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A method of forming a composite

The present invention relates to a method of forming a composite containing a matrix compo-
nent and at least one liquid crystal component. It also relates to a composite obtainable

thereby, and to uses thereof.

Ever since it was first demonstrated, in 1976, that it was possible to change a liquid crystal
composite from an opaque to a transparent state, a tremendous amount of research effort has
been invested to achieve progress and to adapt this phenomenon for use in electronic compo-
nents etc. The principle of changing a liquid crystal from an opaque to a transparent state was
applied to a porous polymer matrix (Craighead et al., 1982, Appl. Phys. Lett. 40, 22), which
was filled with a liquid crystal. The idea of encompassing a liquid crystal within a matrix,
which in Craighead’s experiments showed a poor performance, was further developed in 1985
by Fergason (1985, SID Int. Symp. Digest of Tech. Papers, 16, 68) and Drzaic, (1986, J.
Appl. Phys., 60, 2142) who reported liquid crystal-polymer composites obtained by drying an
emulsion of liquid crystal in an aqueous solution of polyvinyl alcohol. These materials were
termed “nematic curvilinear aligned phase” (NCAP) which found use in smart window appli-
cations. In NCAP applications the liquid crystal is encapsulated by standard micro-

encapsulation or emulsification techniques which suspend it in a solid polymer film.

Another technique which was developed on the basis of Craighead’s idea to embed the liquid
crystal in a polymer matrix, is the so called PDLC-technique (polymer-dispersed liquid crys-
tal). This is achieved by preparing a homogeneous mixture of a liquid crystal and a pre-
polymer and thereafter inducing a phase separation by causing the pre-polymer to form a solid

network, thereby inducing the liquid crystal form droplets embedded in the polymer network.

Various techniques have been developed to achieve such formation of a polymer network
which are used depending on the individual circumstances. For example, when a pre-polymer
material is miscible with a liquid crystal compound a phase separation by polymerization is
used. This technique is referred to as polymerization-induced phase separation (PIPS). A ho-
mogeneous solufion is made by mixing the pre-polymer with the liquid crystal. Thereafter a
polymerization is achieved through a condensation reaction, as with epoxy resins, or through

a free radical polymerization, as with vinyl monomer catalyzed with a free radical initiator
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such as benzoyl peroxide, or by a photo-initiated polymerization. Upon polymerization the
solubility of the liquid crystal decreases in the lengthening polymers until the liquid crystal
forms droplets or an interconnected liquid crystal network within a growing polymer network.
When the polymer starts to gel it will lock the growing droplets or the interconnected liquid
crystal network thereby arresting them/it in their/its state at that time. The droplet size and the
morphology of droplets or the dimensions of the liquid crystal network are determined during
the time between the droplet nucleation/initiation of network formation and the gelling of the
polymer. Important factors are the rate of polymerization, the relative concentrations of mate-
rials, the temperature, the types of liquid crystal and polymers used and various other physical
parameters, such as viscosity, solubility of the liquid crystal in the polymer. Reasonably uni-
form size droplets can be achieved by this technique. Sizes prepared in the past have ranged
from 0.01 wm — 30 um. Polymerisation induced phase separation (PIPS) is a preferred method
for forming PDLC films. The process begins with a homogeneous mixture of liquid crystal
and monomer or pre-polymer. Polymerisation is initiated to induce phase separation. Droplet
size and morphology are determined by the rate and the duration of polymerisation, the types
of liquid crystal and polymers and their proportions in the mixture, viscosity, rate of diffusion,
temperature and solubility of the liquid crystal in the polymer (West, J.L., Phase-separation
of liquid-crystals in polymer. Molecular Crystals and Liquid Crystals, 1988. 157: p. 427-441,
Golemme, A., Zumer, S., Doane, J.W., and Neubert, M.E., Deuterium nmr of polymer dis-
persed liquid crystals. Physical Review a, 1988. 37(2): p. 599-569, Smith, G.W. and Vaz,
N.A., The relationship between formation kinetics and microdroplet size of epoxy based
polymer-dispersed liquid-crystals. Liquid Crystals, 1988. 3(5): p. 543-571, Vaz, N.A. and
Montgomery, G.P., Refractive-indexes of polymer-dispersed liquid-crystal film materials —
epoxy based system. Journal Of Applied Physics, 1987. 62(8): p 3161-3172). In ultraviolet
light (UV) initiated polymerisation, the rate of curing may be changed by changing the light
intensity (Whitehead Jr, J.B., Gill, N.L., and Adams, C., Characterization of the phase sepa-
ration of the E7 liquid crystal component mixtures in a thiol-ene based polymer. Proc. SPIE,
2000. 4107: p. 189). The PIPS method using free-radical polymerisation is by far the most
studied, and the majority of free-radical polymerisation systems are initiated by UV light. The
process has several advantages over other methods such as, better phase separation, uniform
droplet size, and better control of the droplet size. However, the presence of dyes that absorb
UV and visible radiation in the mixture prior to curing can lead to incomplete or the complete

prevention of successful curing. Furthermore, the dyes may decompose upon curing.
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Another technique used for obtaining PDLC composites is thermal induced phase separation
(TIPS). This technique can be used for liquid crystal materials and thermoplastic materials
which are capable of forming a homogenous solution above the melt temperature of the
polymer. The homogenous solution of liquid crystal in the thermoplastic melt is cooled below
the melting point of the thermoplastic material, thereby causing a phase sepération of the lig-
uid crystal. The droplet size of the liquid crystal is determined by the rate of cooling and a
number of other material parameters. Examples of TIPS-prepared composites are polymeth-
ylmethacrylate (PMMA) and polyvinylformal (PVF) with cyanobiphenyl liquid crystal. Gen-
erally, the concentrations of liquid crystals required for TIPS-film are larger in comparison to

PIPS-prepared films.

Another technique used to prepare polymer dispersed liquid crystal composites is solvent-
induced phase separation (SIPS). This makes use of a liquid crystal and a thermoplastic mate-
rial dissolved in a common solvent thereby forming a homogenous solution. The ensuing
evaporation of the solvent results in phase separation of the liquid crystal, droplet formation
and growth, and polymer gelation. Solvent evaporation can also be used in conjunction with
thermal processing of materials which melt below their decomposition temperature. First of
all films are formed on a suitable substrate using standard film coating techniques, e. g. doctor
blading, spin coating, web coating, etc. The solvent is thereafter removed with no concern of
droplets size or density. Then the film is warmed again to re-dissolve the liquid crystal in the
polymer and then cooled at a rate which is chosen to give the desired droplet size and density.

In effect, the latter example is a combination of SIPS with TIPS.

A common problem encountered with all of these aforementioned techniques is the fact that
the phase-separation achieved is only incomplete, i. e. some of the liquid crystal plasticizes
the polymer network formed, because it stays co-dissolved within the polymer. This is disad-

vantageous for any electronic device making use of such liquid crystal.

Electronic device display technologies require displays with high brightness and contrast, low
power consumption, and fast refresh speeds. For flexible displays, polymer thin film technol-
ogy is being explored and in particular, polymer dispersed liquid crystal films (= PDLC) are
of interest. In these materials it is important to achieve good phase separation of the compo-
nents with minimal co-dissolution. Such co-dissolution reduces the scattering-switching con-

trast between “on” and “off” states. Furthermore, if coloured dyes are used to produce col-
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oured PDLC films, dissolution of the dye into the inactive polymer matrix reduces colour-
switching contrast. An additional impediment is that in the preferred curing method, that of
ultra-violet light photo curing, many coloured dyes undergo photodegradation. There are
other advantages which would make it appear desirable to add dyes to PDLC composite films.

Addition of dipolar dyes can, for example lead to faster “turn-on” times.

Another problem commonly encountered with PDLC composites is the fact that additional
components dissolved in the liquid crystal are sensitive to the phase separation process and
frequently are damaged in the course of the polymerization and/or the formation of the poly-
mer matrix. For example it is very difficult to include UV-sensitive dyes which survive photo-
induced polymerization. Accordingly it has been a problem to produce PDLC-composites

which are coloured by the inclusion of dyes.

In the priority application to the present application, which is hereby incorporated by refer-
ence in its entirety (Priority Application No. EP 01129709.0, filed on December 13, 2001,)
the problem of co-dissolution of the liquid crystal component within the polymer matrix has
been solved by a method whereby in an initial state a co-dispersion of liquid crystal and a
prepolymer is made, followed by curing and removal of the liquid crystal. The subsequent re-
filling of the voids created during the polymerization with another liquid crystal material
leads to a polymer dispersed liquid crystal (PDLC) material having a markedly improved ab-
sorption and reduced turn-off-times with respect to hitherto to known PDLC-materials. The
subsequent re-filling of the voids created during the polymerization may be by a liquid crystal

material which is the same or different to the material initially involved in the co-dispersion.

Neither with this technique, however, nor with the technique originally employed by Craig-
head has it been possible to include dyes in the liquid crystal material that forms part of the
composite, and thereby create a composite that can for example be used in a display cell that
is capable of reversibly switching between a coloured state and a transparent state. Neither the
devices prepared according to Craighead’s technique (i.e. addition of a non-absorbing liquid
crystal material to a preformed pblymer matrix) nor the devices prepared according to the
technique as described in the priority application to this application (Priority Application No.
EP 01129709.0, filed on December 13, 2001) were capable of reversibly switching between
two different states, i.e. a coloured state and a transparent state if the liquid crystal material

included a dye, for example a dichroic dye.
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Accordingly it has been an object of the present invention to allow for the preparation of a
composite that can be used in a display cell which is then capable of reversibly switching

between a coloured and a transparent state.

This object is solved by a method of forming a composite containing a matrix component and
at least one liquid crystal component, said at least one liquid crystal component being dis-
persed within said matrix, said matrix component having a first index of refraction and said at
least one liquid crystal component having a second index of refraction, the difference between
the first and the second indices of refraction being variable over a range of values, such that it
is possible to adjust the difference between the first and the second index to be small or ap-
proximately zero, whereby, as a result, a display cell containing said composite becomes
transparent, said method comprising the following steps:

a) providing a matrix component,

b) providing at least one liquid crystal component, said liquid crystal component being opti-
cally absorbing,

¢) adding the at least one liquid crystal component to the matrix component.

Preferably, the method according to the present invention comprises the additional step:

d) heating the composite containing the matrix component and at least one liquid crystal com-
ponent to a temperature above the isotropic temperature of the liquid crystal component, but
below the decomposition temperature/melting temperature of the matrix component, and,
even more preferably, comprises the additional step:

¢) cooling the composite to room temperature.

It is preferred that the heating occurs for 1-20 minutes, preferably 1-10 minutes, more pref-
erably 1-5 minutes, and the cooling occurs over a period of 1-60 minutes, preferably 1-40

minutes, more preferably 5-20 minutes.

In one embodiment the at least one liquid crystal component contains at least one optically
absorbing component, wherein, preferably, the at least one optically absorbing component is

soluble in the at least one liquid crystal component.
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It is preferred that the soluble optically absorbing component is selected from the group com-
prising dyes, compounds with permanent dipoles, rod-like structure materials, and nanotubes,
wherein, preferably, the soluble optically absorbing component is selected from the group
comprising UV-sensitive dyes, UV-stable dyes, cis-trans isomer dyes, dicroic dyes and dipo-

lar dyes.

In one embodiment the matrix component is a polymer-matrix-component or a glass-based
component or a combination of the two (i.e. polymer-glass-hybrid materials) wherein, pref-
erably, the polymer-matrix component is a preformed porous polymer matrix or is a polymer

matrix, prepared by the PDLC-technique (polymer-dispersed liquid crystal-technique).

The objects of the present invention are also solved by a composite obtainable by a method

according to the present invention.

Preferably, the composite contains a liquid crystal component doped with a compound se-
lected from the group comprising dyes, UV-sensitive dyes, UV-stable dyes, dicroic dyes, dyes

with a permanent dipole, rod-like structure material and nanotubes.

The objects of the present invention are also solved by a device containing a composite ac-

cording to the present invention.

The objects of the present invention are also solved by a use of a device according to the pres-
ent invention, or of a composite according to the present invention in a display, a smart win-
dow, a membrane, an optical valve, a Bragg grating, an optically sensitive memory, an infra-

red shutter, a gasflow sensor, a pressure sensor and/or a polarizer.

In the case that the matrix component is a polymer-matrix, it is preferred that the matrix is

porous.

The term “porous” as used herein is meant to signify that the matrix provides an interstitial
space wherein other matter can be taken up, e.g. liquids. Preferred embodiments of a matrix
according to the present invention are sponges, filters, filter papers, gels, networks, sieves,
polymer gels, polymer sieves.

Further examples of the matrix are inorganic networks, e.g. silica networks, which can for

example be produced by a sol-gel process, or xerogels. The latter term applies to any very
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low-density network where there is a continuous void phase and where there is a solid phase

that is either of an organic or inorganic material.

In a preferred embodiment the interstitial space has dimensions in the x, y, z-directions taken
from the range 100 nm — 30 pm, more preferably 500 nm — 10 pm and even more preferably
600 nm — 5 um. Most preferably the interstitial space’s dimensions (pore size) are centered

around 3 pm.

The idea of these dimensions is, that, although this is not absolutely essential to the invention,
scattering of electromagnetic radiation shall be achieved by appropriate choice of dimensions.
Without wishing to be bound by any particular theory, the inventors have found that by
choosing the aforementioned dimensions, scattering can be achieved and thereby the absorp-
tion of electromagnetic radiation through dyes, possibly included in the liquid crystalline
phase, can be enhanced, because the pathlength of light has been increased.

Preferably, when scattering is desired, the maximum refractive index difference between the

matrix and the liquid crystal material is > 0.01, in order to achieve scattering.

In the practice of the invention useful liquid crystal materials are manifold, and a wide variety
can be commercially obtained from various sources. For example the company Merck offers a
wide range of liquid crystal materials. Although by no means limited thereto, useful examples
in the practice of the present invention include liquid crystal compounds selected from the
group comprising cyanobiphenyls and substituted cyanobiphenyls. The liquid crystal material
referred to as “E7” which is a mixture of various proportions of different cyanobiphenyls is
particularly useful; the choice of liquid crystal material, of course, depends on the intended
application and purpose. Other useful liquid crystal materials available from Merck are
TL213, TL203 and 5CB.

In the practice of the present invention useful dyes may have additional groups which alter the
colouring effect of the dye. These groups may be auxochrome groups, which alter the absorp-
tion spectral properties of the dye, such as NR,, OR, COOH, SO;H, CN. Examples of UV-
sensitive dyes are dyes with azo-groups, or dyes which additionally have a permanent dipole
moment like MORPIP.
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The term “PDLC-technique” as used herein is meant to signify both the PDLC-technique as
claimed and described in the claims of priority application to this application (priority appli-
cation No. EP 01 129 709.0) (therein also referred to as “DPDLC” (dispersed DPDLC) and
“SPDLC” (sponge-like PDLC)) as well as the techniques known from the prior art to that pri-
ority application and described in the specification of EP 01 129 709.0 on pages 1-3 of the

specification.

As used herein if a liquid crystal component is referred to as “optically absorbing” it can
mean that the liquid crystal component is intrinsically optically absorbing (due to its own
chemical structure), or it has absorbing properties due to other substances being present in the

liquid crystal component, e.g. solutes, such as dyes.

It has been surprisingly found that by the present invention it is possible to include a dye into
the liquid crystal and make full use of the characteristics provided by this dye. Simply by in-
cluding an additional heating step above the isotropic temperature of the liquid crystal mate-
rial containing the optically absorbing compound, it was possible to achieve a composite that
can be reversibly switched between a coloured and a transparent state. It is clear that someone
skilled in the art will be able to determine the respective temperature to which such heating
must occur, without undue experimentation. The selection of appropriate temperature simply
depends on the type of liquid crystal material and the type of optically absorbing dye (e.g.
UV-sensitive dye, dichroic dye etc.) used. This allows for applications with a higher colour
contrast, and enables the incorporation of dyes and liquid crystal molecules, normally sensi-
tive to UV light. Another additional advantage is that the composite according to the present
invention has a faster switch-off time thus allowing for faster refresh rates in display devices

comprising the material.

The invention allows also for example the preparation of a PDLC prepared by photo curing of
a liquid crystal/prepolymer composite, where dyes of any type compatible with the liquid
crystal phase can be incorporated, regardless of their photosensitivity to ultra-violet light.
Furthermore, this material type shows an improvement in the “turn-off” time. Amongst other
aspects, the invention therefore provides for an improved PDLC material more suited to col-

our display applications.

In the following detailed description reference is made to the figures, wherein
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Figure 1 shows the washing out of the PDLC-component, including any lc-material contained

as a solute in the solid polymer phase, by means of acetone,

Figure 2 shows that the contrast ratio of the dye doped sponge-like PDLC (D-SPDLC) was
improved by almost twice compared to the conventional dye doped liquid crystal (D-LC).

Figure 3 shows the comparison for the switching times for a PDLC film prepared by a con-
ventional method without dye (PDLC) and for a comparable material of the inventive subject
(SPDLC). Over a range of applied voltages, the reduction in switch-off time is approximately
a factor of three,

Figure 4 shows a comparison of transmittance between a Dispersed PDLC (2.5%B2
90%DPDLC) with a Heilmeier liquid crystal (2.5%B2 1.C) doped to the same concentration

of dye,

Figure 5 shows a comparison of transmittance between a Sponge PDLC (2.5%B2
70%SPDLC) with a Heilmeier liquid crystal (2.5%B2 LC),

Figure 6 shows a transmittance measurement of undoped PDLC and undoped SPDLC vs. Ap
plied Peak to Peak Voltage,

Figure 7 shows Rise Time Measurement of undoped PDLC and undoped SPDLC,

Figure 8 shows Rise Time Variation with inverse electric field square for PDLC and SPDLC,
Figure 9 shows Decay Time of undoped PDLC and undoped SPDLC,

Figure 10 shows a polymer matrix filled with a dye-doped liquid crystal, and

Figure 11 shows a transmittance/voltage response of the polymer matrix of figure10.

The following examples are intended to describe the invention more specifically by way of

example and are not intended to limit the scope or spirit of the invention.
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Example 1

In one embodiment of the present invention, a dye-doped liquid crystal component of the
PDLC is incorporated after the photo curing stage has been completed. The first stage in the
preparation of the PDLC is that of the formation of the voids within which the dye-doped lig-
uid crystal will reside. This is achieved by curing a homogeneous mixture of un-doped liquid
crystal and liquid prepolymer. As an example, a 60 % by weight mixture of E7 liquid crystal
and NOA65 (Norland Optical Adhesive Inc.) liquid prepolymer may be cured using UV light
to give an initial PDLC medium with well controlled LC droplet size and distribution. Fol-
lowing curing, the LC component, including any LC material contained as a solute in the

solid polymer phase, is washed out using, for example, acetone (Figure 1).

The voids remaining are then re-filled using dye-doped liquid crystal, forming a dye-doped
sponge-like PDLC (S-PDLC). In a preferred example, the dye is a highly dipolar dye used for
colouration of the PDLC and as a means to obtain faster “turn-on” time. Morpip is one such

dye example.

The resulting PDLC material regardless of dye content exhibits a marked improvement in
optical density (Figure 2) and reduction in the “switch-off” time due to increased anchoring

by the matrix walls (Figure 3).

Typical values obtained according to the present invention (PDLC + 2.5% B2) can be com-

pared with a conventional Heilmeier liquid crystal (LC + 2.5% B2) in the following table.

Table
Absorptionoy Absorptionopr contrast ratio Aorr/Aon
PDLC +2.5% B2 0.08 0.99 12.4
LC+2.5% B2 0.07 0.52 7.4
Conventional PDLCs

Sample Fabrication
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First, a polymer-LC mixture was prepared by mixing an equal volume of the UV curable
polymer, NOA65, and a doped liquid crystal E7. The mixture was stirred using Teflon coating
magnetic stirrer for at least one hour in dark. A 10 pm empty glass cell with no alignment
layer (KSSZ-10/B111PINTS from E.H.C. Co., Ltd., Japan) was filled with the solution at
70°C. Immediately after filling, the cell was cooled to the room temperature of 21°C, the cell
was irradiated by means of UV light (360 nm, Spectroline, Model EN-180L/F, 230 V, 50 Hz,
0,17A) at an intensity of 4,8 mW/cm?.

This UV curing process initiates cross-linking of the polymer, making liquid crystal insoluble
in the polymer. The phase separated liquid crystal forms droplets, they merge and grow bigger
until the polymerization of the matrix has progressed sufficiently to lock their morphology.
This curing process could be observed unter a cross-polarised microscope. It is known that as
the UV initiates cross-linking of polymers chains, the liquid crystal phase separates from them
and merges to form bigger droplets. The size of the droplets can be controlled by the speed of

the curing process which can be controlled by the intensity of the UV irradiation.

PDLCs with different morphologies of the droplet type could be made by varying E7-NOA65
composition and curing conditions. When the liquid crystal volume proportion to the polymer
was 80 vol% (80% PDLC), the liquid crystal droplets were no longer spherical in shapes but
deformed. When the liquid crystal proportion was increased to 90%, the enclosure of liquid
crystal in polymer matrix disappeared, and the network of polymer was formed in liquid
crystal matrix. When the 90% PDLC is cured faster, the phase separated polymer does not
have enough time to form networks, and the polymer dlroplets are formed. These latter two

types of PDLC are known as network type PDLC and polymer ball type PDLC.

Example 3
Novel PDLCs

To overcome the low contrast problem due to dye deterioration and dye trapping, two new
dichroic PDLC fabrication techniques were proposed. For convenience, the PDLCs made by
the first method were named Dispersed PDLC (DPDLC), and the second ones were named
Sponge PDLC (SPDLC). Their fabrication and properties are described below.

a) Dispersed PDLC



b)
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The first method involves forcing doped liquid crystal “in”, and consequently pushing un-
doped liquid crystal “out” from a ready-made PDLC cell. This method may be applied
only when the liquid crystal phase in the PDLC is interconnected. For the liquid crystal-
polymer combination used in this work, the liquid crystal proportion in the PDLC must be

more than 80% to achieve the continuous liquid crystal phase.

It turned out that in many instances there were polymer balls in the nematic liquid crystal.
The refilling process did not sweep the polymer balls out from the cell, therefore they
were probably attached to either side of the substrates. In these cases, the cell was made

by curing 90% PDLC for 2 minutes with the UV source placed 10 cm away from the cell.

Further, the transmittance of the DPDLC was compared with a Heilmeier liquid crystal
doped to same concentration of dye to see how scattering has improved the absorption of
the dye. The result which can be seen in figure 4 showed a transmission decrease at 800
nm, which indicates that more scattering was present in DPDLC compared to Heilmeier
liquid crystal. Even though the DPDLC has 10% less dyes present compared to the Heil-
meier liquid crystal, the transmission at 550 nm stays the same (54%), implying the in-
crease in dye absorption due to scattering. Unfortunately, the DPDLC contrast was 1,63
(Ton/Torr—88%/54%) at 530 nm, which was still to weak for display applications that re-
quires at least a contrast of 2,7. It was not possible to increase the contrast much more by
using the same liquid crystal (E7) and polymer (NOA65) combination, as the mixture
starts forming droplets under 80% PDLC. The network type PDLC or polymer ball type
PDLC, which has continuous liquid crystal, with very high scattering would further im-

prove the contrast using the dispersion method.

Sponge PDLC

This second new fabrication technique, which gives an increased contrast compared to
DPDLC introduced in the previous section, makes use of the fact that E7 liquid crystal is
highly soluble in acetone, while NOA65 polymer is only slightly soluble. When a ready-
made undoped PDLC cell was soaked in acetone, E7 liquid crystal and uncured monomer

and oligomer in the PDLC cell slowly dissolve in the solution.

The cell became less scattering when E7 mixes with acetone, but it became weakly scat-

tering again as the E7 is fully washed out. The duration of this process depends on the size



WO 03/050203 PCT/EP02/14259
13

and proportion of liquid crystal droplets. When the droplet sizes are in order of 1 um, and
the liquid crystal proportion is 50%, the washing process takes a few weeks. If the droplet
sizes are in order of 100 um, and the liquid crystal proportion is 90%, i.e. all the liquid

crystal is connected together, the process takes only a few days.

After fully removing the E7, slow heating in the drying cabinet evaporated the acetone in
the remaining acetone-polymer system. A sponge of polymer matrix with air cavities re-
mained. Observation of the polymer sponge under a microscope did not show any notice-

able difference in the matrix structure.

Then the cell was stood upright in a small beaker filled with desired dye doped liquid
crystal, leaving one open-end of the cell not soaked in the liquid crystal. Then the beaker
was quickly placed in a vacuum oven at 40°C. This refilling method in vacuum avoids any
air left in the matrix after filled by doped liquid crystal. Finally, when the cell is refilled, it

was taken out of the beaker, and both open-ends of the cell were sealed with epoxy.

Example 4

Contrast Measurement

Off-state transmittance of doped SPDLC and a conventional Heilmeier liquid crystal cells
were compared to investigate the contrast improvement which could not be observed with
doped PDLC. Both cells contained 2.5 wt% B2 in the liquid crystal. The liquid crystal pro-
portion to polymer in SPDLC was 70%. B2 is a mixture of azo and anthraquinone dyes com-

mercially available from Mitshubishi Chemical in Japan.

The result in Figure 5 shows that the Heilmeier liquid crystal transmittance of 55% was de-
creased to 30% less liquid crystal, and hence 30% less dyes. At 520 nm, doped SPDLC
achieved a contrast of 3.0 compared to 1.7 for the Heilmeier liquid crystal. The decrease in
transmittance was clearly achieved by the scattering effect, as can be observed by the decrease
of transmittance at 800 nm where there is no absorption by the dye. The effect of the scatter-
ing can be seen by a further decrease in the SPDLC transmittance at 400 nm. This is because

the scattering efficiency decreases rapidly with increasing wavelength.

Example 5
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Threshold characteristic of SPDLC

Following the successful contrast result from the previous example the SPDLCs were investi-
gated further by comparing the electro-optic properties of undoped SPDLC with undoped
PDLC. Two identical undoped PDLC cells were made under the same conditions. The liquid
crystal proportion of the PDLC’s was 60%, and the cells were irradiated with UV from 10 cm
away for 2 minutes. Both cells were 10 um thick without any prior alignment treatment. Then
one of these Jcells was converted to an undoped SPDLC sample by the following method. The
E7 was simply washed away and the polymer sponge was filled with undoped pure E7 liquid
crystal. Transmittance variation with applied voltage was measured and the result shown in

Figure 6, was obtained.

The result shows that the Vo is 2.5+0.3 V for PDLC, and 3.5+0.3 V for SPDLC. Vg, for
PDLC is 7.5+0.3 V and 12+0.3 V for SPDLC. Both V1o and Vo were increased by approxi-
mately 34% by transforming the PDLC into SPDLC. The increase indicates increase in an-
choring energy at the polymer walls, caused by the removal of the uncured monomer and oli-

gomer or drying, or combination of both.

The values for Tmax, Tmin, V10, Voo, Vsat. are dependent on the sample and the cure conditions

and vary from 0 ~ 100% (Tmax, Trmin), and from 0 ~> 100 V (V10, Voo, Viat)-

Typical values obtained according to the present invention are Tpax 80 ~ 100%, Tiin 0 ~ 30%,

Vio 0 ~ 5V, Voo 5 ~ 20V; these values can, for example, be obtained from a composite com-
prising 60% E7 and 40% NOAG65, where the thickness is 10 micron.

Example 6
Response Time Measurement

To further characterize the SPDCL, the response times of undoped PDLC and undoped
SPDLC were measured using the same set-up used in the previous example. All cells tested
were 10 pum thick without any surface alignment. Rise and decay time results are shown in

Figure 7 and Figure 9 respectively.
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The inconsistent variation at lower voltage, under 8V, was due to the liquid crystal not
reaching full alignment. Nevertheless, the trend of undoped SPDLC responding slower to the
electric field compared to undoped PDLC can be seen when higher voltages are applied. This
difference shown more clearly when the rise time variation with inverse square of the electric
field is plotted as shown in Figure 8. Assuming that the PDLC behaves to electric field as
liquid crystal does, a straight line through the origin was fitted to the data points, and the gra-
dient calculated. The gradients of the PDLC and SPDLC samples were 0.016+0.002 sVzum'2
and 0.03120.002 sV?um™ respectively. Even though the lines were not fit perfectly, the dif-
ference in gradients clearly indicates that the SPDLC is approximately twice as slow as the
PDLC. Nevertheless, they are both within the targeted range of 100 ms under an applied filed
of 10Vm.

The same PDLC and SPDLC cells were used to measure decay time, and the result is shown
in Figure 9. Surprisingly, the decay time of the SPDLC cell is only 73% of the decay time
obtained for the PDLC cell. The SPDLC cell switches off as fast as it switches on, and this
can be useful since the slow decay time of liquid crystals is one of the problems suffered by
liquid crystal displays. The measured decay time for 10 pm Heilmeier liquid crystal was 250
ms, which is considerably longer than the 30 ms for SPDLC.

Increases in the rise time and decreases in the decay time, together with the increased thresh-
old voltage measurement from the previous section, are common effects observed when the
anchoring energy of the polymer wall is increased. Further measurements of anchoring energy

would reveal the effect.

Example 7

A black and white display test cell was made by adding a dichroic dye-doped liquid crystal (=
D-LC) to a preformed polymer membrane filter. In the following this is referred to as dichroic
filter-PDLC (D-FPDLC). The basic idea of adding a D-LC to a polymer matrix is the same as
that of a dye-doped sponge-like dispersed liquid crystal (= D-SPDLC). The initial polymer
matrix does not have to be made by fabricating a PDLC as in the priority application EP
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01129709.0, but any pre-formed porous matrix (such as glass, polymer or gel) can be used as
well to fabricate a colour display.

The materials used are a liquid crystal material (LC), a dichroic dye and a polymer filter. The
LC used in this example is BLOO01 (formerly known as E7) available from Merck. The reason
for choosing this LC is because the refractive index of the LC (1.522) matches that of the fil-
ter (approximately 1.5). Also the LC switches at low voltage which is important for such thick
filter. The filter used is from Millipore (www.millipore.com. CAT NO. Polyvinyl Chloride
(PVC) PVC504700. Filter Type 5.0um). The thickness of the filter is approximately 100 pm.

The dye Black-2 used is a mixture of azo and anthraquinone dyes available from Mitsubishi

Chemical in Japan.

The fabrication of such test cell is simple, and this is the best advantage for using such display
mode. The D-LC mixture was first made by adding 1 wt% Black-2 in BL001 LC, and stirring
overnight. A cell was made by sandwiching a sheet of filter with a pair of indium-tin-oxide
(ITO) coated glass substrates. Then the cell was filled with the D-LC by capillary action in
vacuum. Finally the D-FPDLC was heated above the LC’s isotropic temperature (61°C) and
cooled. The temperature did not exceed the glass transition temperature (Tg) of the PVC
which is expected to be 80°C. Omission of the heating step leads to the D-FPDLC not being
able of switching, whereas heating after the filling of the filter leads to a reversible
switchability. The refractive indices of the liquid crystal (in this case: E7 (n=1.52)) should
match that of the matrix (in this case: PVC). Also, when the filter+E7 cell was heated above
the Ty (nematic to isotropic temperature) (i.e. the temperature for the transition: nematic to
isotropic) of E7, the cell became transparent, which is also showing the refractive indices
match of the two compounds.

Figure 10 shows the PVC filter filled with 1% B2 BL001. The middle grey square is where
the ITO overlaps and hence the electric field is applied. The darker area around the small
square is where there is no electric field. A piece of white paper was placed on the back of the

test cell to make the middle grey square more visible.

Figure 11 shows the transmittance-voltage response of the D-FPDLC of this example. The
test cell could not be fully turned on at 100V. Due to experimental set-up, 100V was the ma-
ximum voltage possible to generate. This is due to the thick PVC filter and also probably due
to inhomogeneous pore sizes in the filter. When the filter pores are unnecessarily small (e.g.

under 1 pm), the voltage required to turn the cell on increases.
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Further optimization is possible without undue need for experimentation. For example, thin-
ner, more homogeneous filters should be used, which will result in the cell being able to give
high transmittance switched at low voltage. Furthermore increasing the temperature of the test
cell to 40-50°C gives higher transmittance at 100V, which probably is because the viscosity of
the LC is reduced by the higher temperature, hence reducing the voltage required to switch on
the LC test cell.

The great advantage of using a sponge like polymer dispersed lispersed liquid crystal
(SPDLC) in the method according to the present invention is that the parameters of the poly-
mer matrix can be precisely tuned. However, if a pre-formed filter is used instead as a matrix
in the method according to the present invention, this greatly simplifies the manufacturing
process.

It is important therefore to note that the method according to the present invention is not li-
mited to any specific way in which the matrix is formed, wherein the dye-doped liquid crystal
material is dispersed. It can be applied to any matrix, be it preformed or a PDLC, that forms

during the making of the composite.

The features disclosed in the specification, the claims and the drawings may, alone or in any

combination thereof, be essential in the practice of the present invention.
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Claims

A method of forming a composite containing a matrix component and at least one lig-
uid crystal component, said at least one liquid crystal component being dispersed
within said matrix, said matrix component having a first index of refraction and said at
least one liquid crystal component having a second index of refraction, the difference
between the first and the second index of refraction being variable over a range of val-
ues, such that it is possible to adjust the difference between the first and the second in-
dex to be small or approximately zero, whereby, as a result, a display cell containing
said composite becomes transparent, said method comprising the following steps:

a) providing a matrix component,

b) providing at least one liquid crystal component, said liquid crystal component being
optically absorbing,

¢) adding the at least one liquid crystal component to the matrix component.

The method according to claim 1, comprising the additional step:

d) heating the composite containing the matrix component and at least one liquid
crystal component to a temperature above the isotropic temperature of the liquid crys-
tal component, but below the decomposition temperature/melting temperature of the

matrix component.

The method according to claim 2, comprising the additional step:

e) cooling the composite to room temperature.

The method according to any of claims 2-3, wherein the heating occurs for 1-20 min-
utes, preferably 1-10 minutes, more preferably 1-5 minutes, and the cooling occurs

over a period of 1-60 minutes, preferably 1-40 minutes, more preferably 5-20 minutes.

The method according to any of the foregoing claims, wherein the at least one liquid

crystal component contains at least one optically absorbing component.

The method according to claim 5 wherein the at least one optically absorbing compo-

nent is soluble in the at least one liquid crystal component.
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The method according to claim 6, wherein the soluble optically absorbing component
is selected from the group comprising dyes, compounds with permanent dipoles, rod-

like structure materials, and nanotubes.

The method according to claim 7, wherein the soluble optically absorbing component
is selected from the group comprising UV-sensitive dyes, UV-stable dyes, cis-trans

isomer dyes, dichroic dyes and dipolar dyes.

The method according to any of the foregoing claims, wherein the matrix component
is a polymer-matrix-component, or a glass-based component or a combination of the

two.

The method according to claim 9, wherein the polymer-matrix component is a pre-
formed porous polymer matrix or is a polymer matrix, prepared by the PDLC-
technique (polymer-dispersed liquid crystal-technique).

A composite obtainable by a method according to any of the foregoing claims.

The composite according to claim 11, characterized in that it contains a liquid crystal
component doped with a compound selected from the group comprising dyes, UV-
sensitive dyes, UV-stable dyes, dichroic dyes, dyes with a permanent dipole, rod-like

structure material and nanotubes.
A device containing a composite according to any of claim 11-12.

Use of a device according to claim 13, or of a composite according to any of claims
11-12 in a display, a smart window, a membrane, an optical valve, a Bragg grating, an
optically sensitive memory, an infrared shutter, a gasflow sensor, a pressure sensor

and/or a polarizer.
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Figure 1
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Figure 4
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Figure 6
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Figure 10
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