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METHOD OF PREPARING THIN LIQUID
CRYSTAL FILMS

FIELD OF THE INVENTION

The present invention refates to a method of prepar-
ing thin electrically addressable liquid crystal films. The
method is directed to the preparation of electro-optical
light modulating liquid crystalline materials that have a
paste like consistency which ensbles them to be spread
into thin films on an appropriate substrate.

BACKGROUND OF THE INVENTION

Electrically switchable liquid crystal-polymer films
intended for use in various electro-optical devices have
been prepared by a procedure that involves phase sepa-
ration of nematic liquid crystal from a homogenecus
solution of liquid crystal and synthetic resin to form a
liquid crystal phase interspersed with a polymer phase.
Some advantages of these films are discussed in U.S.
Pat. Nos. 4,671,618; 4,673,255; 4,683,771; 4,688,900 and
4,890,902, the disclosures of which are incorporated
herein by reference.

A forther development of liquid crystal-polymer
films disclosed in U.S. Pat. No. 4,994,204, involves the
use of a birefringent polymer, e.g., a liquid crystal poly-
mer. The films prepared with birefringent polymer have
the characteristic of displaying haze-free transparency
for all directions of incident light. This is accomplished
by matching the ordinary apd extraordinary indices of
refraction of the polymer to the ordinary and extraordi-
nary indices of refraction of the liquid crystal. Films
made with birefringent polymer can operate in a normal
manner so that they are clear in the field-ON state and
light scattering in a field-OFF state o1, alternatively,
can operate in a reverse or “fail-safe” mode where the
material is clear in the absence of a field and is light
scattering in the field-ON state.

In each case, the prior liquid crystal-polymer films
are prepared by introducing the solution of liquid crys-
tal and polymerizable material between two substrates.
The substrates, which are typically glass or plastic
sheets, are spaced apart and sealed around the edges.
Once the liquid crystal material is disposed between the
substrates, the composition is polymerized to form a
thin film. The inner surfaces of the sobstrates are typi-
cally treated with, for example, rubbed polyamide lay-
ers or other chemicals to induce surface slignment of
the liquid crystal molecules parallel to the cell walls.
Transparent electrodes ere typically coated onto the
substrates to switch the material in the thin film be-
tween electrooptical conditions.

SUMMARY OF THE INVENTION

The method of meking clectro-optical materials of
the invention advantageously improves the ease with
which displays may be made. As with prior methods,
various techniques of matching and mismatching the
indices of refraction of the liqnid crysial and polymer
may be employed m accordance with the ingtaat inven-
tion, and materials may be selected to obtain haze-free
transparency for all viewing angles. However, because
the polymer content is low, index matching is not of
significant importance. The method of the invention
differs from prior methods in that the light modulating
liquid crystalline material is polymerized in bulk prior
to formation of a thin film, Rather than forming the
light modulating film in situ by polymerization between

30

40

50

0

€5

2
two substrates, the material of the invention is prepared
as g liquid crystailine paste that can be subsequently
coated onto a suitable substrate to the desired film thick-
ness. This provides significant commercial and indus-
{rial advantages over prior methods.

The method of the invention is particularly suitable
for the preparation of large surface area displays be-
cause the liquid crystal material is first prepared as a
paste which can be easily coated over large surfaces.
This eliminstes the difficulties associated with maintain-
ing the critical tolerances in the spacing of two sub-
strates, filling the cell with liquid crystal solution and
sealing it, all of which become more difficult as the size
and surface area of the display increases. The material
can be manofactured on an industrial scale since it is
prepared in bulk and there is no theoretical limit to the
volume that can be prepared in a given batch. Since the
properties of the liquid crystalline paste do not vary
over time, it can be shipped to different locations, such
as manufacturing plants, assembly plants or to individ-
ual laboratories for subsequent film preparation. Any
excess materia] may be stored for future use. Moregver,
no special surface alignment is reguired so it is not nec-
essary 1o treat the surfaces of the substrate in order to
obtain a switchable display.

A preferred method of producing thin electrically
addressable light modulating Liquid crystalline films
according to the invention comprises the steps of pre-
paring a solution comprising a polymerizable mono-
meric materisl in a mesogenic solvent having positive
dielectric anisotropy, The solution is then polymerized
in bulk until the moromeric material polymerizes and
phase separates from the mesogenic solvent to form a
spreadable liguid crystalline paste. Thereafter, the lig-
uvid crystal paste is coated onto a substeate to form an
electrically addressable thin film Preferably, the poly-
merizing step is carried out when the mesogenic solvent
is in the isotropic phase. The monomeric material
should comprise no more than about 895 of the compo-
sition based on the weight of monomeric material and
mesagenic solvent Preferably, the monomeric material
comprises from about 0.5 to 5% by weight of mesogenic
solvent and monomer. Other additives such as pleo-
chroic dyes, photo-initiators and thermal initiators may
be added. Accordingly, the polymerization may be
either photoinitiated or thermally initiated. A preferred
photo-injtiator is benzoin methyl ether (BME).

Another embodiment of the method of the invention
comprises the steps of polymerizing the monomeric
material to form a light transmissive polymer, then
dissolving the light transmissive polymer in a meso-
genic solvent having positive dielectric anisotropy at
high temperature. Upon cooling the solution in bulk the
polymer material phase separates from the mesogenic
solvent to form a spreadable liquid crystalline paste
which, thereafter, can be coated onto a substrate to
form a thin film thereon.

In still a further embodiment, the method according
to the invention ¢comprises the steps of dissolving a
monomeric material in a non-mesogenic solvent and
polymerizing the monomeric material. A mesogenic
solvent having positive dielectric anisotropy is then
added to the bulk solution of monomeric material and
non-mesogenic solvent apd the non-mesogenic solvent
graduslly removed uatl the polymerized monomeric
material phase separates from the solution to form a
spreadable liquid crystalline paste. The thin film is
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thereafter prepared by coating the liquid crystalline
paste onto a substrate.

The method of the invention can be used to prepare a
wide variety of electrically sddressable light modulat-
ing devices. In each case it provides a liqoid crystalline
light modulating material that is haze free for all view-
ing angles and hay excellent contrast. Upon polymeriza-
tion a lpose polymer matrix is formed within the liquid
crystal material. The material appears opaque in the
absence of a field because the liquid crystal directors are
randomly aligned and hence, scatter light. In the pres-
ence of a sufficiently strong electric field the liquid
crystal directors are aligned so that incident light is
transmitted through the maierial. When the field is
turped off again, the liquid crystals relax to a random
alignment again, in part due to the elastic effects of the
polymer matrix.

The advantages of employing a spreadable liquid
crystal paste materinl improves the ease with which
most electrically addressable liquid crystal devices can
be made.

DETAILED DESCRIPTION OF THE
INVENTION

‘The method of the mvention is an improvement in the
preparation of liquid erystal-polymer films comprising
the esseatial st=ps of inducing phase separation of a
suitable monomer and Yquid crystalline material in bolk
and subsequently coating it onto a substrate. Mono-
meric materials suitable for the invention include any
crosslinkable monomers capable of dissolving in the
mesogenic solvent and that will form a light transmis-
give polymer that will phase separate from the meso-
genic solvent upon polymerization. Such monomers
have at least two polymerizable double bonds so as to
be crosslinkable and include bisacrylates and the like.
Preferably the monomeric material is 4,4"-bisacryloyl-
biphenyl (BAB). The material should contain less than
about §% polymer. Best results are obtained when the
polymer is present in an amount from about 0.5 to 1.5%.
Of course, the amount of polymer may be varied to alter
the paste consistency as desired and svitable nonomeso-
genic solvents may be added to adjust the consistency.

Suitable mesogemc solvents are mesogenic materials
having positive dielectric anisotropy. More specifically,
by mesogenic solvent there is contemplated nematic,
smectic, ferroelectric and cholesteric liquid crystalline
material or mixtures thereof. Preferably, the mesogenic
solvent is a nematic liquid crystal which may optionally
contain chiral or cholesteric materials Exemples of
suitable mesogenic solvents are E7 which is a mixture of
cyancbiphenyls, 4,4'<cyanooctylbiphenyl (8CB), and
4,4'-cyanopentylbiphenyl (5CB), all of which are com-
mercially available from EM [ndustries, an E. Merck
company.

Polymerization in bulk means that the monomeric
material is not polymerized in a thin flm between sub-
strates and instead, is only made into a thin film afler
polymerization. To be congidered “bulk” the smallest
dimensian of the volume of material being polymerized
should be on the order of at least about 0.5 centimeters
or more. A typical sample volume is between 0.5 to 2
cm3, although there is no thecretical upper limit to the
size or volume of material being polymerized in bulk.
Polymerization on an industrial scale is therefore possi-
ble. The minimum mass of a semple being polymerized
in bulk is on the order of grams. By contrast, non-bulk
polymerizations of thin films are conducted at thick-
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nesses on the order of 10 pm and the masses are in the
range of 10-100 mg. As suitable photo and thermal
initiators there may be used any initiator known to those
skilled in the art. A preferred photo-initiator is benzoin
methyl ether (BME).

According to a first embodiment of the method of the
invention a solution of about 0.5 to 5% of the mono-
meric material based on the total weight of solvent and
monomeric material is prepared. Polymerization of the
buik solution is induced by U. V. light or thermally.
When polymenzation has progressed for a sufficient
period the polymer phase separates from the mesogenic
solvent to form a liquid crystalline paste. The paste may
then be spread into a thin film on an appropriate sub-
strate immediately, or stored for use at a later time.
Typically, the substrates, such as glass plates with in-
dinm tin oxide transparent electrodes coated thereon
are cleaned with acstone and rinsed with distilled wa-
ter. Next spacers, such as polystyrene balls, and a
proper amount of paste is spread onto one plate using a
spatula. Finzlly, the other plate is pressed onto the first
plate to echieve the desired film thickness. Excess paste
may be removed from the edges and returned to the
bulk for use at a later time. Transparent electrodes may
be incorporated onto the substrates in the normal man-
ner known to those of ordinary skill in the art.

The films prepared by the method of the invention
are normally in a light scattering opaque state. The
material scatters light in the absence of a field because
the liquid crystal directors are randomly oriented in the
paste. The material can be switched to a haze free trans-
parent state by electrical fields in the runge of 1-10
V/pm of {ilm thickness or by magnetic fields, A suffi-
ciently strong electric field operates to align the liguid
crystal directors so that light is transmitted through the
material. Since the amount of polymer is low, its index
of refraction will have a negligible effect on the trans-
parency of the material 50 that light transmission is haze
free. When the field is removed, the material returns to
the light scattering state wherein the liquid crystal di-
rectors are randomly oriented due to the elastic forces
of the polymer. The invention is further illustrated in
the following non-limiting examples.

EXAMPLE 1

A 1 gram liquid crystalline paste sample was pre-
pared from a solution of 5CB, 1 wt % BME and 0.5 wt
% BME. The sample volume was about 0.6 to 1 cm?.
The sample was U. V. irmadiated with an NuArc high
pressure mercury lamp with an intensity of 3mW/cma?.
The sample was contained in a 1 cm diameter tube and
the radiation was applied vertically. The sample was
cured at 55° C. with stirring for 40 minutes and the
solution was in the isotropic phase. Upon phase separa-
tion the mixture became a paste.

20 pm films were prepared from this paste after three
weeks and after six weeks. At 22° C. the Uy, switching
voltage was 40V and the switching times were mea-
sured at 15 ms. The contrast ratios were measured uging
a laser and photodiode. A contrest ratio of 50 was mea-
sured for these films.

EXAMPLE 2

A | gram sampie was prepared according to the pro-
cedure in example 1 except that the solution contained
1.5% BAB, 0.75% BME and was cured for 25 minutes
with stirring. A 20 pm film was prepared after two
weeks. The U, switching voltage was 70V and the
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switching time was 7ms. The contrast ratio far this film
was 300.

EXAMPLE 3

A 1 gram sample of paste was prepared as in examples 5
1 and 2 from a solution of 5CB, 3.0% BAB and 0.83%
BME. A liguid crystal paste was obtained after curing
for 25 minutes with stirring. A 10 pm film was prepared
from this paste after onc day. The Ug, switching volt-
age was 30V and the switching time was 3 ms. The
contrast ratio for this film was 200.

EXAMPLE 4

A 2 gram sample was prepared from a solution of E7,
1.5 wt % BAB and 0.75 wt % BME. The sample was
irradiated in a 1 cm dizmeter tube at an intensity of 3
mW/cm? The curing time was 40 minutes at 65° C.
with stirring. A tin film was prepared after one day. The
Uy switching voltage was 60V and the switching time
was (.5 ms, The contrast ratio for this film was 80.

EXAMPLE 5

A 2 gram sample was prepare as in cxample 4 except
that the solution contained 2.2% BAB, 1.09 BME and
was cured for 35 minutes with stirring. A 20 pm film
was prepared after one day. The Ugyswitching voltage
was 130V and the switching time was 0.3 ms. The con-
trast ratio for this film was 200,

EXAMFLE &

The pasts from example 5 was then used to prepare a
5 pm film after two weeks. The U, switching voltage
was 50V and the switching time was 0.3 ms. The con-
trast ratio for this fim was 40.

EXAMPLE 7
A 2 gram sample was prepared as in example 4 except
that the solution further contained 1 wt % dye {Q-
Switch-I, Exciton Inc., Dayton, Chio). A 10 pm film
was prepared after one month. The Uy, switching volt-
age was 50V and the switching time was 0.5 ms. The
contrast ratio for this film was 50.

EXAMPLE 8
45

A 0.6 gram sample was prepared from a solution of
8CB, 1.5 wt % BAB and 0.8 wt % BME. This sample
way irradiated at 55° C. for 35 minutes at the intensity
used in the previous examples. The liquid crystal in this
sample was in the smectic A pbase during polymeriza-
tion. A 10 pm film was prepared after two days. The
Uy switching voltage was 60V and the switching time
was 100 ms. The contrast ratio for this film was 10,

All of the samples prepared in the previous examples
had a paste like consistency, examples 3 and 5 being the
hardest. The films appeared turbid and are strongly
light scattering. The threshold switching voltage for
cach of the above examples was between 3-6V. More-
over, the electro-optical properties of the displays were
independent of the petiod of time the paste material was 60
stored prior preparation of the thin films Threshold
voltages correspond to the voltage where the transmit-
tance reaches 10% of the maximum, The saturation
voltages (Ug;) correspond to the voltage where the
transmittance is 90% of the maximum. The pastes can 55
be solved in, for example, chloroform and upon evapo-
ration of the solvent the material returns to its paste
consistency and retains its original propertics.

35
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Another embodiment of the method of the invention
involves first dissolving the monomers in a suitable
non-mesogenic solvent, such as CH3Cl. Polymerization
of this solution is then induced either thermally or by
light. Upon polymerization of the monomer the result-
ing polymer stays in solution. The mesogenic material is
then added to the solution of non-mesogenic solvent
and polymer and the non-mesogenic solvent gradually
removed by, for example, evaporation. When the evap-
oration has progressed sufficiently, the polymer phase
separates from the solution to form the liquid crystalline
paste. This embodiment is illustrated in the following
non-limiting example.

EXAMPLE 3

A solution was prepared by dissolving 1.5 wt % BAB
and 0.8 wt % BME in | gram of chloroform (CHaCl).
The solution was cured at 55° C, under the 3 mW/cm?
UV source for 40 minutes. | gram of SCB was then
dissolved in the solution and the chloroform evaporated
at room temperature to obtain a liquid crystalline paste.
This paste also contained fluid and rubber like portions.

A 20 pm film was prepared from this paste after 3
months. The Uszy switching voltage was 50V and the
switching time was 10 ms. The contrast ratio for this
film was 3. As with the previous examples, the thresh-
old switching voltage for this paste was between 36V
and the electro-optical properties of the display unaf-
fected by the storage time of the paste.

According to another embodiment of the invention
the monomer can be first polymerized and then dis-
solved in the mesogenic solvent at elevated tempera-
ture. The phase separation occurs upon cooling to form
the liquid crystalline paste as scen in the following non-
limiting example.

EXAMPLE 10

A solution was prepared by dissolving 1.5 wt % BAB
and 0.8 wt 9% BME in 1 gram of chloroform. The soln-
tion was cured as in example 9 for 40 minutes. The
chlorofarm was then evaporated at room temperature
for about three days to form a yellow powder. This
powder was then dissolved in 1 gram of 5CB with stir-
ring to form the liquid crystalline pasie. This material
also contained fluid and rubber like portions.

A 20 pm film was prepared from this paste after 3
months. The Uy, switching voltage was 50V and the
switching time was 30 ms. The contrast ratio for this
film was 7. The threshald switching voltage for this film
was also between 3-6V and the quality of the display
independent of the storage time.

Many modifications and variations of the invention
will be apparent to those of ordinary skili in the art in
light of the foregoing disclosure. Therefore, it is to be
understood that, within the scope of the appended
claims, the invention can be practiced otherwise than
has been specifically shown and described.

What is claimed is:

1. A method of producing a thin electrically address-
able light modulating liquid crystalline film comprising
the steps of:

a) preparing a solution comprising a polymerizable
monomeric material in & mesogenic solvent having
positive dielectric anisotropy;

b) polymerizing said solution in bulk until said mano-
meric material polymerizes and pbase separates
from the mesogenic solvent to form a spreadable
liquid crystalline paste; and thereafter,
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¢} coating said liquid crystal paste onto a substrate to
form a thin electrically addressable film.

2. The method according to claim 1, wherein the
polymerizing step is carried out when the mesogenic
solvent is in the isotropic phase.

3. The method according to claim 1, wherein said
monomeric material is added in an amount from about
0.5 to 5% by weight based on the weight of solvent and
moROmer,

4. The method according to claim 1, wherein the
solution is photopolymerized.

5. The method according to claim 1, wherein the
solution is thermally polymerized.

6. The method according to claim 1, which includes
adding nematic liquid crystal as a component of the
mesogenic solvent.

7. The method according 10 claim 6, further including
adding a cholesteric liquid crystal material as a compo-
nent of the mesogenic solvent.

8. A method of producing a thin electrically address-
able light modulating liquid crystalline film comprising
the steps of:

a) polymerizing a monomeric material to form a light

transmissive polymer;

b) dissolving seid light tramsmissive polymer in a
mesogenic solvent having positive dielectric an-
isotropy;

c) cooling the solution in bulk until zaid polymer
material phase separates from the mesogenic sol-
vent to form a spreadable liquid crystalline paste;
and thereafter,

d) coating said liquid crystalline paste onto a substrate
to form a thin electrically addressable film thereon.

9. The method according to claim 8, wherein said
monomeric material is added in an amount from about
0.5 to 5% by weight based on the weight of the solvent
and monomer.

10. The method according to claim 8, which includes
adding nematic liquid crystal as a component of the
mesogenic solvent.

11. The method according to claim 10, further includ-
ing adding cholesteric liquid crystal material as a com-
pooent of the mesogenic solvent.

12. A method of producing a thin electrically ad-
dressable light moduiating liquid crystalline film com-
prising the steps of:

a) dissolving a monomeric material in a non-meso-

genic solvent;

b) polymerizing said monomeric material;

c} adding a mesogenic soivent having positive dielec-
tric anisotropy to the bulk solution of menomeric
material and non-mesogenic solvent;
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d) removing said non-mesogenic solvent until the
polymerized monomeric material phase separates
from said solution to form a spreadable liquid crys-
talline paste; and thereafier,

€) coating said liqnid crystalline paste onto a substrate
to form a thin electrically addressable film thereon.

13. The method according to claim 12, wherein said
monomeric material is added in an amount from about
0.5 to 5% by weight based on the weight of the sclvent
apd monomer.

14. The method according to claim 12, which in-
cludes adding nematic liquid crystal material as a com-
ponent of said mesogenic solvent.

15. The method according 1o claim 14, further inclod-
ing adding cholesteric liquid crystal material a5 a com-
panent of said mesogenic solvent.

16. An electrically addressable light modulating lig-
uid crystalline paste formed by the process eomprising
the steps of:

a) preparing a solution comptising a polymerizable
monomeric material in a mesogenic solvent having
potitive dielectric anisotropy;

b) polymerizing said soltion in bulk until said mono-
meric material polymerizes and phase separates
from the mesogenic solvent to form a spreadable
liquid crystalline paste.

17. The liquid crystalline paste according to claim 16,
wherein said polymerization is carried out when the
mesogenic solvent is in the isotropic phase.

18. An electrically addressable light modulating lig-
nid crystalline paste formed by the process comprising
the steps of:

a) polymerizing a monomeric material t¢ form a light

transmissive polymer;

b) dissclving said light transmissive polymer in a
mesogenic solvent having positive dielectric an-
isotropy;

c) cooling the solution in bulk until said polymer
material phase separates from the mesogernic sol-
vent to form a spreadable liquid crystalline paste.

19. An electrically addressable light modnlating lig-
nid crystalline paste formed by the process comprising
the steps of:

a) dissolving a monomeric material in a non-meso-

genic solvent;

b) polymerizing said monomeric material;

¢) adding a mesogenic solvent baving positive dielec-
tric amisotropy to the bulk solztion of monomeric
material and non-mesogenic solvent;

d) removing said non-mesogenic solvent until the
polymerized monomeric material phase separates
from said solution to form a spreadable liquid crys-
talline paste.



