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(57) Abstract

A liquid crystal light composite in which discrete volumes of a liquid crystal material

by a process in which a reactive additive formulation is added and photopolymerized. The
photoinitiator. The reactive additive formulation reduces the operating field

and muitifunctional compounds in specified proportions and a
and may also improve other electro-optical properties.

are dispersed in a matrix material is produced
reactive additive formulation includes mono-
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METHOD OF MAKING LIQUID CRYSTAL COMPOSITE

Techmical Field of the Invention

This invention relates to additives for improving the electro-optical properties of
liquid crystal composites used in light valves and methods for incorporating of such

additives into the liquid crystal composites.

Background of the Invention

It 1s known to make light valves whose electro-optically active element comprises a
liquid crystal composite in which plural volumes or droplets of a liquid crystal material are
dispersed within a matrix material such as a polymer. The hiquid crystal material has also
been described as being encapsulated or embedded in the matrix material. Exemplary
disclosures include Fergason, US 4,435,047 (1984) (“Fergason ‘047); West et al., US
4,085,771 (1987), Pearlman, US 4,992,201 (1991); Dainippon Ink, EP 0,313,053 (1989).

Such light valves may be used in displays and window or privacy panels.

The hiqud crystal composite is disposed between transparent electrodes, which are
respectively supported by substrates (e.g., glass or a transparent polymer). When no voltage '
i1s applied across the electrodes (the field-off state), incident light is substantially scattered
and/or absorbed. When an appropriate voltage is applied across the electrodes (the field-on

state), the liquid crystal composite changes its optical state to one in which incident light is
substantially transmitted.

It has been proposed to include in the liquid crystal composite additives for the
purpose of improving its electro-optical properties, its coatability onto the electrodes, and
other performance characteristics. Exemplary disclosures include: Raychem, WO 93/18431
(1993); commonly assigned patents of Reamey et al., U.S. 5,405,551, issued Apnl 11, 1995;
Havens et al., U.S. 5,585,947, issued December 17, 1996; and Lau, U.S. 5,395,550, 1ssued
March 7, 1995 (“Lau patent”). Among such additives are reactive additives, that is,
additives which polymerize, oligomerize, cross-link, or otherwise chemically react after

addztion to the liquid crystal composite or a precursor therefore. Often, the reactive
additives are acrylic or methacrylic compounds.

A common problem is the need to accommodate many different performance

parameters. For a iquid crystal display driven by an active matrix, a performance parameter
of
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predominant importance is the operating field Egg (defined hereinbelow), because of limitations
on the driving voltage attainable with existing active matrix drivers. Generally, an Egq of less
than about 1 volt/um is desirable. But an additive which improves Egp may adversely affect
other performance parameters such as the switching speed or hysteresis, often to an
unacceptable extent. Or, an additive may lower Egg only over a narrow temperature range,
resulting in an Egg which is highly temperature dependent. Liquid crystal displays need to
operate over a wide temperature range, typically between 5 and 55 °C. An additive which
improves performance at 25 °C but which 1s ineffective (or negauvely effective) at 5 °C would
not be practically useful, and vice-versa. Further, it is difficult to design drivers for a display
whose operating field requirements are highly temperature dependent, for the driver then would
have to be designed with a temperature variable driving voltage.

Summary of the Invention

An object of this invention is to provide additive formulations for liquid crystal
composites, which formulations lower the operating field Egp without negatively affecting
other performance parameters to an unacceptable extent. Another object of this invention 1s to
provide additive formulations which lower Egg over the entirety of a practlcally useful tempera-
ture range. Yet another object is to lower Egg while simultaneously improving other
performance parameters. Yet another object of this invention is to provide additive
formulations which lead to a liquid crystal composite having operating fields Egg which is
relatively temperature independent over the operating temperature range.

This invention provides a method of making a liquid crystal light composite in which
discrete volumes of a liquid crystal material are dispersed in a matrix material, comprising the
steps of:

(a) providing an emulsion comprising plural discrete volumes of a liquid crystal material
encapsulated in a matrix material carried in a carrier medium, the emulsion further
comprising a reactive additive formulation comprising:

(D between 83 and 93.3 weight percent of at least two monofunctional compounds

of the structure
| ﬂ Ry
RZ—O _C—C""""CHZ

¢

the group -R; being -CHj3 or -H and the group -R» being an alkyl, aryl,
alkylaryl, arylalkyl, alkylcycloalkyl, cycloalkylalkyl, hydroxyalkyl, fluoroalkyl,
or fluoroaryl group; wherein (A) each group -Rp has a chain length of 6 or (B)

D
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at least one group -R2 has a chain length other than six, 1n which latter event the
distribution of chain lengths among the groups -R3 is according to the following

table
Mole Percent “hain Length
5t0 90 <5
10 t0 95 > 5

the mole percent’s being based on the total amount of monofunctional
compounds;

(I  between 5 and 16.9 weight percent of at least one multifunctional compound
having acrylic or methacrylic functionality and being denved from diols or
polyols containing aliphatic, aromatic, ester, epoxy, amide, imide, carbamate,
or mesogenic segments; and

(II) between 0.1 and 5.0 weight percent of at least one photoinitiator;
the weight percent’s being based on the combined amounts of monofunctuonal
¢ompou nds, multifunctional compound, and photoinitiator;

(b)  photopolymerizing the monofunctional and multifunctional compounds in the reactive
additive formulation;

(c) applying a coating of the emulsion onto a substrate; and

(d) drying the coating by permitting the carrier medium to evaporate.

Further, this invention also provides a composmon of matter consisting of the reactive
addmve formulation as defi ned abovc

Bn iption of the Drawin

FIGS. 1 through 4 compare liquid crystal composite light valves according to this
invention against reference liquid crystal composite light valves.

FIGS. 5 and 6 show the effect of monofunctional compound chain length on the home-
otropic transition temperature and the operating field of liquid crystal composite light valves.

Description of the Preferr mbodiment

By using the additive formulations of this invention, one can lower the operating field
Eogq over a practically useful temperature range without unacceptably affecting other perfor-
mance parameters. In some instances some of the other performance parameters are actually
improved. Further, Egq exhibits less sensitivity to temperature. The additive formulation 1s

~3—-
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preferably used in an amount of 5 to 30, more preferably 10 to 25, parts by weight per 100
parts weight of liquid crystal material (parts per hundred, or phr).

We have discovered that the type and relative proportions of the monofunctional and
multifunctional compounds and the chain length of the group -R2 in the monofunctional
compounds unexpectedly play key roles in the effectiveness of the additive formulation. It is
important that the reactive additive formulation not consist of monofunctional compounds
whose groups -Rj all have the same chain length, except when the chain length is 6. When
the groups -R2 have chain lengths other than 6, the mole % of groups -R2 having a chain
length less than or equal to 5 should be between 5 and 90 mole %, preferably between 20 and
70 mole %. The “chain length” of a group -R2 means the length of the longest chain of atoms
in the group -R2 (usually carbon but permissibly other polyvalent atoms such as oxygen or
nitrogen), as determined by counting, starting at the atom in the group -R2 which bonded to the
ether oxygen (-O-) in the monofunctional compound, towards the polyvalent atom which is
most distant from such starting atom. “Most distant” refers to distance in terms of the number
of intervening bonds, as opposed to absolute distance. References to ranges of chain lengths
herein are inclusive — e.g., a range between 2 and 5 includes the values 2 and 3.

The groups -R1 and -R» may be independently varied. In one monofunctional
compound the group -R; may be -CH3 while in another monofunctional compound the group
-Rj may be -H. Those skilled in the art will appreciate that this is equivalent to stating that
monofunctional compounds may be a mixture of acrylic and methacrylic compounds.

Exemplary suitable monofunctional compounds are listed below. To further illustrate
the concept of chain lengths, the chain length of the group -R2 of each of the listed
monofunctional compounds is also provided.

Monofunctional Compound Chain Length Reference
P
CH;(CH,);—0—C—C=CH; 4 (D
g 0
CH;—CH—(CH,),—0—C—C=CH, 4 (ID)
Q
CH;(CH,);,—0—C—C=CH,; 5 (I11)
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W
CH;— CH—(CH,);—0—C—C=CH,

CH, O H
I TR
(CH;);C—CH,—CH—CH,—~0—C~—C=CH,

T 0
/7 “CHy—0—C—C=CH,

P 0
CH;3(CH,)s—0O—C—C=CH;

g Q 1
CH;— CH—(CH,),—0—C—C=CH,

CH O H
| i
CH,(CH,),—CH—(CH,),—O0—C—C=CH,

CH,;—CH, O H
| |-
CH3(CH2)3—CH—CH2—O—C—C‘—CH2

CH, 0O H
| T

(CH3);C—CH,—CH—(CH,),~0—C—C=CH,

0 H
%\(CHz)Z—O—C—C CH,

i
CH3(CHp)g—O0—C—C=CH,

9
CH;3(CH,);—0—C—C=CH;

B &

P
CH,(CH,);—0—C—C=CH,

10

PCT/US95/16309

(IV)

(VD)

(VII)

(V1)

(I1X)

(X)

(XI)

(XII)

(XIII)

(XIV)

(XV)

(XVI)
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i
(CH3CH2CH2)2_CH_O_C—C=CH2

g 0 )
(CHQ,*""CH—CH?,)‘CH'—O—C—C:CHZ
2

i
%\ O—C—C=CH,

o Sl
CI'13(CH2)2— CH—CH—"O_C"“C=CH2

i
(CH3)sC/ "/ >S0—C—C=CH,

I
CH;—CH—(CH,);—CH—0—C—C=CH,

T
(CH;3);C—0—C—C=CH,

O H

Il
CF;—(CF,),—CH,—0—C—C=CHj,

o g
CH30—CH—(CHy),—0—C—C=CH,

O H

|
O(mz)z-o"C"C=CH2

O H

I
Q—O—(Cﬂz)z—O“C—C=CH2

i
CH;—CH,—0—(CH,);—0—C—C=CH,

O H
|
CH3“‘"(CH2)3—O“—(CH2)2_ O""C--C=CH2

PCT/US95/163509

(XVII)

(XVILI)

(XIX)

(XX)

(XXI)

(XXII)

(XXIII)

(XXIV)

(XXV)

(XXVI)

(XXVII)

(XXVIII)

(XXIX)
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HO—(CHy);—0—C—C=CH,

0 o
HCF,—(CF);—CH,—0—C—C=CH,

o
(CH3);C—(CH,),—O0—C~—C=CH,

B
CH3CH2—'O"‘C‘““C=CH2

I
CH;—CH—CH,—0—C—C=CH,

g g
CH3(CH;);—0—C—C=CH;

g g
CH3(CI'12)4—O-C"‘C=CH2

g 5
CH;(CH,)s—0—C—C=CH;

CH; O CHj
| T
CH;(CH,);—CH—CH,—0—C—C=CH,

O CH,

i
CH3(CH2)6—O—C—-C=CH2

(XXX)

(XXXT)

(XXXII)

(XXXIII)

(XXX1V)

(XXXYV)

(XXXVI)

(XXXVII)

(XXXVIII)

(XXXIX)

Preferred monofunctional compounds include: n-pentyl acrylate (I11), 2,4,4-trime-
thylpentyl acrylate (V), n-hexyl acrylate (VII), n-decyl acrylate (XVI), 2-ethylhexyl acrylate
(X), 3,35,5-trimethylhexyl acrylate (XI), and 4-tert-butylcyclohexyl acrylate (XX1).

Suitable multifunctional compounds include: 1,6-hexanediol diacrylate (XL),
trimethylolpropane triacrylate (XLI), pentaerythritol triacrylate (XLII), pentaerythritol
tetraacrylate (XLIII), 1,4-butanediol diacrylate (XLIV), polyacrylated aliphatic polyester
oligomers (for example Photomer™ 5018 (tetra-acrylated) from Henkel and Ebecryl™ 1810
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(tetra-acrylated) from UCB Radcur), and polyacrylated polyurethane oligomers (for example
Ebecryl™ 270 or 8402 (diacrylated) or Ebecryl™ 265 (triacrylated) from UCB Radcur).

A preferred class of multifunctional compounds has the formula

20 ‘ o
CH,=C—C—0—Q—(Z—X-72)—Q—0—C—C=CH;

where

n is an integer between 0 and 100, inclusive;

each -R3 is independently -CH3 or -H;

each -Q- 1s independently alkylene, arylene, or a bond;

each -Z- 1s independently oxygen, alkylene, hydroxyalkylene, arylene, or a bond;

X is a bond, oxygen, a carbonyl group, an ester group, an ether group, an amide group, an
imide group, a carbamate group, a mesogenic group, or

where
m is an integer between 1 and 4, inclusive;
-R4 1s a methenyl (=CH) group, nitrogen, or aromatic nucleus; and
-Z-, -Q-, and -R3 are as previously defined;

subject to the provisos that Q 1s not a bond when n 1s 0, Z 1s oxygen, or either Zor X is a
bond; that Z is not oxygen when either Q or Z is a bond; that Z 1s not a bond when
either Q or X is a bond; and that X is not oxygen when Z 1s oxygen.

Examples of preferred combinations of monofunctional compounds and multfunctional

compounds are tabulated in TABLE I below:
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TABLE 1

S 2
Compound Chain Leng (wt %)

3,5,5-Trimethylhexyl acrylate (XI) Monofunctional 44.5
2-Ethylhexyl acrylate (X) Monofunctional 6 44.5
Photomer™ 5018 Multifunctional N/A 10.0
n-Pentyl acrylate (III) Monofunctional 5 13.5
2-Ethylhexyl acrylate (X) Monofunctional 6 35.1
n-Decyl acrylate (XVI) Monofunctional 10 40.4
Photomer™ 5018 Multifunctional N/A 10.0
n-Pentyl acrylate ((III) Monofunctional 5 62.3
n-Hexyl acrylate (VII) Monofunctional 6 26.7
Photomer™ 5018 Multifunctional N/A 10.0

In a liquid crystal composite (also referred to in the art as encapsulated liquid crystal
material or polymer dispersed liquid crystal), discrete volumes of a liquid crystal material are
encapsulated, dispersed, embedded or otherwise contained in a matrix material. The volumes
are not necessarily limited to spherical or substantially spherical ones. They may be irregularly
shaped, and even interconnected. The amount of interconnection between volumes may be to
an extent such that the liquid crystal material appears to form a continuous phase. “Liquid
crystal material” denotes a composition having liquid crystalline properties, whether that
composition consists of a single discrete liquid crystalline compound, a mixture of different
liquid crystalline compounds, or a mixture of liquid crystalline and non-liquid crystalline com-
pounds. Preferably, the liquid crystal material is nematic or operationally nematic. More
preferably, it also has a positive dielectric anisotropy.

Individual liquid crystal molecules typically have elongated shapes and a tendency to

align themselves with their long molecular axes parallel to each other. This alignment causes a
liquid crystal composition to be anisotropic, meaning that its physical, optical, and other pro-
perties are dependent on the direction of measurement (parallel or perpendicular to the direction
of alignment). The alignment direction may be influenced by an external stimulus, such as an
electrical or magnetic field, causing the liquid crystal composition to exhibit a particular value
of a physical characteristic in one direction when the stimulus 1s absent, but rapidly switching
to a different value when the stimulus 1s applied. It 1s because of this anisotropy and its ready

_O_
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realignment that liquid crystal compositions are useful as materials for light valves.
Applications for such light valves includes displays and windows or privacy panels.

Generally the ordinary refractive index of the liquid crystal matenal is substantially
matched to the refractive index of the matrix material. Two indices of refraction are said to
be substantially the same, or matched, if they differ by less than 0.05, preferably less than
0.02. A colored visual effect may be obtained by inclusion of dyes, either pleochroic or
1sotropic, into the composite. The physical principles by which liquid crystal composite
light valves operate 1s described in the art cited in the Background of the Invention section,
especially Fergason ‘047.

The matnix matenal 1s preferably a polymeric material. Suitable matrix materials
include but are not limited to poly(vinyl alcohol) (“PVA”) and its copolymers, gelatin,
polyurethane, latexes, poly(ethylene oxide), poly(vinyl pyrrolidone), cellulosic polymers,
natural gums, acrylic and methacrylic polymers and copolymers, epoxies, polyolefins, vinyl
polymers, and the like. PV A 1s a preferred containment medium.

Liquid crystal composites may be made by deposition from an emulsion of the
matrix material and the liquid crystal material, in the presence of a carrier medium. The
emulsion may be made with apparatus such as propeller blade mixers, colloid mixers, and
the like. Preferred emulsion techniques are taught in Fergason, US 4,435,047 (1984), US
4,606,611 (1986), US 4,616,903 (1986), and US 4,707,080 (1987); Pearlman et al., US
4,992,201 (1991); Kamath et al., US 5,233,445 (1993); and Wartenberg et al., US 5,202,063
(1993) and WO 93/18431 (1993). |

The monofunctional and multifunctional compounds are photopolymerized by
irradiating the emulsion with ultraviolet (UV) light). A conventional UV light source is
suitable, but we have generally used a medium pressure mercury vapor lamp having
emission peaks at 250, 310, and 360 nm. This emission pattern is found to fit well with the
absorption spectrum of a preferred photoinitiator, Darocur™ 4265. Those skilled in the art
will appreciate that, for a given UV light source, one particular photoinitiator may be more
eftective than the others. Typically, irradiation is eftected for 15 min at 0°C under 12
mW/cm? radiation. The temperature and duration may vary depending on the exact
formulation. The promote complete photopolymerization, the emulsion is stirred during
trradiation. Thermal and photo DSC data indicates the degree of cure is greater than 98 %.

The photoimitiator helps initiate the polymerization process. Generally, any
photoinitiator conventionally used for free-radical polymerizations may be used. Exemplary

-10-
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suitable photoinitiators include: Darocur™ 4265 and 1173 and Irgacur™ 184, 369, 500,
650, and 907, all available from Ciba-Geigy.

After photopolymerization the emulsion may be centrifuged to control droplet size.
The resulting pellet from the centrifugation may be re-dispersed in a further matrix material,
as disclosed in Reamey et al., U.S. 5,405,551, issued April 11, 1995. In this manner, a
liquid crystal composite in which the liquid crystal material is encapsulated in plural layers
of matrix material may be obtained.

The emulsion 1s coated onto a substrate, which may have an electrode material
partially or entirely covering it. The substrate is typically made of a transparent material
such as glass or a transparent polymer such as poly(ethylene terephthalate). If the substrate
1s electroded, the electrode material also is transparent, made for example of materials such
as indium tin oxide (ITO), gold, or silver. (Substrate and/or electrode material to be
disposed on a non-viewing side of a light valve need not be transparent.) To prevent coating
defects, a coating aid as discussed in the Lau patent may be added.

After coating, the carrier medium, which is generally aqueous in nature, is allowed
to evaporate. The carrier medium may be water, or an alcohol-water combination, as taught
in Wartenberg et al., US 5,202,063 (1993). Once the carrier medium has evaporated,
leaving behind the liquid crystal composite, an opposing electrode supported in turn by a
second substrate may be laminated on top of the composite to produce a completed ki ght

valve which may be switched on and off by the application of an appropriate electric field
thereacross.

It 1s to be understood that while the method of the present invention has been
described in a particular sequence of the various steps, 1.e., with the photopolymerization
taking place before the coating, the method is not limited to such particular sequence and
that vaniations are permissible. For example, the photopolymerization may be performed
after the coating step or even after the drying step.

It 1s believed that the polymerized monofunctional and multifunctional compounds
form a shell or capsule wall around liquid crystal material, separating 1t from the matrix
matenial. The electro-optical performance (e.g., switching voltage, off-state scattering,

switching speed, and hysteresis) of a liquid crystal composite is dependent on the nature of

the surface interactions between the liquid crystal material and the material immediately
surrounding it.

-11-
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This immediately surrounding material may be the matrix material, but a matrix material which
is desirable in respect of characteristics such as mechanical properties, protection against
environmental contaminants, UV stability, etc. may be undesirable in respect of its surface
interactions with the liquid crystal material. Thus, it is desirable to be able to sever the surface
interactions from the other characteristics of the matrix material. By introducing an intervening
encapsulating material derived from the monofunctional and multifunctional compounds, which
has been selected for its interaction characteristics with the liquid crystal maternal, such
severance is possible.

To provide a background for the comparison of the electro-optical properties of liquid
crystal composites of this invention against reference liquid crystal composites, a brief
discussion of the relevant electro-optical properties and their method of measurement follows:

Optical measurements were obtained with £/3.5 collection optics and a collimated
55040 nm light source. In order to measure Tqg and the operating field Vg of a liquid crystal

composite, samples were stepped up and down in voltage (25 steps up and 25 steps down with
0.7 sec per step) to a relatively high field (typically 8-10 V/um). For each test, the maximum

in transmission is defined as T, while Ty¢r 1S the percent transmission in the absence of
applied voltage. The value Tgg 1s given by the equation

Tog = 0.9 (Top - Togr ) + Togr

The applied field needed to reach Tgg on the up curve 1s Vgg (the up curve being the % T/V
curve obtained with increasing voltage). The operating field Egq (in Volt/um) is defined by
V ‘

e = Y0
where Vo is in volts and t is the thickness in pm of the liquid crystal composite. (It is possible
to reduce the voltage needed to operate a liquid crystal light valve by reducing the thickness of
the liquid crystal layer. But then properties such as contrast ratio suffer. A fairer measurement
is the operating field Egg, which is normalized for device thickness.)

Hysteresis was measured in a test in which the sample was ramped 25 steps up then 235

steps down in voltage (0.7 sec per step), typically to a maximum voltage which applies the
field Egg to the film. The hysteresis 1s defined as AT/Tyyo at E5gayg) Where Esgay) 15 the

linear average of Esqyp) and Esgdown): Esoqup) and Espdown) are the field needed to reach Ty
for the up and down curves, respectively. Tsq is defined by the equation

~12—
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Ts0=0.5 (Ton - Tofr ) + Tof

AT is the difference in transmission between the up and the down curves (T(g50(ave), down)
minus T(E50(ave), up)) & Es0(avg)> and Tayg 1s given by

T _ (T(es0(avg), down) + T(E50(avg). up )
avg — 2

Switching speeds were obtained by giving a sample a 1 sec, 400 Hz square wave signal
at Egy. The time for the sample to go from Tjq to Ty is the rise time; the time for the sample to

10  turn off from Ty to Ty is the fall time. The average switching time 1s the average of the rise
and fall times.

The voltage holding ratio (VHR) of liquid crystal composites was measured as follows.
A sample of composite was mounted between two electrodes and a series of alternating polarity
15  voltage pulses was applied. The pulses were 30-300 msec in duration and were applied every
15 msec. During the 15 msec hold time the sample was monitored. The voltage holding ratio
(VHR) is defined as the percentage of the original applied voltage which remained at the end of
the 15 msec hold time. The measurement was taken at “steady state”, which for most samples
was attained before 20 pulses. Large values of VHR are more desirable. Practical light valves

20  preferably have a VHR which is at least 70%, more preferably at least 80%, and most
preferably at least 90%.

Contrast ratio (CR) is defined by the equation

25 CR = '%01‘-
oft
Because it is very difficult to fabricate light valves having identical thickness of the
liquid crystal layer, contrast ratio may be reported normalized for thickness, 1.¢., CR/thickness.
30 A figure of merit (FOM) may be defined by the equation

where f/# is the f-stop and has a value of 3.5. This figure of merit may be used to estimate the
35  overall performance of a light valve, taking into account the operating voltage, the contrast

ratio, and the system optics.
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A homeotropic transition temperature Ty is the temperature below which the liquid
crystal material aligns 1tself substantially perpendicular to the walls of the encapsulating or
matrix material medium, as the case may be, (whereas above such temperature it tends to align
itself substantially parallel to the walls). The homeotropic transition temperature may be readily
determined because below it, the encapsulated liquid crystal composite becomes substantially
clear, 1.e., less scattering, even in the absence of an applied electric field. Liquid crystal
composite light valves in which Ty 1s high (e.g., above 60 °C) are not practical devices. Tg
and the 1sotropic temperature (T) may be measured with an optical microscope equipped with
crossed polarizers and a Mettler clearing point apparatus. Samples are heated or cooled at a rate
of 2 °C/min over the -5 to 95 °Crange. Transition temperatures are indicated by the loss of
birefringence (scattering) of the sample below Ty or above Tj.

Liquid crystal composites made according to this invention are preferably used in active
matrix displays, in which each pixel (or picture element) is driven (switched from one visual
state to another) by an active switching element such as a thin film transistor (““TFT”), varistor,
diode, or metal-insulator-metal element (“MIM”). In one preferred embodiment the active
matrix is formed on a silicon wafer. The switching element helps eliminate cross-talk and
maintain an initially applied voltage across the corresponding pixel, even when it is not being
actively addressed, so that the pixel stays “on” while other pixels are addressed. The longer
the pixels holds the initially applied voltage, the longer it can be maintained in the “on” state
until it 1s next addressed, permitting the construction of displays having a larger number of
pixels. If the matrix contains a sufficiently large number of switching elements of sufficiently
small size, high resolution displays are possible. Active matrix displays are important for
television, computer, and instrument screens. Since the voltage attainable with the active

matrix drivers presently available for high resolution displays is limited, it is important that the
operating field be as low as possible. Thus, the reactive additive formulations of this invention
provide an important technical advantage in the making of liquid crystal composites.

The practice of this invention may be further understood by the following examples,
which are provided by way of illustration and not of limitation.

Example 1

This is a representative procedure for preparing of liquid crystal composites according
to this invention and the corresponding light valves. Liquid crystal material (preferably a halo-
genated nematic liquid crystal, such as the TL~ series of liquid crystals from EM Industries) is
dissolved in a known amount of a reactive additive formulation at 21 °C until saturation, as

_14—
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indicated by a slight cloudiness of the solution. The solution is emulsified ina 5 to 15 weight
% aqueous solution of PVA (e.g., Airvol™ 205 from Air Products). Emulsifying agents other
than PVA may be used. Optionally a surfactant or coating aid may be added prior to emulsifi-
cation. The coating aid may also be added to the final coating emulsion prior to coating. Both
the speed and duration of mixing can be adjusted to yield the desired particle size, usually in the
range of 1.5 to 2.5 um (preferably 2.0 pm) median volume diameter. The emulsion is adjusted
to 40 weight % of non-aqueous components by adding the necessary amount of water, then
allowed to defoam by standing for at least 2 hours. After filtering through a 3.0 um polycarbo-
nate membrane and storing at approximately 0 °C for at least 30 min, aliquots of the cold emul-
sion about 8 mL in size are transferred into 30 mL plastic beakers equipped with a magnetic
stirrer. Each batch is cooled to about -5 °C by blowing cold nitrogen gas across it with con-
stant stirring for 5 min. The batches are then irradiated with UV light at an intensity of about
12 mW/cm2 for 15 min, while maintaining the temperature at or below 0 °C. The emulsion 1s
filtered again through a 5 wm polycarbonate membrane. The emulsion may be centrifuged if
desired to narrow the droplet size distribution. The pellet obtained from the centrifugation is
redispersed in another matrix material (e.g., a 50:50 wt % mixture of Neorez™ R967 (a
polyurethane matrix) and Airvol™ 205 PVA) to form an emulsion ready for coating.

The coating emulsion is filtered through a 5 pm membrane and coated onto a back-
scribed ITO-electroded glass plate. After air drying, the coated plate is broken into small test
cells, each of which is heated for 1 min at 65 °C on a hot plate before lamination with an ITO-
glass counterplate. The preferred sample thickness is 7 to 12 pm, most preferably about 10

lm.

Example 2

Two liquid crystal composite light valves incorporating reactive additive formulations
according to this invention are compared against four control light valves, each incorporating a
reactive additive formulation not according to this invention. The monofunctional compound

component of the reactive additive formulation in each liquid crystal composite is provided in
TABLE II below. In each instance, the liquid crystal was TL216 (EM Industries), the multi-
functional compound was Photomer™ 5018, and the photoinitiator was Darocur™ 4265.
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TABLE 11

Light Valve Monofunctional Compound Chain Length Mole Per Cent

n-Pentyl acrylate (III)

2-Ethylhexyl acrylate (X) 6 40

n-Decyl acrylate (XVI) 10 60
2 2-Ethylhexyl acrylate (X) 6 50

3,5,5-Trimethylhexyl acrylate (XI) 6 S0
3 (control) n-Pentyl acrylate (III) 5 100
4 (control) 2-Ethylhexyl acrylate (X) 6 100
5 (control) 3,5,5-Trimethylhexyl acrylate (XI) 6 100
6 (control) n-Decyl acrylate (XVI) 10 100

Results are provided in FIGS. 1-4, except for control light valve 6, whose Ty was
above 65 °C and whose electro-optical properties therefore were not measured. Each of light
valves 1 and 2 has a low Egg, below 1.0 V/um, as shown in FIG. 1. Furthermore, the Egp’s
show little temperature dependence in the 5 to 55 °C range. In comparison, the Egg’s of the
control light valves each has either a high Egg or one which is significantly temperature depen-
dent. Yet, the reactive additive formulations do not unacceptably degrade other performance
parameters such as contrast ratio (FIG. 2, normalized for thickness), hysteresis (FIG. 3) or
switching speed (FIG. 4). In some instances, there is even improvement in the other proper-
ties — e.g., light valve 1 in respect of contrast ratio and light valve 2 in respect of hysteresis.

Example 3

The effect of chain length on the homeotropic transition temperature Ty and operating
field Egq 1s illustrated. Liquid crystal composites were prepared with TL205, TL213 or TL216
(EM Industries) as the liquid crystal material, Photomer™ 5018 as the multifunctional com-
pound, and Darocur™4265 as the photoinitiator, and monofunctional compounds of varying
chain length. Among these were (I), (II), (III), (IV), (V), (VI), (VII), (X), (XI), (XIII),
(XIV), (XV), XVI), (XVII), (XVIII), (XX), (XXIII), (XXXII), and (XXXIII). Light
valves were prepared from these composites. The effect of chain length on homeotropic
transition temperature Ty and operating field Egg is plotted out in FIGS. 5 and 6, respectively.
Clearly noticeable in FIG. 5 is a “knee” at chain length equals 6. This unexpected result forms

-16—
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the basis for our invention that by combining monofunctional acrylates with different chain
length (or by selecting monofunctional acrylates having the critical chain length of 6), a
reduction in Egg can be obtained.

Example 4

This example illustrates how a reactive additive formulation according to this invention
can be used to improve electro-optical properties. 2-Ethylhexyl acrylate (X) is a generally
desirable additive in respect of temperature range, hysteresis, switching speed, and contrast
ratio. However, it leads to an operating field Egg which is on the high side. By combining it
with another acrylate, n-decyl acrylate (XVI), lowered Egq is obtained without unacceptably
impacting other performance properties. The results for light valves made using a combination

of monofunctional compounds (X) and (XVI), with TL216 as the liquid crystal material, 1s
shown in TABLE III following.

TABLE III
Monofunc- Contrast
tional VHR Eogg Ratio per
Compound(s) (%) (V/um)
ok |55 S | 0|
(X) b 97.1 1.09
97.0 1.11
96.3 1.14
04.9 1.14
92.2 1.12
(XVD:(X)¢ 5 3.0 97.2 0.80 3.21 42.1 147 .4
(1:3) 15 3.1 97.5 0.82 3.12 11.4 70.3
235 3.2 97.8 0.88 2.98 7.0 37.0
35 3.4 97.6 0.93 2.82 6.9 22.5
45 3.6 96.8 0.84 2.71 7.0 15.8

a Transmission obtained directly from an oscilloscope set in the calibration mode.

b Loading 18.3 phr; thickness 8.5 pm.
¢ Loading 18.2 phr; thickness 8.8 pm.

Example 5

In this example, liquid crystal material TL.213 is made 1nto a liquid crystal composite,
with n-pentyl acrylate (III) and n-hexyl acrylate (VII) as reactive additives. The multifunctional
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compound was Photomer™ 5018. The proportions of the two additives were varied. The
results, provided in TABLE IV below, show how the relative amounts of the two additives can
be varied to achieve a desirable balance of properties.

TABLE IV
n-pentyl Thick- Vol Fo Calib.

rence (phr) (mole %) (Lm) ( m) (%) (%)
21.60 52.8 13.0 1.49 93.9

B 21.40 62.7 10.2 2.0 1.96 93.1
C - 21.16 72.3 10.3 1.9 2.10 95.5
D 20.90 81.8 10.8 2.0 1.95 95.5
E 20.70 91.0 9.9 2.0 2.09 87.7
F 20.50 100.0 12.7 1.9 1.40 88.6

TABLE IV (CONTINUED)

Contrast Ratio Figure Hyste- Rise Fall
Refe- Eop per Thickness of resis Time Time
rence (V/um) (um-1) merit (%) (msec) (msec)

0.65 4.15 0.52 21.8 71.7 169.6
B 0.74 4.28 0.47 15.0 54.6 108.0
C 0.84 3.92 0.38 9.9 40.6 72.3
D 1.02 3.95 0.32 6.5 33.1 37.2
E 1.16 3.98 0.28 6.4 28.2 32.6
F 1.22 4.42 0.30 7.3 30.6 24.1

Exampl

Multifunctional compound can also improve the electro-optical properties of a liquid
crystal composite, as shown in this example using TL216 or TL213 as the liquid crystal mate-
10  rial and Neorez™ polyurethane as the matrix material. A liquid crystal composite made with
monofunctional compounds (IIT), (VII), and (XVI) in equimolar amounts produces light valves
with low operating field Egg, but undesirably high hysteresis and slow switching speeds.
When multifunctional compound (XLII) is included in the reactive additive formulation, a bet-

ter balance of electro-optical properties is obtained. Results are provided in TABLE V for this
15 and other experiments evaluating different multifunctional compounds.

~18—
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TABLE V
Contrast
Tempe-| Egp Ratio per
- Acrylate Compounds Added rature | (V/um) | Thickness

10

15

O
Monofunctional only 2 S 0.70 3.83
15 0.62 3.62
25 0.46 2.94
35 0.42 2.79
45 0.46 2.84
Monofunctional plus multifunctional b 5 0.92 3.13 17.3 154.5
15 0.82 2.74 10.6 110.2
25 0.78 2.56 7.2 67.4
35 0.70 2.33 5.4 80.8
45 0.61 2.22 4.2 60.1
Monofunctional plus multifunctional ¢ 25 0.70 1.81 6.3 100.5
Monofunctional plus multifunctional ¢ 25 1.17 1.81 2.7 31.3
Monofunctional plus multifunctional ¢ 25 2.28 2.31 5.1 9.9
Monofunctional plus multifunctional f 25 1.71 2.61 3.5 16.9

a TL216 liquid crystal, (IIT):(VII):(XVI) in 1:1:1 molar ratio, 18.7 phr, thickness 10.0 pm.
b TL216 liquid crystal, (AI):(VID:(XVI):(XLII) in 2:2:2:1 molar ratio, 21.6 phr, thickness

10.1 um.

¢ TL216 liquid crystal, (III):(VID):(XVI):(XLII) in 2:2:2:1 molar ratio, 21.60 phr, thickness

8.5 um.

d TL216 liquid crystal, (ID):(VID):(XVI):(XLI) in 2:2:2:1 molar ratio, 20.95 phr, thickness 8.9

LLm.

© TL213 liquid crystal, (III):(VII):XLII) in 2:3:1 molar ratio, 24.06 phr, thickness 8.3 um.
f TL213 hiquid crystal, (III):(VII):(XLI) 1in 2:3:1 molar ratio, 25.23 phr, thickness 9.8 um.

Example 7

This example illustrates the applicability of this invention to a variety of different liquid
crystal materials. Besides liquid crystal material in the TL- series from EM Industries, data is
provided in TABLE VI below for a liquid crystal material in the RY- series from Chisso
Corporation. The TL- series liquid crystals contain fluorinated aromatic nuclei, while the
RY 1017 hqud crystal material used contains cyano groups. In each instance a mixture of
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monofunctional compounds (III), (X), and (XVI) was used. The multifunctional compound
was Photomer™ 5018.

Contrast

Liquid VHR Ratio per ] Rise Fall

Crystal (%) Thickness Time Time

Material (um-1) ] (msec) (msec)
TL211 2 97.2 0.71 3.52 0.38 16.3 46.9 39.1
TL213 b 95.0 0.58 2.51 0.35 8.9 43.3 119.7
TL216 © 97.7 0.68 2.99 0.42 12.31 67.2 53.2
RY1017 ¢ 83.6 0.35 1.10 0.26 20.1 51.5 53.2

a (IID:(X):(XVI) molar ratio 1:1:2, test temperature 25 °C.
5 b (MD):(X):(XVI) molar ratio 4:2:1, test temperature 45 °C.
C (IID):(X):(XVI) molar ratio 1:2:2, test temperature 25 °C.
d (I):(X):(XVI) molar ratio 1:2:2, test temperature 65 °C.

Example &

10 This example illustrates the use of methacrylic monofunctional compounds. TL213
was the liquid crystal material, Photometer™ 5018 was the multifunctional compound, and
Darocur 4265 was the photoinitiator. The results are provided in TABLE VIL

TABLE VII | j
' Monofunctional Thick- Vol. % Calib.
Refe- Compounds Loading ness Median Toff VHR
rence (molar ratio) (phr) (LLm) (Lm) (%) (%)
A (OI):(XXXVIII) (2:1) 19.89 10.2 1.9 1.9 07.8
B (ID):(XXXVI) (2:1) 20.54 0.8 2.0 2.0 97.0
C (I : (XXX VII):(XI) 20.03 10.1 1.9 2.0 97.8
(7:2:1)
D (IIT) :( XXX VI):(XI) 20.0 9.9 1.8 2.0 97.5
(7:2:1)
E (VID:(XXXVI) (1:2) 19.95 10.0 1.8 2.0 06.4
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TABLE VII (CONTINUED)

Contrast Ratio Figure Hyste- Rise Fall
Refe- Egg per Thickness of resis Time Time
rence (V/um) (um-1) merit (%) (msec) (msec)
A

1.52 4.32 0.23 9.8 21.3 15.9
B 1.47 4.13 0.23 9.7 22.5 17.1
C 1.44 4.17 0.24 8.5 23.1 16.0
D 1.67 4.14 0.20 8.3 21.7 14.8
E 1.80 4.02 0.18 8.4 27.6 14.0

The foregoing detailed description of the invention includes passages which are chietly
or exclusively concerned with particular parts or aspects of the invention. It is to be
understood that this is for clarity and convenience, that a particular feature may be relevant in

5  more than just passage in which it is disclosed, and that the disclosure herein includes all the
appropriate combinations of information found in the different passages. Similarly, although
the various figures and descriptions thereof relate to specific embodiments of the invention, it 1s
to be understood that where a specific feature is disclosed in the context of a particular figure,
such feature can also be used, to the extent appropriate, in the context of another figure, in

10 combination with another feature, or in the invention 1n general.
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The embodiments of the invention in which an exclusive property or privilege is

claimed are defined as follows:

1.

A method of making a liquid crystal light composite in which discrete volumes of

a liquid crystal material are dispersed in a matrix material and the matrix material and the

liquid crystal material are separated from each other by a wall formed by the

polymerization of a reactive additive formulation, comprising the steps of:

(a)

providing an emulsion comprising plural discrete volumes of a liquid crystal

material encapsulated in a matrix material carried in a carrier medium, the

emulsion further comprising a reactive additive formulation comprising:

()

(1)

between 83 and 93.3 weight percent of at least two monofunctional

compounds of the structure

Ry— O— C— C=CH

the group -R being -CH3 or -H and the group -R2 being an alkyl, aryl,
alkylaryl, alkylcycloalkyl, cycloalkylalkyl, hydroxyalkyl, fluoroalkyl, or
fluoroaryl group; wherein (A) each group -R2 has a chain length of 6 or

(B) at least one group -R2 has a chain length other than six, in which latter

event the distribution of chain lengths among the groups -R2 is according

to the following table
Mole Percent Chain Length
5 to 90 <5
10 to 95 > 5

the mole percent’s being based on the total amount of monofunctional
compounds; .
between 5 and 16.9 weight percent of at least one multifunctional

compound having acrylic or methacrylic functionality and being derived

.00 .
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from diols or polyols containing aliphatic, aromatic, ester, epoxy, amide,
imide, carbamate, or mesogenic segments; and

(III) between 0.1 and 5.0 weight percent of at least one photoinitiator;
the weight percent’s being based on the combined amounts of
monofunctional compounds, multifunctional compound, and
photoinitiator;

(b)  photopolymerizing the monofunctional and multifunctional compounds in the
reactive additive formulation to form the wall separating the matrix material and
the liquid crystal material,;

(¢) applying a coating of the emulsion onto a substrate; and

(d)  drying the coating by permitting the carrier medium to evaporate.

2. A method according to claim 1, wherein the at least two monofunctional
compounds are selected from the group consisting of n-pentyl acrylate, 2,4,4-
trimethylpentyl acrylate, n-hexyl acrylate, n-decyl acrylate, 3,5,5-trimethylhexyl acrylate,
2-ethylhexyl acrylate, and 4-fert-butylcyclohexyl acrylate.

3. A method according to claim 1, wherein the at least one multifunctional
compound is selected from the group consisting of 1,6-hexanediol diacrylate,
trimethylolpropane triacrylate, pentaerythritol triacrylate, 1,4-butanediol diacrylate,
pentaerythritol tetraacrylate, polyacrylated aliphatic polyester oligomers, and

polyacrylated polyurethane oligomers.

4. A method according to claim 1, wherein the multifunctional compound has the

structure.

R3 'C|> fl) 3
CHy=C—C—0— Q- (Z—X-2)=~ @— 0—C—C=CH,;

where

n is an integer between 0 and 100, inclusive;
each -R3 is independently -CH3 or -H;

each -QQ- is independently alkylene, arylene, or a bond;

.23 .
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each -Z- is independently oxygen, alkylene, hydroxyalkylene, arylene, or a bond;
X 1s a bond, oxygen, a carbony! group, an ester group, an ether group, an amide group, an

imide group, a carbamate group, a mesogenic group, or

| P
R4 (Z- @— O—C—C=CHyp,

where
m is an integer between 1 and 4, inclusive;

-R4 1s nitrogen or an aromatic nucleus;

-Z- 1s independently oxygen, alkylene, hydroxyalkylene, arylene, or a bond;
-Q- 1s independently alkylene, arylene, or a bond; and
-R3 i1s independently -CH3 or -H;
subject to the provisos that Q is not a bond when n is 0, Z 1s oxygen, or either Z or X is a
bond; that Z is not oxygen when either Q or Z is a bond; that Z is not a bond

when either Q or X is a bond; and that X is not oxygen when Z is oxygen.

5. A method according to claim 1, wherein (I) the at least one monofunctional
compound is (a) a combination of 3,3,5-trimethylhexyl acrylate and 2-ethylhexyl
acrylate, (b) a combination of n-pentyl acrylate, 2-ethylhexyl acrylate, and n-decyl
acrylate, or (c) a combination of n-pentyl acrylate and n-hexyl acrylate, and (II) the

multifunctional compound is a tetra-acrylated aliphatic polyester oligomer.

6. A method according to any one of claims 1 to 5, wherein the liquid crystal
material is operationally nematic and has a positive dielectric anisotropy and has a

pleochroic dye dissolved therein.

7. A method according to claim 5, wherein the matrix material is selected from the
group consisting of poly(viny!l alcohol) and its copolymers, gelatin, polyurethane, latexes,
poly(ethylene oxide), poly(vinyl pyrrolidone), cellulosic polymers, natural gums, acrylic

and methacrylic polymers and copolymers, epoxies, polyolefins, and vinyl polymers.
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8. A method according to any one of claims 1 to 7, wherein the reactive additive
formulation is used in an amount of 5 to 30 parts by weight per 100 parts by weight of

liquid crystal material.

9. A method according to any one of claims 1 to 8, further comprising the step of
centrifuging the emulsion and re-dispersing the resulting pellet in a further matrix

material.

10. A method according to any one of claims 1 to 9, wherein the substrate has

electrode material partially or entirely covering it.

11. A method according to any one of claims 1 to 10, wherein the carrier medium is

aqueous.

12. A method according to any one of claims 1 to 11, wherein the photopolymerizing

step is performed before the coating step.

13. A method according to any one of claims 1 to 12, wherein the coating step is

performed before the photopolymerizing step.

14. A composition of matter comprising
(I) between 83 and 93.3 weight percent of at least two monofunctional

compounds of the structure

I
Ry— O— C—C=CH,

the group -R1 being -CH3 or -H and the group -R2 being an alkyl, aryl,
alkylaryl, alkylcycloalkyl, cycloalkylalkyl, hydroxyalkyl, fluoroalkyl, or

fluoroaryl group; wherein (A) each group -R2 has a chain length of 6 or
(B) at least one group -R2 has a chain length other than six, in which latter
event the distribution of chain lengths among the groups -R2 is according

to the following table
- 25 -
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Mole Percent Chain Length
5 to 90 <5
10 to 95 > 5

the mole percent’s being based on the total amount of monofunctional
compounds;

(I)  between 5 and 16.9 weight percent of at least one multifunctional
compound having acrylic or methacrylic functionality and being derived
from diols or polyols containing aliphatic, aromatic, ester, epoxy, amide,
imide, carbamate, or mesogenic segments; and

(III) between 0.1 and 5.0 weight percent of at least one photoinitiator;
the weight percent’s being based on the combined amounts of
monofunctional compounds, multifunctional compound, and

photoinitiator.

15. A composition of matter according to claim 14, wherein the at least two
monofunctional compounds are selected from the group consisting of n-pentyl acrylate,
2,4,4-trimethylpentyl acrylate, n-hexyl acrylate, n-decyl acrylate, 3,5,5-trimethylhexyl
acrylate, 2-ethylhexyl acrylate, and 4-tert-butylcyclohexyl acrylate.

16. A composition of matter according to claim 14, wherein the at least one
multifunctional compound is selected from the group consisting of 1,6-hexanediol
diacrylate, trimethylolpropane triacrylate, pentaerythritol triacrylate, 1,4-butanediol
diacrylate, pentaerythritol tetraacrylate, polyacrylated aliphatic polyester oligomers, and

polyacrylated polyurethane oligomers.

17. A composttion of matter according to claim 14, wherein the multifunctional

compound has the structure.

o g s
CH=C—C—0— Q@ (Z—X-2)7 @— 0— C—C=CHy
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where

n is an integer between 0 and 100, inclusive;

each -R3 is independently -CH3 or -H;

each -Q- is independently alkylene, arylene, or a bond;

each -Z- is independently oxygen, alkylene, hydroxyalkylene, arylene, or a bond;

X is a bond, oxygen, a carbonyl group, an ester group, an ether group, an amide group, an

imide group, a carbamate group, a mesogenic group, or

| I
R (Z- — O—C—C=CHyn

where
m is an integer between 1 and 4, inclustve;

-R4 is nitrogen; or an aromatic nucleus;

-Z- 1s iIndependently oxygen, alkylene, hydroxyalkylene, arylene, or a bond;
-Q- 1s independently alkylene, arylene, or a bond; and
-R3 1s independently -CH3 or -H;
subject to the provisos that Q is not a bond when n is 0, Z is oxygen, or either Zor X is a

bond; that Z is not oxygen when either Q or Z is a bond; that Z is not a bond

when either Q or X is a bond; and that X is not oxygen when Z is oxygen.
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