This article was downloaded by: [Tomsk State University of Control Systems and
Radio]

On: 18 February 2013, At: 14:57

Publisher: Taylor & Francis

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

Molecular Crystals and Liquid
Crystals Science and Technology.
Section A. Molecular Crystals and
e Liquid Crystals

Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl19

Electrically Induced Light Scattering
from Anisotropic Gels with Negative

Dielectric Anisotropy

R. A. M. Hikmet ?

# Philips Research Laboratories, P.O. Box 80,000, 5600 J A,
Eindhoven, The Netherlands
Version of record first published: 24 Sep 2006.

To cite this article: R. A. M. Hikmet (1992): Electrically Induced Light Scattering from
Anisotropic Gels with Negative Dielectric Anisotropy, Molecular Crystals and Liquid Crystals
Science and Technology. Section A. Molecular Crystals and Liquid Crystals, 213:1, 117-131

To link to this article: http://dx.doi.org/10.1080/10587259208028723

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-
conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to date. The
accuracy of any instructions, formulae, and drug doses should be independently
verified with primary sources. The publisher shall not be liable for any loss, actions,
claims, proceedings, demand, or costs or damages whatsoever or howsoever caused
arising directly or indirectly in connection with or arising out of the use of this
material.



http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259208028723
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tomsk State University of Control Systems and Radio] at 14:57 18 February 2013

Mol. Cryst. Lig. Cryst., 1992, Vol. 213, pp. 117-131
Reprints available directly from the publisher
Photocopying permitted by license only

© 1992 Gordon and Breach Science Publishers S.A.
Printed in the United States of America

Electrically Induced Light Scattering from
Anisotropic Gels with Negative
Dielectric Anisotropy

R. A. M. HIKMET
Philips Research Laboratories, P.O. Box 80,000, 5600 JA Eindhoven, The Netherlands

{Received July 5, 1991; in final form August 16, 1991)

Homeotropically aligned gels were obtained by photo-induced crosslinking of a liquid crystalline (LC)
mixture containing L.C diacrylates and conventional LC molecules with negative dielectric anisotropy.
The gels produced in this way were very clear as observed from all directions. When an electric field
was applied across the gel, its appearance changed and a light scattering texture was formed. The
intensity of the scattered light increased non-linearly with increasing voltage in a reversible way. Light
scattered by the gels was not polarised and, especially at high voltages, the scattering efficiency of the
gels was found to be independent of the direction of the incident light. In the case of gels containing
dye molecules, scattering was combined with absorption. In this way grey levels for dye absorption
could be obtained.

INTRODUCTION

Liquid crystalline (LC) systems working on the principle of light scattering are of
great interest, since they require no polarizers to produce the contrast. In these
systems the optical anisotropy of LC molecules in small domains is used to induce
light scattering. The earliest form of this kind of display, the dynamic scattering
display,!-? was described long before the commonly used twisted nematic display.?
In the dynamic scattering mode, application of a sufficiently high electric field
induces turbulence caused by the flow of ionic impurities or dopants, leading to
scattering of light. Hence there is a difference in the transmitted light intensities
between the on and off states. Another system which works on a similar principle
uses smectic L.C and shows bistable characteristics.*> In this system a smectic LC
with positive dielectric anisotropy is used. At low frequencies, flow of ions results
in the breaking up of the smectic layers to form a scattering texture which remains
stable after the removal of the electric field. Upon application of a high-frequency
electric field, clear homeotropic orientation of the molecules is obtained. This
system however has long response times. In another invention® which also uses
smectic LC materials, switching between scattering and non-scattering is initiated
by the coordinated use of heat and an electric field. In this way very short response
times can be obtained. Cholesteric systems’ are also used in the production of
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scattering effects. In the on state, the cholesteric helix unwinds, giving a clear
homeotropic orientation. Upon removal of the electric field, a scattering texture
formed by the randomly oriented cholesteric structure is obtained. Recently LC
dispersed polymer films have been suggested as display units.®° In such systems,
sub-micron droplets of LC molecules are dispersed in a polymer matrix. In the off
state, mismatch in the refractive indices of the polymer and the L.C molecules
causes scattering. Application of an electric field to such a two-phase system con-
taining LC molecules with positive dielectric anisotropy aligns the molecules in the
direction of the applied field. When the ordinary refractive index of the LC mol-
ecules is matched with the refractive index of the polymer, the intensity of the light
travelling parallel to the electric field can be altered by the electric field. Many
applications have been suggested for this novel display system which requires no
polarizers. They range from large-area displays and switchable coatings for windows
to projection displays. Indeed, the use of such a display in a colour projection
television system has already been demonstrated.’®

In a recent publication,!'! a novel gel system formed by interconnected phases
of free LC molecules and cross-linked polymer molecules which can be used for
electrically induced light scattering was described. The anisotropic gel was produced'?
by photopolymerising an LC mixture containing LC diacrylates in a planar uniax-
ially oriented state. In the absence of an electric field, no scattering was observed.
Upon application of an electric field across the uniaxially oriented gel system,
containing LC molecules with positive dielectric anisotropy, light scattering could
be induced. However, such a uniaxially oriented system was found to scatter only
one of the polarisation directions effectively. In the present publication, in order
to induce isotropic light scattering, a homeotropically oriented gel system containing
LC molecules with negative dielectric anisotropy has been used. Here the pro-
duction of these homeotropically oriented gels and the effect of the structure and
the concentration of the anisotropic network molecules on the electrically induced
light scattering from these gels are described. Furthermore, the effect of inclusion
of dichroic dye molecules in these gels is discussed.

EXPERIMENTAL

Materials and Sample Preparation

The structure of the diacrylate (C6H) used in the study is shown in Figure 1. The
other LC material used in the study is a commercially available mixture ZL14788
(Merck, Darmstadt) with room temperature refractive indices of n, = 1.486, n,
= 1.650. The dichroic black dye (S409) which shows a high absorbance from 420
700 nm was obtained from Mitsui Toatsu Chem. Inc. (Japan). The photoinitiator
used was Irgacure 651 supplied by Ciba Geigy. In order to produce homeotropically
oriented gels the following procedure was used. The desired amount of C6H was

GH; = CH-CO0+4 CH,3, 0« - C00—~)-00C~_)- 0+ CH,¥; 00C-CH = CH,

FIGURE 1 The liquid crystalline diacrylate.



Downloaded by [Tomsk State University of Control Systems and Radio] at 14:57 18 February 2013

SCATTERING FROM ANISOTROPIC GELS 119

mixed with the LLC mixture, and 1% w/w of photoinitiator was added to the total
mixture. Common LC display cells provided with transparent electrodes and 3-
N, N-dimethyl-N-octadecylaminopropyltrimethoxysilyl chloride (DMOAP) align-
ing layers for inducing homeotropic orientation were filled with the polymerisable
mixtures. After obtaining homeotropic orientation of the molecules, polymerisation
was initiated by UV radiation from a high-pressure mercury source. The intensity
of the radiation could be controlled by varying the distance between the source
and the object. The cell thicknesses used were 8 pm unless stated otherwise.

Electro-Optic Measurements

The optical properties and electro-optic responses of the gels were measured using
a Helium-Neon 5 mW laser and a photo-detector. A circular aperture positioned
in front of the detector ensured a collection angle of 0.2° for the transmitted light.
The electric pulse applied was a sinusoidal wave (1 kHz) modulated with a square
wave. Electrical pulses from the signal generator and the response of the photo-
detector were fed into a storage oscilloscope. Results could then be plotted on an
X-Y recorder. The set-up and the definition of the angles are shown in Figure 2.
The wavelength dependence of the scattered light was measured using a Philips
PU8740 UV-Visible spectrometer.

RESULTS AND DISCUSSION

Scattering Characteristics of the Gels

As described before,!' anisotropic gels were produced by filling a cell and by
polymerising the acrylate monomer after obtaining homeotropic orientation of the

Laser

Rotary sample holder

Rotary stage

@ Photo detector

V Sample

~—_ Scattered ray

Incident
beam 7
Y

FIGURE 2 Schematic representation of the set-up used for studying the light scattering and the angles
defining the scattering.
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molecules. After completion of the polymerisation, the system remained clear.
When a sufficiently high electric field was applied across the gels they became
translucent. The previously described system with a positive dielectric anisotropy!!
had a uniaxial planar orientation and a strong birefringence. As a result, the
scattering obtained from the system was highly polarised. In the present case
however, the scattered light was found to be unpolarised. When the gels were
observed between crossed polarisers, the areas which did not cause scattering
appeared dark, whereas the areas giving rise to depolarisation of light by scattering
appeared bright. When the system was observed under normal back lighting, the
scattering areas in the gels appcarcd darker. A photograph of a projected image
of a gel by an overhead projector is shown in Figure 3. In this figure the scattering
areas appear darker than the rest.

As shown before,!! the scattering observed from the gels is a result of the domains
created between the network molecules. In the homeotropic orientation, the mol-
ecules have no sense of tilt direction, and therefore upon application of an electric
field, they all orient in different directions creating domains. However, the domains
which form in the absence of the network are too large to give rise to effective
scattering of light. Creation of a network however changes the situation, giving
rise to smaller domains to induce more effective scattering of light. The effect of
the network on the voltage-scattering characteristics of a gel system is best dem-
onstrated in Figure 4, where the transmitted intensity is plotted as a function of
root mean square (rms) voltage for gels containing various amounts of network
molecules obtained under two different UV intensities. When the gels containing
5 and 10% w/w of network molecules, polymerised under 3 mW/cm?, are compared,

FIGURE 3 Photograph of a projected image of a gel by an overhead projector.
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I/l

voltage (Vins) ————

FIGURE 4 Normalised transmitted intensity as a function of rms voltage for various gels. —— =
5% wiw of network, 60 uW/cm?; - — — = 5% wiw of network, 3 mW/cm?; ---- = 10% w/w of network
3 mW/cm?,

it can be seen that the threshold voltage to cause scattering decreases with de-
creasing network concentration and the voltage-transmission curve becomes steeper.
Furthermore, both curves pass through a minimum. These effects will be dealt with
separately as follows.

The threshold V,, voltage for distorting the homeotropic orientation is given by'3

_ | Ks3
Vip = EolAﬁl (1)

where Kj; is the bend elastic constant, Ae is the dielectric anisotropy of the system
and e, is the permittivity of free space. The threshold voltage for Z1.14788 is about
1.7 V. In Figure 4, it can be seen that a large increase in V,, is obtained upon
inclusion of a small percentage of a network. This effect is similar to those seen
in PDLC systems where the threshold voltage increases dramatically with decreas-
ing size and shape of the LC droplets.!* In the present case the domain size is
expected to decrease with increasing network concentration and that there will also
be an increase in V,,. The effect of the network structure on the behaviour of the
free molecules was investigated by polymerising a mixture containing 95% w/w of
Z1.14788 under two different UV intensities (60 wW, 3 mW/cm?) in order to control
the speed of polymerisation. In the case of the gel formed under the low UV
intensity, the periodicity between the network and free molecules was expected to
be larger than that for the gel formed under a high intensity. Under both UV
intensities, exposure times were long enough (~15 min) such that no unreacted
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acrylate molecules were expected to be present in the resultant gels. Photographs
of the two gels under electric fields are shown in Figure 5. It is quite clear that the
gel obtained under the high intensity (Figure 5(b)) shows a denser texture than
the gel obtained under the low intensity (Figure 5(a}), conforming well with ex-
pectations. Figure 4 shows a comparison of the response of the gels formed under
these two different UV intensities to the electric field. Here again it can be seen
that the threshold voltage and the maximum scattering obtained are higher for the
gel formed under intense lighting.

In the previous study,!! due to the uniaxially planar orientation of the gels, only
50% scattering of the light could be induced. In the present case, despite the

b
0.1mm

(b)

FIGURE 5 Optical micrographs of gels containing 5% w/w of network molecules in the scattering
state as observed between cross polarisers. a) obtained under 60 pW/cm? UV, b) obtained under 3
mW/cm?. See Color Plate 1.
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isotropic scattering, 100% scattering was still not possible. This behaviour is prob-
ably due to the shape of the scattering domains as well as the number along the
light path. In Figure 6, the effect of the cell thickness on the light scattering from
gels containing 5% w/w network molecules produced under 60 wW/cm? is plotted
as a function of rms voltage. Here it can be seen that indeed with increasing cell
thickness the maximum transmitted intensity does decrease, all be it a non-linear
way. In the case of the § pm cell, the transmitted intensity passes through a
minimum as a function of rms voltage. This indicates that the relative orientation
of the molecules is optimal at a given voltage. This point was investigated further
by measuring the intensity of the transmitted light as a function of the angle of
incidence. For this purpose, the gel containing 5% w/w of network molecules
formed under 60 pW/cm? UV intensity was rotated about an axis parallel to the
surfaces of the cell so that the angle 6 between the light beam and the normal to
the cell surface could be varied (see Figure 2). In Figure 7, the normalised trans-
mitted intensity is plotted as a function of 6 at various rms voltages. It can be seen
that at 5 and 30 V, the transmitted intensity decreases with increasing angle, whereas
at 10V, the transmitted intensity is almost independent of the angle. With increasing
angle, the effective path length of the light within the gel increases; therefore more
of the light is expected to be scattered with increasing angle if the relative orientation
of the molecules does not show angular dependence. The fact that at 10 V the
transmitted intensity remains independent of angular incidence indicates that the
relative orientations of the molecules in domains are highly angular dependent and
that increasing 6 decreases the refractive index variation in domains along the path
of the light.

I+,

voltage {Vimsg) ————

FIGURE 6 Normalised transmitted intensity as a function of rms voltage for a gel containing 5% w/
w of network obtained under 60 wW/cm? for various thicknesses. — — ~ = 15 pm; —— = § pum; -
= 4 wm.
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FIGURE 7 Normalised transmitted intensity as a function of angle, 0, for a gel containing 5% w/w
of network molecules; 60 nW/cm? at various rms voltages: ® = SV; 0= 10V;0 = 30 V.

The distribution of the scattered light intensity was also investigated. Figure 8
shows the intensity of the scattered light as a function of angle (), as defined in
Figure 2, for the gel containing 5% w/w of network molecules formed under 60
pW/ecm? UV intensity at various rms voltages. In this figure, it is clear that most
of the scattering occurs at small angles and almost no scattering is to be seen at
angles above 30°. Such a central scattering indicates that the domains along the
path of the light have shapes and sizes such that the light is not deviated to a large
extent from its original path as it passes through the gel. Due to the structure of
the network, upon application of an electric field across the gel, the creation of
layers with various refractive indices along the path of the light is expected. Such
a layered structure is likely to give a periodic interference pattern as a function of
wavelength. In Figure 9, transmitted intensity as a function of wavelength for a
gel containing 5% w/w of network molecules formed under 60 wW/cm? UV intensity
is shown at various rms voltages. It can be seen that the spectrum contains a series
of minima and maxima. The intensity of a beam of light at normal incidence
travelling through a film with a thickness d and a refractive index n varies' with
the wavelength as
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FIGURE 8 Scattered intensity as a function of angle, €2, for a gel containing 5% w/w of network
molecules; 60 pW/cm? at various rms voltages: ® = 0 V; 0 =5V; A =10V;0 =20V,

maxima at 2dn = m\ 2)

minima at 2dn = (m — 3\ 3)

where m is an integer. The layer thickness can be calculated as

_ Mho(my, — my)
4= a0 =0 *)

where (m; — m,) corresponds to the number of maxima or minima between the
first and the last minimum or maximum corresponding to the wavelengths of A,
and \,, respectively. In Figure 10, assuming an average refractive of 1.6 for the
layers, the layer thickness was estimated as a function of applied rms voltage. In
the calculations, various peaks were used, and the results shown in Figure 10
indicate that a periodicity in the order of 700 nm is present within the scattering
gels. It can also be seen that in all cases, with increasing voltage the average layer
thickness decreases. This cannot be associated with a change in the average re-
fractive index since increased voltage gives rise to an increase in the refractive
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FIGURE 9 Normalised transmitted intensity as a function of wavelength for a gel containing 5% w/
w of network molecules; 60 LW/cm? at various voltages: —»—-— =5V;-~--=10V;—— =15 V.

index and the opposite of what is observed would result. The observed result is
therefore probably due to the inadequacy of the simple model to explain the
complex system.

The effect of the network on the response times of the LC molecules was also
investigated using gels containing different amounts of network molecules, poly-
merised under various intensities. The results are shown in Figure 11. It can be
seen that in all the cases, with increasing voltage, rise times also increase, whereas
the decay times remain almost independent of the applied voltage. This is typical
behaviour which is also observed for TN cells. When the gels formed under different
UV intensity, containing 5% w/w of network molecules, are compared (Figures
11a and b), it can be seen that at a given voltage, the gel formed under high UV
intensity shows longer rise times than the gel obtained under low UV intensity.
When the decay times are compared, exactly the opposite behaviour can be seen.
This must be associated with the degree of interaction between L.C and network
molecules. In the case of the sample polymerised under high UV intensity, the
distance between the arcas containing network molecules and LC molecules is
probably smaller. As a result a higher degree of interaction between the L.C and
the network molecules occurs, explaining the observed behaviour. When the gels
produced under 3 mW/cm? UV intensity, containing 5 and 10% w/w of network
molecules (Figures 11(b) and (c)), are compared, it can be seen that the rise and
the decay times of both gels are very similar. This behaviour is quite different to
the behaviour observed in Figure 4, where the increase in the network concentration
causes a large increase in the threshold voltage. As in the previous case, an increase
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FIGURE 10 The average distance (d ) between scattering layers as a function of rms voltage. Different
symbols correspond to various minima and maxima (as in Figure 9) which were used in Equation 4 for
calculating d.

in the network concentration would also be expected to increase the interaction
between the LC and the network molecules and to decrease the response times.
On close inspection, however, it can be seen that for the gel containing 10% w/w
of network molecules, initially the rate of decay is higher than that for the gel
containing 5% w/w of network. This shows that the effect of the network structure
and the concentration is a complicated parameter influencing the response of the
LC molecules to applied electric fields.

Dye-Containing Gels

The gels containing 5% w/w of network and 5% w/w of dye molecules were pro-
duced under 3 mW/cm? UV radiation. The exposure time was 30 min and the
sample was regularly rotated for even exposure of both sides. Following the po-
lymerisation, gels containing dye molecules remained homeotropically oriented.
Upon application of an electric field, gels became scattering and showed a tendency
to absorb more of the incident light. In Figure 12, the normalised transmitted light
intensity through the gel containing dye molecules is compared to that through the
gel containing no dye molecules, at two different collection angles. When the
transmitted light intensities at the collection angle of 0.2° are compared, it can be
seen that both systems show similar behaviour at low voltages. At higher voltages,
however, for the gel without dye molecules, the transmitted intensity increases
with increasing rms voltage, whereas for the gel containing dye molecules, the
transmitted intensity keeps decreasing. This behaviour is due to the presence of
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FIGURE 11 Scattered intensity as a function of time for gels at various rms voltages: a) 5% w/w of
network; 60 wW/em?, b) 5% wiw of network; 3 mWiem?, ¢) 10% w/w of network; 3 mW/cm?®.

dichroic dye molecules which absorb more of the incident light as they assume a
planar orientation with increasing voltage. Figure 12 also shows the transmitted
intensity through the gels as measured by placing the photo-detector directly behind
the gel without an aperture. In the case of the gel containing no dye molecules,
the maximum transmitted intensity is 85%, indicating that 15% of the light is
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FIGURE 12 Normalised transmitted intensity as a function of rms voltage for gels containing 5% w/

w of network molecules :—-—- without a dye, forward scattering; ---- = with dye, forward scattering;
—— = without dye at a collection angle of 0.2°; — - — = with dye at a collection angle of 0.2°.
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FIGURE 13 Scattered intensity as a function of time for a gel containing 5% w/w of network and
dye molecules at various rms voltages.

backwards scattered. In the case of the gel containing dye molecules, the maximum
transmitted intensity was around 60%. Assuming that 15% of this is due to back-
ward scattering, only 25% of the intensity decrease is caused by the absorbance
of the dye molecules. In the absence of network molecules, such a cell containing
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the same percentage of dye molecules would give a transmittance below 3%. In
the present case, the low absorbance caused by the dye molecules indicates that
upon application of the electric field, the dye molecules do not completely assume
a planar orientation. This indicates that within the gels, the interaction between
the network and LC molecules is too strong so that it is difficult for the 1.C molecules
to align themselves in the direction perpendicular to the applied field. This high
degree of interaction was also detected using infra-red** and dielectric spectroscopy'®
and gels for which the LC molecules remained oriented at temperatures above
their clearing temperature.

The response times of the gel containing dye molecules were also investigated
at various rms voltages as shown in Figure 13. It can be seen that the decay times
observed here are longer than those shown in Figure 11, in spite of the fact that
the dye-containing gel was obtained under high UV intensity. This indicates that,
even though the UV intensity was high, probably as a result of partial absorbance
of the UV intensity by the dye molecules, the effective UV intensity within the gel
was lower, giving rise to the observed behaviour.

Finally, it is also important to point out that a system with a homeotropic ori-
entation and negative dielectric anisotropy shows a very sharp transition from the
bright to a darker state, making it difficult to obtain grey levels. Here it has been
shown that, with the inclusion of the network molecules, grey levels could also be
obtained. Inclusion of the molecules with large birefringence combines scattering
with absorbance. In the instances where absorbance without scattering is required,
LC molecules with lower birefringence can be used. In this way a homeotropically
oriented dye-containing system showing grey levels can be obtained.

CONCLUSIONS

It has been shown that gels, with a homeotropic orientation, containing LC mol-
ecules with a negative dielectric anisotropy can be produced. The gels were clear
and did not give rise to scattering of light. When an electric field was applied across
the gels, scattering of the light could be induced. The intensity of the transmitted
light decreased with increasing voltage. The transmitted intensity, as a function of
voltage, passed through a minimum, indicating that there is an optimum orientation
of molecules for inducing maximum scattering of the light. The scattered intensity
was found to be very central, and only about 15% of the light was back scattered.
The structure and the concentration of the network was found to have a pronounced
effect on the response times of the L.C molecules and the resultant light scattering
from the gels. Gels formed under high UV intensities showed higher threshold
voltages, but their decay times were much shorter compared with gels produced
at lower UV intensities.

Gels with a homeotropic orientation containing dye molecules could also be
produced. In these systems, light scattering was combined with light absorption.
Due to the high degree of interaction between the dye and the network molecules,
total planar orientation of the dye molecules could not be induced. However, by
the inclusion of the network molecules grey levels could be obtained.
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