
0.31 microns for green color and 0.40 microns for red color. Bistable color
display materials have been prepared containing from about 27 to 48% chiral
material based on the combined weight of nematic liquid crystal and chiral

material, and from about 1.0 to about 4.5% polymer based on the combined
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weight of the chiral nematic liquid crystal mixture and polymer. The ranges can
vary, however, depending upon the chiral material, liquid crystal and the polymer
which are used.

The bistable color display of cells are prepared by phase separating and
polymerizing the liquid crystal-polymer solution with UV radiation, either in zero
field or in a field effective to align the liquid crystal directors. In both instances,
the polymer networks that are created in the material serve to stabilize the light
scattering state resulting from application of a low electric field pulse and the
light reflecting state resulting from application of a high electric field pulse.

In the field-OFF condition with the liquid crystal molecules in a twisted
planar structure parallel to the cell walls, the cell is in a colored light reflecting
state. This state can be made to appear as green, red, blue, or any pre-selected
color depending upon the pitch length of the chiral nematic liquid crystal. When
a low electric field, e.g. 6 volts per micron of thickness, is applied to the cell, it
will switch to a white, light scattering state. In this state, the liquid crystal
molecules surrounding the polydomains have a focal conic texture as a result of
the competition of the surface aligning effect, the electric field and the constraint
of the polymer networks. The material will remain in the light scattering state
when the low electric field is removed. If a higher electric field, e.g. 12 volts per
micron of thickness, is applied to the cell, the material becomes optically clear
until the voltage is removed. If the electric field is turned off quickly, the
material switches to the uniform twisted planar structure which has the pre-
selected color dictated by the pitch length. The light reflecting state remains
stable at zero field condition. If the field is turned off slowly, the material
changes to its light scattering state which also remains stable at zero field
condition.

Many additional features, advantages and a fuller understanding of the
invention will be had from the following detailed description of preferred

embodiments and the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a diagrammatic, cross-sectional view of a light modulating cell

incorporating the polymer-liquid crystalline material of the invention.
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Figure 2 is a diagrammatic, fragmentary, enlarged cross-sectional view of
the new material when the liquid crystal is homeotropically aligned to affect an
optically clear state.

Figure 3 is a diagrammatic, fragmentary, enlarged cross-sectional view of
the material in a light scattering state wherein the liquid crystal in proximity to
the polydomains is homeotropically aligned, while the surrounding liquid crystal
has a focal conic structure.

Figure 4 is a diagrammatic, fragmentary, enlarged cross-sectional view of
the material when the liquid crystal has a twisted planar structure.

Figure 5 is a diagrammatic, fragmentary, enlarged cross-sectional view of
the material wherein the liquid crystal in proximity to the polydomains has a

twisted planar structure, while the surrounding liquid crystal has a focal conic

texture.

DESCRIPTION OF PREFERRED EMBODIMENTS
The diagrammatically illustrated cell in Figure 1 comprises glass plates 10,
11 which are sealed around their edges and separated by spacers 12. As shown,

the glass plates 10, 11 are coated indium-tin oxide or the like to form trans-
parent electrodes 13. The electrodes 13 are provided with rubbed polyimide
coatings 14 in order to affect homogeneous surface alignment of the liquid
crystal directors.

The cell of Figure 1 is filled with the polymer-liquid crystalline material of
the invention. The liquid crystalline light modulating material is generally
comprised of phase-separated polydomains 15 of polymer network dispersed in
surrounding chiral nematic liquid crystal 16 having positive dielectric anisotropy.
An AC voltage source 17 is shown connected to the electrodes 13 in order to
switch the cell between different optical states.

It is to be understood that the form of the cell depicted in Figure 1 has
been chosen only for the purpose of describing a particular embodiment and
function of the new liquid crystalline light modulating material of the invention,
and that the new material can be addressed in various ways and incorporated in
other types of cells. For example, instead of being addressed by externally

activated electrodes, the new material can be addressed by an active matrix, a
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multiplexing scheme or other type of circuitry, all of which will be evident to
those working in the art.

In accordance with the invention, the polydomains 15-are defined by
cross-linked polymer networks which are phase separated from a solution with
the chiral nematic liquid crystal. As will be explained in more detail, the chiral
nematic liquid crystal in proximity to the polydomains 15 is preferentially
oriented and the liquid crystal molecules are anchored by the cross-linked
polymer so as to be less responsive to an applied field than the surrounding
liquid crystal. The liquid crystal surrounding the polydomains is responsive to
field conditions, whereby the cell will exhibit different optical states under

different field conditions.
The polymer content is less than 10% by weight based on the combined

weight of chiral nematic liquid crystal and polymer. In preferred compositions,
the polymer content ranges from about 1.5 to about 5%. Normal mode and
reverse mode operating materials usually contain polymer in an amount ranging
from about 2.4 to 5.0%, while bistable materials usually contain from about 1.0
to about 4.5% polymer. It is to be understood that the polymer content is
subject to some variation, inasmuch as what constitutes a desirable or
undesirable appearance of the cell in its various optical states is a matter of
subjective judgment.

In a preferred matter of preparing the cell shown in Figure 1, the
polymer, which preferably can be polymerized by UV radiation, is dissolved with
the chiral nematic liquid crystal together with a small amount of photo-initiator.
The solution is then introduced between the glass plates 10, 11 having the
rubbed polyimide coatings 14. The solution is irradiated in situ with UV light to
affect polymerization and concomitant phase separation of the polymer to form
the polydomains 15. The radiation of the monomer-liquid crystal solution can
take place either in the presence of an electric field effective to homeotropically
align the liquid crystal directors or in zero field. In the latter case, the surface
aligning effect of the polyimide layers 14 causes the liquid crystal molecules to be

oriented in a twisted planar structure parallel to the cell walls.

SUBSTITUTE SHEET



WO 92/19695

10

15

20

25

30

PCT/US92/03504

10
Normal Mode Cells

Normal mode cells which scatter light in a field-OFF condition and are
optically clear in a field-ON condition are prepared using a chiral nematic liquid
crystal effective to reflect light in the infra-red spectrum. A preferred pitch
length ranges from about 1.3 to about 1.6 microns. Liquid crystalline light
modulating materials having the desired pitch length may contain from about 9
to about 11% by weight chiral material based on the combined weight of
nematic liquid crystal and chiral material; although, the weight amounts can vary
depending upon the particular liquid crystal, chiral material and polymer which
are used.

Normal mode cells are prepared by irradiating the monomer-liquid crystal
solution in the presence of an electric field. As shown in Figure 2, the electric
field is effective to untwist the chiral nematic liquid crystal molecules and
homeotropically align the liquid crystal directors 20. A single polydomain 15is
conceptually illustrated in Figure 2.

Each of the polydomains 15 is believed to be a complex, cross-linked,
three-dimensional network. When the electric field is turned off as illustrated in
Figure 3, the liquid crystal in the vicinity of each polydomain 15 tends to remain
homeotropically aligned because of the anchoring affect of the polymer network.
The surrounding liquid crystal indicated by reference numeral 30 tends to reform
to a focal conic texture, i.e., helically twisted molecules having randomly oriented
helical axes. The focal conic texture results from competition between the
surface aligning effect of the rubbed polyimide layers 14 and the constraining
effect of the polymer networks throughout the liquid crystal. In the field-OFF
condition illustrated in Figure 3, the polymer-liquid crystalline material is strongly
light scattering independent of the polarization of incident light.

When the electric field is turned on to homeotropically align the liquid
crystal directors as shown in Figure 2, the polymer-liquid crystalline material is
optically clear. Because of the very small amount of polymer in the composition,
there is no significant variation or fluctuation of a refractive index throughout the

liquid crystalline material. Therefore, the cell incorporating the material is haze-

free at all viewing angles.
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Example 1
A normal mode cell, light scattering in the field-OFF condition and

optically clear in a field-ON condition, was prepared using a solution of chiral
nematic liquid crystal containing 8.8% by weight chiral material based on the
combined weight of nematic liquid crystal and chiral material, and 2.9% by
weight of a cross-linking monomer based on the combined weight of chiral
nematic liquid crystal and monomer. The chiral nematic liquid crystal had a
pitch length of about 1.4 microns.

The polymerizable solution consisted of:

175.2 mg. of E-31LV nematic liquid crystal mixture;

8.3 mg. of 4"-(2-methylbutylphenyl) - 4-(2-methylbutyl)-4-biphenyl
carboxylate (chiral material);

8.5 mg. of 4-cyano-4’-(2-methyl) butylbiphenyl (chiral material);
5.7 mg. of bisacryloyl biphenyl (monomer) , and -

1.0 mg. of benzoin methyl ether (photo-initiator).

E-31LV consists essentially of a mixture of: 4 ethyl 4’-cyanobiphenyl, 4-
butyl-4’-cyanobiphenyl, 4-hexyl-4’-cyanobiphenyl, 4-methoxy-4’-cyanobiphenyl, 4-
propyloxy-4’-cyanobiphenyl, 4-pentyl-4’-cyanoterphenyl and 4-(4-ethylbiphenyl-4-
carbonyloxy) methyl benzene.

A cell having two glass plates sealed at the edges and separated by 8
micron thick Mylar spacers was filled with the polymerizable solution. The glass
plates were coated with indium-tin oxide to provide transparent electrodes. The
electrodes were coated with polyimide and buffed to affect homogeneous surface
alignment of the liquid crystal.

The filled cell was irradiated with U.V. light to polymerize the monomer
and cause phase separation of the polymer into polydomains of polymer network
throughout the chiral liquid crystal. While the cell was being irradiated, an AC
electric voltage was applied to cause homeotropic alignment of the liquid crystal.

At zero field, the cell was opaque or light scattering and the transmittance
in this state was less than 5%. When an AC voltage (V,,,=35V) was applied
across the cell, it became optically clear. In the field-ON condition, the cell was

transparent for incident light at all viewing angles.
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Example 2

The following tests were performed to examine the effect of varying the
pitch length and concentration of chiral material on the light scattering ability of
the cell in the field-OFF state.

A normal mode cell was prepared using a solution of chiral nematic liquid
crystal containing 11.1% by weight chiral material based on the combined weight
of nematic liquid crystal and chiral material, and 2.9% by weight of a cross-
linking monomer based on the combined weight of chiral nematic liquid crystal
and monomer. The chiral nematic liquid crystal had a pitch length of about 1.4
microns.

The polymerizable solution consisted of:
144 mg. of E-31LV nematic liquid crystal mixture from EM
Industries;
18 mg. of 4-cyano-4’-(2-methyl) butylbiphenyl (chiral material);
4.9 mg. of 4,4’-bisacryloyl biphenyl (monomer); and
1.0 mg. of benzoin methyl ether (photo-initiator).
The cell was prepared as in Example 1. An AC electric voltage was

applied during polymerization to cause homeotropic alignment of the liquid

crystal.
At zero field, the cell was opaque or light scattering and the transmittance

was less than 5%. When an AC voltage (V,,,=25V) was applied across the cell,
it became optically clear. In the field-ON condition, the cell was transparent for
incident light at all viewing angles.

A normal mode cell was prepared using a solution of chiral nematic liquid
crystal containing 12.9% by weight chiral material based on the combined weight
of nematic liquid crystal and chiral material and 3.3% by weight of a cross-
linking monomer based on the combined weight of chiral nematic liquid crystal
and monomer. The chiral nematic liquid crystal had a pitch length of about 1.2
microns.

The polymerizable solution consisted of:

137 mg. of E-31LV nematic liquid crystal mixture;
20.4 mg. of 4-cyano-4’-(2-methyl) butylbiphenyl (chiral material);
5.3 mg. of 4,4"-bisacryloyl biphenyl (monomer); and
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2.4 mg. of benzoin methyl ether (photo-initiator).

The cell was prepared as in Example 1. An AC electric voltage was
applied during polymerization to cause homeotropic alignment of the liquid
crystal.

At zero field, the cell was opaque or light scattering and the transmittance
of the cell was 15%. When an AC voltage (V,,=21V) was applied across the
cell, it became optically clear. In the field-ON condition, the cell was
transparent for incident light at all viewing angles. Because the zero field
transmittance was 15%, the cell was marginally effective.

A normal mode cell was prepared using a solution of chiral nematic liquid
crystal containing 5.9% by weight chiral material based on the combined weight
of nematic liquid crystal and chiral material and 2.2% by weight of a cross-
linking monomer based on the combined weight of chiral nematic liquid crystal
and monomer. The chiral nematic liquid crystal had a pitch length of 2.6
microns.

The polymerizable solution consisted of:

200 mg. of E-31LV nematic liquid crystal;

12.6 mg. of 4-cyano-4’-(2-methyl) butylbiphenyl (chiral material);
4.8 mg. of 4,4"-bisacryloyl biphenyl (monomer); and

1.8 mg. of benzoin methyl ether (photo-initiator).

The cell was prepared as in Example 1. An AC electric voltage was
applied during polymerization to cause homeotropic alignment of the liquid
crystal.

At zero field, the cell was opaque or light scattering and the transmittance
of the cell was 62%. When an AC voltage (V,,=14V) was applied across the
cell, it became optically clear. In the field-ON condition, the cell was
transparent for incident light at all viewing angles. Because the zero field

transmittance was 62%, the cell was not acceptable.

Example 3

The following series of tests were performed to examine the effect of
varying the concentration of monomer, 4,4™-bisacryloyl biphenyl, on the light

scattering ability of a normal mode cell at zero field.
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A normal mode cell was prepared using a solution of chiral nematic liquid
crystal containing 10.0% by weight chiral material based on the combined weight
of nematic liquid crystal and chiral material, and 4.4% by weight of a cross-
linking monomer based on the combined weight of chiral liquid crystal and
monomer. The chiral nematic liquid crystal had a pitch length of about 1.5
microns.

The polymerizable solution consisted of:

107 mg. of E-31LV nematic liquid crystal;

11.91 mg. of 4-cyano-4-(2-methyl) butylbiphenyl (chiral material);
5.5 mg. of 4,4’-bisacryloyl biphenyl (monomer); and

1.7 mg. of benzoin methyl ether (photo-initiator).

The cell was prepared as in Example 1. An AC electric field was applied
during polymerization to cause homeotropic alignment of the liquid crystal.

At zero field, the cell was opaque or light scattering and the transmittance
was 7%. When an AC voltage (V,,=28V) was applied across the cell, it became
optically clear. In the field-ON condition, the cell was transparent for incident
light at all viewing angles. This cell had good contrast between the field-ON and
field-OFF states.

Another normal mode cell was prepared using a solution of chiral nematic
liquid crystal containing 9.9% by weight chiral material based on the combined
weight of nematic liquid crystal and chiral material and 1.2% by weight of a
cross-linking monomer based on the combined weight of chiral nematic liquid
crystal and monomer. The chiral nematic liquid crystal had a pitch length of
about 1.5 microns.

The polymerizable solution consisted of:

164 mg. of E-31LV nematic liquid crystal;

18 mg. 4-cyano-4-(2-methyl) butylbiphenyl (chiral material);
2.2 mg. of 4,4-bisacryloyl biphenyl (monomer); and

.7 mg. benzoin methyl ether (photo-initiator).

The cell was prepared as in Example 1. An AC electric field was applied
during polymerization to cause homeotropic alignment of the liquid crystal.

At zero field, the transmittance was 67%. When an AC voltage
(V.,=18V) was applied across the cell, it became optically clear. In the field-
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ON condition, the cell was transparent for incident light at all viewing angles.
Because the zero field transmittance was 67%, the cell was not acceptable.

A normal mode cell was prepared using a solution of chiral nematic liquid
crystal containing 9.8% by weight chiral material based on the combined weight
of nematic liquid crystal and chiral material and 9.0% by weight monomer based
on the combined weight of chiral liquid crystal and monomer. The chiral liquid
crystal had a pitch length of about 1.5 microns.

The polymerizable solution consisted of:

101 mg. of E-31LV nematic liquid crystal;
11.0 mg. of 4-cyano-4’-(2-methyl) butylbiphenyl (chiral material);
11.4 mg. of 4,4*-bisacryloyl biphenyl (monomer); and
3.5 mg. of benzoin methyl ether (photo-initiator).
The cell was prepared as in Example 1. The cell was almost transparent

at zero field and was not a good cell.

Reverse Mode Cells _

Reverse mode cells which are optically clear in a field-OFF condition and
light scattering in a field-ON condition are prepared using a chiral nematic liquid
crystal having a pitch length in the infra-red spectrum. In the case of reverse
mode cells, the pitch length varies from about 1.3 to about 3.7 microns. The
chiral nematic liquid crystal typically consists of from about 4 to about 12% by
weight chiral material based on the combined weight of nematic liquid crystalline
chiral material; although, the weight amounts can vary depending upon the
particular liquid crystal, chiral material and polymer which are used.

Reverse mode cells are made by irradiating the monomer-liquid crystal
solution at zero field. As shown in Figure 4, the surface aligning affect of the
rubbed polyimide layers 14 is effective to orient the liquid crystal molecules
throughout the material into a twisted planar structure represented by reference
numeral 40. A single polydomain is again conceptually represented at 15. In the
field-OFF condition shown in Figure 4, a polymer-liquid crystalline material is
optically clear, since there is no reflecting or scattering of light in the visible

spectrum.
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In the field-ON condition conceptuaily shown in Figure 5, the liquid

crystal molecules in the vicinity of the polydomains 15 prefer the twisted planar
orientation because of the anchoring affect of the polymer networks. The
surrounding liquid crystal is reformed by the electric field through a focal conic
texture. The focal conic texture in the presence of the field is a result of
competition of the surface aligning affect of the polyimide layers, the electric
field and the constraint of the liquid crystal-polymer composition. In the field-
ON condition of Figure 5, the liquid crystalline-polymer material is strongly light

scattering for all polarizations of incident light.

Example 4
A reverse mode cell, light scattering in the field-ON condition and

optically clear in a field-OFF condition, was prepared using a solution of chiral
nematic liquid crystal containing 4.0% by weight chiral material based on the
combined weight of nematic liquid crystal and chiral material, and 4.6% by
weight of a cross-linking monomer based on the combined weight of chiral
nematic liquid crystal and monomer. The chiral nematic liquid crystal had a
pitch length of about 3.7 microns.

The polymerizable solution consisted of:

107 mg. of E-31LV nematic liquid crystal;

4.5 mg. of 4-cyano-4’-(2-methyl) butylbiphenyl (chiral material);
5.5 mg. of 4,4-bisacryloyl biphenyl (monomer); and

1.2 mg. of benzoin methyl ether (photo-initiator).

A cell having two glass plates sealed at the edges and separated by 8
micron thick Mylar spacers was filled with the polymerizable solution. The glass
plates were coated with indium-tin oxide to provide transparent electrodes. The
electrodes were coated with polyimide and buffed to affect homogeneous surface
alignment of the liquid crystal.

The filled cell was irradiated with U.V. light to polymerize the monomer
and cause phase separation of the polymer into polydomains of polymer network
throughout the chiral liquid crystal.

At zero field, the cell was optically clear and transparent for incident light

at all viewing angles. In the field-OFF state the transmittance was 93%. When
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an AC voltage (V,,,=27V) was applied across the cell, it became opaque or light
scattering. In the field-ON state, the transmittance was 8%, independent of the

polarization of the incident light.

Example 5

A series of tests were made to examine the effect of pitch length and
concentration of chiral materials on the reverse mode cell.

A reverse mode cell was prepared using a solution of chiral nematic liquid
crystal containing 7.8% by weight chiral material based on the weight of nematic
liquid crystal and chiral material and 4.7% by weight of a cross-linking monomer
based on the weight of chiral liquid crystal and monomer. The chiral nematic
liquid crystal had a pitch length of about 1.9 microns.

The polymerizable solution consisted of:

159 mg. of E-31LV nematic liquid crystal;

13.7 mg. of 4-cyano-4’-(2-methyl) butylbiphenyl (chiral material);
8.5 mg. of 4,4™-bisacryloyl biphenyl (monomer); and

.8 mg. of benzoin methyl ether (photo-initiator).

The cell was prepared in the manner described in Example 4.

At zero field, the cell was optically clear and transparent for incident light
at all viewing angles. In the field-Off state the transmittance was 98%. When
an AC voltage (V,,=30V) was applied, the cell became opaque or light
scattering. In the field-ON state, the transmittance was 9% and was independent
of the polarization of the incident light.

A reverse mode cell was prepared using a solution of chiral nematic liquid
crystal containing 12.1% by weight chiral material based on the combined weight
of nematic liquid crystal and chiral material and 4.8% by weight of a cross-
linking monomer based on the combined weight of chiral nematic liquid crystal
and monomer. The chiral nematic liquid crystal had a pitch length of about 1.3
microns.

The polymerizable solution consisted of:

129 mg. of E-31LV nematic liquid crystal;
17.7 mg. of 4-cyano-4’-(2-methyl) butylbiphenyl (chiral material);
7.5 mg. of 4,4’-bisacryloyl biphenyl (monomer); and
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.6 mg. of benzoin methyl ether (photo-initiator).

The cell was prepared in the manner described in Example 4.

At zero field, the cell was optically clear and transparent for incident light
at all viewing angles. In the field-OFF state the transmittance was 96%. When
an AC voltage (V,..=41V) was applied, the cell became opaque or light
scattering. In the field-ON state, the transmittance was 5%, independent of the
polarization of the incident light.

A reverse mode cell was prepared using a solution of chiral nematic liquid
crystal containing 1.39% by weight chiral material based on the combined weight
of nematic liquid crystal and chiral material and 4.5% by weight of a cross-
linking monomer based on the combined weight of monomer and chiral liquid
crystal. The chiral nematic liquid crystal had a pitch length of about 10.7
microns.

The polymerizable solution consisted of:

263 mg. of E-31LV nematic liquid crystal;

3.7 mg. of 4-cyano-4-(2-methyl) butylbiphenyl (chiral material);
12.5 mg. of 4,4-bisacryloyl biphenyl (monomer); and

1.4 mg. of benzoin methyl ether (photo-initiator).

The cell was prepared in the manner described in Example 4.

At zero field, the cell was optically clear and transparent for incident light
at all viewing angles. In the field-OFF state the transmittance was 92%. When
an AC voltage (V..=32V) was applied, the transmittance of polarized light
parallel to the buffing direction was 35%. When an AC voltage (Vem=18V) was
applied, the transmittance of polarized light perpendicular to the buffing
direction was 6%.

A reverse mode cell was prepared using a solution of chiral nematic liquid
crystal containing 16.3% by weight chiral material based on the weight of
nematic liquid crystal and chiral material and 4.4% by weight of a cross-linking
monomer based on the weight of monomer and liquid crystal. The chiral
nematic liquid crystal had a pitch length of about .9 microns.

The polymerizable solution consisted of:

125.7 mg. of E-31LV nematic liquid crystal;
24.4 mg. of 4-cyano-4’-(2-methyl) butylbiphenyl (chiral material);
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6.9 mg. 4,4’-bisacryloyl biphenyl (monomer); and
.7 mg. of benzoin methyl ether (photo-initiator).

The cell was prepared in the same manner as Example 4.

At zero field, the cell was op}ically clear and transparent for incident light
at all viewing angles. In the field-Off state the transmittance was 94%. When
an AC voltage (V,,=50V) was applied, the cell became opaque or light
scattering. In the field-ON state, the transmittance was 11% and was
independent of the polarization of the incident light. This cell also displayed an
hysterisis effect as the cell was switched from the field-ON to field-OFF state.

Example 6

The following series of tests were performed to examine the effect of
polymer concentration on the reverse mode cell.

A reverse mode cell was prepared using a solution of chiral nematic liquid
crystal containing 6.1% by weight chiral material based on the combined weight
of chiral material and nematic liquid crystal and 2.1% by weight of a cross- _
linking monomer based on the combined weight of monomer and chiral nematic
liquid crystal. The chiral nematic liquid crystal had a pitch length of about 2.5
microns.

The polymerizable solution consisted of:

181 mg. of E-31LV nematic liquid crystal;

11.7 mg. of 4-cyano-4’-(2-methyl) butylbiphenyl (chiral material);
4.2 mg. of 4, 4-bisacryloyl biphenyl (monomer); and

.9 mg. of benzoin methyl ether (photo-initiator).

The cell was prepared in the manner described in Example 4.

At zero field, the cell was optically clear and transparent for incident light
at all viewing angles. In the field-OFF state the transmittance was 97%. When
an AC voltage (V,,,,=18V) was applied, the cell became opaque or light
scattering. In the field-ON state, the transmittance was 14%, and independent of
the polarization of the incident light. The turn-off time for this cell was 5
milliseconds.

A reverse mode cell was prepared using a solution of chiral nematic liquid

crystal material containing 6% by weight chiral material based on the combined
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weight of nematic liquid crystal and chiral material, and 2.9% by weight of a
cross-linking monomer based on the combined weight of chiral nematic liquid
crystal and monomer. The chiral nematic liquid crystal has a pitch length of
about 2.5 microns.

The polymerizable solution consisted of:

181 mg. of E-31LV nematic liquid crystal;

11.5 mg. of 4-cyano-4-(2-methyl) butylbiphenyl (chiral material);
5.7 mg. of 4,4-bisacryloyl biphenyl (monomer); and

.7 mg. of benzoin methyl ether (photo-initiator).

The cell was prepared in the same manner described in Example 4.

At zero field, the cell was optically clear and transparent for incident light
at all viewing angles. In the field-OFF state the transmittance was 95%. When
an AC voltage (V.,=21V) was applied, the cell became translucent or light
scattering. In the field-ON state, the transmittance was 8% and independent of
the polarization of the incident light. The turn-off time for the cell was 4
milliseconds. '

A reverse mode cell was prepared using a solution of chiral nematic liquid
crystal containing 6.0% by weight chiral material based on the combined weight
of the nematic liquid crystal and chiral material, and 4.3% by weight of a cross-
linking monomer based on the combined weight of monomer and chiral liquid
crystal. The chiral nematic liquid crystal has a pitch length of about 2.5 microns.

The polymerizable solution consisted of:

180 mg. of E-31LV nematic liquid crystal;

11.5 mg. of 4-cyano-4-(2-methyl) butylbiphenyl (chiral material);
8.6 mg. of 4, 4-bisacryloyl biphenyl (monomer); and

.9 mg. of benzoin methyl ether (photo-initiator).

The cell was prepared in the manner described in Example 4.

At zero field, the cell was optically clear and transparent for incident light
at all viewing angles. In the field-OFF state the transmittance was 95%. When
an AC voltage (V..=28V) was applied, the cell became translucent or light
scattering. In the field-ON state, the transmittance was 8% and independent of

the polarization of the incident light. The turn-off time of the cell was 3

milliseconds.
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A reverse mode cell was prepared using a solution of chiral nematic liquid
containing 6.1% by weight chiral material based on the combined weight of
nematic liquid crystal and chiral material, and 5.8% by weight of a cross-linking
monomer based on the combined weight of chiral liquid crystal and monomer.
The chiral nematic liquid crystal had a pitch length of about 2.5 microns.

The polymerizable solution consisted of:

179 mg. of E-31LV nematic liquid crystal;

11.7 mg. of 4-cyano-4’-(2-methyl) butylbipheny! (chiral material);
10.6 mg. of 4, 4-bisacryloyl biphenyl (monomer); and

1.2 mg. of benzoin methyl ether (photo-initiator).

The cell was prepared in the manner described in Example 4.

At zero field, the transmittance was 76%. When the AC voltage
(Vs =28V) was applied across the cell, the transmittance decreased. In the
field-ON state, the transmittance was 46%.

A reverse mode cell was prepared using a solution of chiral nematic liquid
crystal containing 6.0% by weight chiral material based on the combined weight
of nematic liquid crystal and chiral material and 1.0% by weight of a cross-
linking monomer based on the combined weight of the chiral nematic liquid
crystal and monomer. The chiral nematic liquid crystal had a pitch length of
about 2.5 microns.

The polymerizable solution consisted of:

184 mg. of E-31LV nematic liquid crystal;

11.7 mg. of 4-cyano-4’-(2-methyl) butylbiphenyl (chiral material);
20 mg. of 4,4-bisacryloyl biphenyl (monomer); and

.7 mg. of benzoin methyl ether (photo-initiator).

The cell was prepared in the manner described in Example 4.

At zero field, the cell was optically clear and transparent for incident light
at all viewing angles. In the field-OFF state the transmittance was 96%. When
an AC voltage (V,,,=14V) was applied across the cell, the cell became
translucent or light scattering. In the field-ON state, the transmittance was 13%,
independent of the polarization of the incident light. The turn-off time was 20
milliseconds, which is long. The cell was also easily damaged by the electric

field.
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Bistable Color Display Cells

Bistable color display cells which scatter light in one state and reflect
circularly polarized colored light in another state and which also can be operated
to exhibit optical transparency are made using chiral nematic liquid crystal which
has a pitch length effective to reflect light in the visible spectrum. Preferred
materials have a pitch length ranging from about 0.25 to about 0.44 microns.
Typical pitch lengths are 0.27 microns for blue color, 0.31 microns for green
colors and 0.40 microns for red color. Bistable color display materials are
typically prepared to contain from about 27 to about 48% chiral material based
on the combined weight of nematic liquid crystal and chiral material; although,
as in the case of previously described embodiments, the weight amount can vary
depending upon the particular chiral material, liquid crystalline polymer which
are used.

Figure 4 conceptually illustrates the bistable color display material of the
invention in its light reflecting state prepared by polymerization in zero field with
the planar texture. In this state, the liquid crystal molecules in the vicinity of the
polydomains 15 prefer the illustrated twisted planar structure. The surrounding
liquid crystal also has a twisted planar structure so that the material will reflect
light, the color of which depends upon the particular pitch length.

Figure 5 conceptually illustrates the bistable color display material in its
light scattering state. In this state, the liquid crystal in the vicinity of the
polydomains 15 again prefers the illustrated twisted planar structure. The
surrounding liquid crystal has a focal conic texture.

If the pitch length of the material is in the range to reflect visible light,
both the light reflecting state of Figure 4 and the light scattering state of Figure
5 are stable in the absence of an electric field. If the bistable material is in the
light reflecting state of Figure 4 and a low electric field pulse is applied, for
example, about 6 volts per micron, the material will be driven to the light
scattering state of Figure 5 and will remain in that state at zero field. If the
bistable material is in the light scattering state of Figure 5 and a high electric
field pulse of about 12 volts per micron is applied, the liquid crystal molecules

will reform to the light reflecting state of Figure 4 at the end of the pulse and

will remain in that condition.
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If the high electric field necessary to-untwist the liquid crystal molecules is
maintained, the liquid crystal directors will be homeotropically aligned so that
the material is transparent. If the field is slowly removed, the liquid crystal
orientation will reform to the light scattering state of Figure 5. When the field is
quickly removed, the orientation will reform to the light reflecting state of Figure

4.
The bistable material can be formed by irradiating the monomer-liquid

- crystal solution either at zero field or in the presence of an electric field. When

polymerization takes place at zero field, the surface aligning effect of the cell
walls results in the twisted planar, light reflecting orientation of Figure 4. When
polymerization takes place in the presence of a field so that the liquid crystal
directors are homeotropically aligned as indicated in Figure 2, the liquid crystal
orientation will either reform to the light reﬂecting state of Figure 4 when the
field is quickly turned off or the light scattering orientation of Figure 5 when the

field is slowly turned off.

Example 7
A bistable color display cell light scattering in one state and reflecting red

circularly polarized light in another state was prepared using a solution of chiral
nematic liquid crystal containing 29.8% by weight chiral material based on the
combined weight of chiral material and nematic liquid crystal, and 2.7% by
weight of a cross-linking monomer based on the combined weight of monomer
and chiral liquid crystal. The chiral liquid crystal had a pitch length of .41
microns.
The polymerizable solution consisted of:
67.8 mg. of E-31LV nematic liquid crystal;
14.0 mg. of 4"-(2-methylbutylphenyl)-4’-(2-methylbutyl)-4-biphenyl
carboxylate (chiral material);
14.8 mg. of 4-cyano-4’-(2-methyl) butylbiphenyl (chiral material);
2.7 mg. of 4,4’-bisacryloyl biphenyl (monomer); and
1.0 mg. of benzoin methyl ether (photo-initiator).
A cell having two glass plates sealed at the edges and separated by 8

micron thick Mylar spacers was filled with the polymerizable solution. The glass
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plates were coated with indium-tin oxide to provide transparent electrodes. The
electrodes were coated with polyimide and buffed to affect homogeneous surface
alignment of the liquid crystal.

The filled cell was irradiated with U.V. light for thirty minutes to
polymerize the monomer and cause phase separation of the polymer into
polydomains of polymer network throughout the chiral liquid crystal. The state
of the cell was controlled by the voltage of an electric pulse. When a high AC
voltage (V...=104V) pulse was applied, the cell was optically clear and
transparent to incident light. When the high AC voltage was removed, the
sample was in the reflective state and because of the pitch of the chiral liquid
crystal, the color of the cell was red. When an AC voltage (50V< V< 85V)
was applied the cell switched to the light scattering state and after removal of
the low voltage field the cell remained in the light scattering state. Both the

reflecting and scattering states were observed to be stable at zero field for over

several months.

Example 8
A series of test cells were made by varying the concentration of chiral

material and pitch length of the chiral nematic liquid crystal.

A bistable cell having a blue reflecting state was prepared using a solution
of chiral nematic liquid crystal containing 45.3% by weight chiral material based
on the weight of chiral material and nematic liquid crystal, and 1.5% by weight
of a cross-linking monomer based on the combined weight of monomer and
chiral nematic liquid crystal. The chiral nematic liquid crystal had a pitch length
of about .27 microns, reflecting blue circularly polarized light.

The polymerizable solution consisted of:

132.6 mg. of E-31LV nematic liquid crystal;

50.0 mg. of 4"-(2-methylbutylphenyl)-4’-(2-methylbutyl)-4-biphenyl
carboxylate (chiral material);

59.7 mg. of 4-cyano-4’-(2-methyl) butylbiphenyl (chiral material);

3.7 mg. of 4, 4-bisacryloyl biphenyl (monomer); and

1.0 mg. of benzoin methyl ether (photo-initiator).
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The cell was prepared as in Example-7. The cell was in a blue reflecting
state after the removal of the high voltage pulse.

A bistable cell having a green reflecting state was prepared using a
solution of chiral nematic liquid crystal containing 39.1% by weight chiral
material based on the weight of chiral material and nematic liquid crystal and
2.0% by weight of a cross-linking monomer based on the combined weight of
chiral nematic liquid crystal and monomer. The chiral liquid crystal had a pitch
length of about .31 microns, reflecting green circularly polarized light.

The polymerizable solution consisted of:

85.6 mg. of E-31LV nematic liquid crystal;

27.0 mg. of 4"-(2-methylbutylphenyl)-4’-(2-methylbutyl)-4-biphenyl
carboxylate (chiral material);

28.0 mg. of 4-cyano-4’-(2-methyl) butylbiphenyl (chiral material);

2.9 mg. of 4,4-bisacryloyl biphenyl (monomer); and

1.0 mg. of benzoin methyl ether (photo-initiator).

The cell was prepared as in Example 7. The cell was in a green reflecting
state after the removal of the high voltage pulse.

Another bistable cell having a red reflecting state was prepared using a
solution of chiral nematic liquid crystal containing 30.0% by weight chiral
material based on the combined weight of chiral material and nematic liquid
crystal and 1.9% by weight of a cross-linking monomer based on the combined
weight of chiral nematic liquid crystal and monomer. The chiral liquid crystal
has a pitch length of about .41 microns.

The polymerizable solution consisted of:

80.0 mg. of E-31LV nematic liquid crystal;
16.7 mg. of 4"-(2-methylbutylphenyl)-4’-(2-methylbutyl)-4-biphenyl
carboxylate (chiral material);
17.5 mg. of 4-cyano-4-(2-methyl) butylbiphenyl (chiral material);
22 mg. of 4,4-bisacryloyl bipheny! (monomer); and
1.0 mg. of benzoin methyl ether (photo-initiator).
The sample cell was prepared as in Example 7. The cell was a red

reflecting state after removal of the high voltage pulse.
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Example 9
A green reflecting bistable cell with a greater degree of contrast between

the reflecting state and scattering state was prepared using a solution of chiral
nematic liquid crystal containing 39.1% by weight chiral material based on the
combined weight of chiral material and nematic liquid crystal and 2.0% by weight
of a cross-linking monomer based on the combined weight of monomer and
chiral nematic liquid crystal. The chiral nematic liquid crystal had a pitch length
of about .31 microns, reflecting green circularly polarized light.

The polymerizable solution consisted of:

85.6 mg. of E-31LV nematic liquid crystal;

27.0 mg. of 4"-(2-methylbutylphenyl)-4’-(2-methylbutyl)-4-biphenyl
carboxylate (chiral material);

28.0 mg. of 4-cyano-4’-(2-methyl) butylbiphenyl (chiral material);

2.7 mg. of 4,4’-bisacryloyl biphenyl (monomer); and

1.0 mg. of benzoin methyl ether (photo-initiator).

A cell having two glass plates sealed at the edges and separated by 8
micron thick Mylar spacers was filled with the polymerizable solution. The glass
plates were coated with indium-tin oxide to provide transparent electrodes. The
electrodes were coated with polyimide and buffed to affect homogeneous surface
alignment of the liquid crystal.

The filled cell was irradiated with U.V. light to polymerize the monomer
and cause phase separation of the polymer into polydomains of polymer
networks throughout the chiral liquid crystal. While the cell was being
irradiated, an AC electric voltage was applied to cause homeotropic alignment of
the liquid crystal.

The state of the cell was controlled by the voltage of an electric pulse.
When a high AC voltage (V. = 104V) was applied, the cell was optically clear
and transparent to all angles of incident light. When the high AC voltage was
removed, the sample was in the reflecting state and because of the pitch of the
chiral liquid crystal, the color of the cell was green. When an AC voltage (50V
<V... <85V) was applied the cell switched to the light scattering state and after
removal of the low voltage field the cell remained in the light scattering state.

Both the reflecting and scattering states were observed to be stable states. This
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cell appeared to have better contrast between the reflecting and scattering states

than the cell prepared in Example 7 or cells prepared in Example 8.

Example 10
A series of tests were performed to examine the effect of polymer

concentration on the bistable cells.
In one test, no monomer was added to the chiral nematic liquid crystal.
The solution of chiral nematic liquid crystal contained 32.4% by weight chiral
material based on the combined weight of chiral material and nematic liquid
crystal.
The solution consisted of:
121.6 mg. of E-31LV nematic liquid crystal;
29.7 mg. of 4"-(2-methylbutylphenyl)-4’-(2-methylbutyl)-4-biphenyl
carboxylate (chiral material); and
20.5 mg. of 4-cyano-4’-(2-methyl) butylbiphenyl (chiral material).
A cell having two glass plates sealed at the edges and separated by 10 _
micron thick Mylar spacers was filled with the chiral nematic liquid crystal
solution. The glass plates were coated with indium-tin oxide to provide
transparent electrodes. The electrodes were coated with polyimide and buffed to
affect homogeneous surface alignment of the liquid crystal.
At zero field, the scattering state changed into the reflecting state over a
time span of one hour. The reflecting state of this cell was not uniform as well.
A bistable cell was prepared using a solution of chiral nematic liquid
crystal containing 29.8% by weight chiral material based on the combined weight
of chiral material and nematic liquid crystal and 2.7% by weight of a cross-
linking monomer based on the combined weight of chiral nematic liquid crystal
and monomer. The chiral nematic liquid crystal had a pitch length of about .41
microns.
The polymerizable solution consisted of:
67.8 mg. of E-31LV nematic liquid crystal;
14.0 mg. of 4"-(2-methylbutylphenyl)-4’-(2-methylbutyl)-4-biphenyl
carboxylate (chiral material);
14.8 mg. of 4-cyano-4’-(2-methyl)-butylbiphenyl (chiral material);
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2.7 mg. of 4,4’-bisacryloyl bipkenyl (monomer); and
1.0 mg. of benzoin methyl ether (photo-initiator).

The cell was prepared in the manner described in Example 7. The cell in
the reflecting state was red after the removal of the high voltage pulse. The
voltages required to switch the cell to the reflecting or scattering states were the
same as in Example 7. The reflecting state and scattering state had good
contrast and both states were stable.

A bistable cell was prepared using a solution of chiral nematic liquid
crystal containing 30.3% by weight chiral material based on the combined weight
of chiral material and nematic liquid crystal and 6.9% by weight of a cross-
linking monomer. The chiral nematic liquid crystal had a pitch length of about
.40 microns.

The polymerizable solution consisted of:

92.8 mg. of E-31LV nematic liquid crystal;

20.0 mg. of 4"-(2-methylbutylphenyl)-4’-(2-methylbutyl)-4-biphenyl
carboxylate (chiral material); ’

20.3 mg. of 4-cyano-4’-(2-methyl) butylbiphenyl (chiral material);

9.9 mg. of 4,4"-bisacryloyl biphenyl (monomer); and

.8 mg. of benzoin methyl ether (photo-initiator).

The sample cell was prepared in the manner described in Example 7.
The cell did not have a scattering state. Following removal of any AC electric

pulse, the sample cell returned to the reflective state. The color of the cell in

the reflective state was red.
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The following Table 1 summarizes the exemplary concentration ranges of
chiral material and polymer, pitch lengths and driving voltages for each

embodiment of the invention.
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Concentration

Range
5

Chiral

10

15

Polymer

20
Driving
Voltage Vrms

25

30

TABLE .1
Normal-Mode Reverse-Mode
Cell Cell
9-11% 4-12%
(pitch: (pitch:

1.6-1.3um) 3.7-1.3pm)

2.5-5% 2-4.5%

~25V ~25V
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Bistable Color
Cell

Blue color
(pitch: 0.27pm)
45.2%

Green color
(pitch: 0.31pm)
38.9%

Red color
(pitch: 0.40um)
29.9%

1.0-4.5%

~80 V to color
state

~15 V to white
state
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Many modifications and variations of the invention will be apparent to
those skilled in the art in light of the foregoing detailed disclosure. Therefore,
within the scope of the appended claims, the invention can be practiced

otherwise than as specifically shown and described.
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CLAIMS

1. In a light modulating cell including liquid crystalline light
modulating material, cell wall structure treated to align the liquid crystal
molecules, and means for establishing a field through said material, the
improvement wherein said material comprises phase-separated polydomains of

5 polymer network dispersed in liquid crystal, said liquid crystal being a chiral
nematic having positive dielectric anisotropy, said polymer having cross-linked

molecules and being present in an amount less than 10% by weight based on the
combined weight of liquid crystal and polymer, and said material exhibiting

different optical states under different field conditions.

2. The improvement as claimed in Claim 1 wherein the chiral

nematic liquid crystal has a pitch length effective to reflect light in the infra-red

spectrum.

3. The improvement as claimed in Claim 1 wherein the pitch

length of the chiral nematic liquid crystal is in a range of from about 1.3 to about

3.7 microns.

4. The improvement as claimed in Claims 1, 2 or 3 wherein the

polymer is cross-linked.

S. The improvement as claimed in Claim 4 wherein the pitch

length of the chiral nematic liquid crystal is in a range of from about 1.3 to about

1.6 microns.

6. The improvement as claimed in Claims 1, 2 or 3 wherein the
chiral nematic liquid crystal contains from about 4 to about 12% by weight chiral

material based on the combined weight of nematic liquid crystal and chiral

material.
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7. The improvement as claimed in Claims 1, 2 or 4 wherein the
chiral nematic liquid crystal contains from about 9 to about 11% by weight chiral

material based on the combined weight of nematic liquid crystal and chiral

material.

8. The improvement as claimed in Claim 1 wherein the chiral
nematic liquid crystal has a pitch length effective to reflect light in the visible

spectrum.

9. The improvement as claimed in Claim 8 wherein the polymer is

cross-linked.

10.  The improvement as claimed in Claims 8 or 9 wherein the pitch
length of the chiral nematic liquid crystal is in a range of from about 0.25 to

about 0.44 microns.

11.  The improvement as claimed in Claims 8 or 9 wherein the
chiral nematic liquid crystal contains from about 27 to about 48% chiral material

based on the combined weight of nematic liquid crystal and chiral material.

12. The improvement as claimed in Claims 8 or 9 wherein the
polymer is present in an amount of about 1.5 to about 4.5% by weight based on

the combined weight of chiral liquid crystal and polymer.

13.  In a light modulating cell including liquid crystalline light
modulating material, cell wall structure treated to align the liquid crystal
molecules, and means for establishing a field through said material, the
improvement wherein said material comprises chiral nematic liquid crystal and

5 phase-separated polydomains of an ordered polymer network, the polymer being
present in an amount less than about 10% by weight based on the combined
weight of chiral liquid crystal and polymer, said material being characterized in

that the liquid crystal in the vicinity of the polydomains is less responsive to an
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applied field than surrounding regions of liquid crystal, whereby said material

exhibits different optical states in response to different field conditions.

14.  The improvement as claimed in Claim 13 wherein the polymer

is cross-linked and is present in an amount of about 2.4 to about 5% by weight

based on the combined weight of chiral liquid crystal and polymer.

15. The improvement as claimed in Claims 13 or 14 wherein the

chiral nematic liquid crystal has a pitch length effective to reflect light in the

infra-red spectrum.

16.  The improvement as claimed in Claim 15 wherein the liquid
crystal in the vicinity of the polydomains is characterized by homeotropic
alignment in a field-ON condition, and the surrounding regions of liquid crystal
are characterized by a light scattering focal conic texture in the field-OFF

condition and an optically clear homeotropic alignment in a field-ON condition.

17.  The improvement as claimed in Claim 15 wherein the liquid
crystal in the vicinity of the polydomains is characterized by a twisted planar
texture in a field-OFF condition, and the surrounding regions of liquid crystal are
characterized by an optically clear twisted planar texture in a field-OFF

condition and by a light scattering focal conic texture in a field-ON condition.

18.  The improvement as claimed in Claim 13 wherein the chiral

nematic liquid crystal has a pitch length effective to reflect light in the visible

spectrum.

19.  The improvement as claimed in Claim 18 wherein the polymer

is cross-linked and is present in an amount by weight of about 1.5 to about 4.5%

of the combined weight of chiral liquid crystal and polymer.

20. The improvement as claimed in Claims 18 or 20 wherein the

surrounding regions of liquid crystal exhibit a stable light reflecting twisted planar
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structure in a field-OFF condition following removal of a high field-ON
condition, and a stable light scattering focal conic texture in a field-OFF

5  condition following removal of a low field-ON condition.
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