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We present evidence that polymer dispersed liquid crystals (PDLC) with high on state trans-
parency can be obtained following two conditions: the solubility of the liquid crystal within the
pre-polymerized resin should be low and the resin itself should not be a mixture but a single
chemical species. We prepared PDLC’s according to such provisions and measured high on
state transparencies. Experimental data have also been interpreted in terms of existing light
transmission theories. Results indicate that the high transparency is associated with a high
degree of homogeneity of the polymer matrix.
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INTRODUCTION

Polymer Dispersed Liquid Crystals started to attract the attention of
researchers more than ten years ago [1-3], also because of their potential
applications in optoelectronic devices and their simple preparation pro-
cedures. In principle, PDLC’s can be used for displays, switchable windows,
and light control devices. Nevertheless, their performance is strictly tied to
the properties of the constituent materials and to the method of prepara-
tion, and for many applications PDLC with the appropriate features are
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not yet available. In the last years many efforts have been devoted towards
the aim of linking PDLC performance with the nature of the materials used
and/or the preparation methods [4-8]. However, the mechanisms of both
methods used to obtain PDLC’s phase separation and encapsulation, are
relatively complex and their understanding far from complete.

One of the most important features of PDLC’s is their on state trans-
mission, which was studied in good detail in several works [9-13]. Nonthe-
less, a transmission figure of 85%, for a reasonably small collection angle
like 2.5°, is considered good [11]. With this work we intend to éive a
contribution to the understanding of the conditions which can improve
PDLC transmission. It has recently been found that, when dispersions are
prepared from mixtures of different resins, there can be a higher concentra-
tion of one of them near the interface after phase separation [14,15] and
this could be one of the most important reason for extra-scattering [16]. In
addition, the interface itself can be relatively large [17] and contribute to
the decrease of transparency. In the following we will present data that
confirm that both such inhomogeneities at the droplet boundary contribute
to scattering and we will also show how this scattering can be decreased.

LIGHT TRANSMISSION IN PDLC

In PDLC’s transmission in the on state is lowered by different scattering
mechanisms including those associated with multiple scattering, refractive
index mismatching between the polymer and the liquid crystal, incomplete
alignment of the mesophase director near the droplet boundaries, even in
high fields, due to strong anchoring at the surface [18], droplet size and
shape distributions and, finally, inhomogeneities of the composition of both
the solid matrix and the droplets.

The polymer matrix may not have a homogeneous composition if it is
obtained from a mixture of several components which have different curing
rates and solubilities in the liquid crystal. We showed evidence [16] that the
components which cure faster and/or have poorer solubility in the liguid
crystal, tend to separate first. The other components separate later, when
the droplet structure is already formed or being formed, and in doing so
they concentrate around the droplet boundary. Such concentration gradi-
ents and the relative refractive index variations induce additional scattering.
Concentration gradients may also exist within the liquid crystalline droplet.
In fact, the slower reacting and more soluble components of the initial
mixture which polymerize at later stages, may carry with them a consistent
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amount of liquid crystalline molecules. In other words it may be possible to
have an interface of a certain thickness, with its own composition and refrac-
tive index, which will induce additional scattering. Both kinds of contribu-
tions to scattering may be then minimized by using a single component resin
with low solubility in the liquid crystal, as we will show in the following.

Light transmission in PDLC’s in the on state can be calculated according
to [9]:

1
IL=§{exp[—ﬁowdj+exp[—Bashd]} (1)
0

where I and I, are the transmitted and incident intensities, respectively, f is
the droplet density, d the sample thickness and o,, and o, are the total
diffraction cross sections of a uniformly oriented spherical nematic droplet for
V and H polarized light. Equation 1 of course does not take into account all
the effects which derive from a non-uniform director orientation and from
composition disomogeneities. We can obtain, using Equation 1, information
on the transmission expected in the absence of such effects. To do so, we
calculated the transmission assuming a sample thickness d = 40 pm, a droplet
density B corresponding to equal volumes if liquid crystal and polymer and
total cross sections obtained assuming an anomalous diffraction regime [10]
for a liquid crystal like E7 with ny = 1.525 and n, = 1.745. Figure 1 shows the
results for different incident angles, droplet sizes and polymer refractive index.
The incident angle is the angle between the incident light and the sample
normal. From these calculations it is clear that a requirement for high on
state transmission is that the refractive index of the polymer should be equal
or slightly higher than the liquid crystal ordinary refractive index.

EXPERIMENTAL

Resin

We synthesized oligomers of simple preparation and capable of further
polymerization. We choose polyesters with some acrylic moieties which can
react when exposed to UV radiation. The obtained compound is:

[-~00C—R—COO—(CH,),—], .

Here R can be either CH—CH or a phenyl ring and their molar ratio
M,/M, has been varied between 1 and 5. A higher ratio gives a higher
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FIGURE ! Theoretical transmissions calculated according to Equation 1 as a function of tilt
angle for different droplet diameters: ¢ =2 pm (curve 1). ¢ = 4 pm {curve 2. ¢ = 8 um {curve 3).
n, is the polymer refractive index.

refractive index in the final oligomer, as shown in Figure 2. The index of
refraction was measured using an Abbe refractometer.

The same effect can be obtained by decreasing m. In our oligomers n
varies between 2 and 5. To reduce the solubility of cyanobiphenyls, about
30% of the (CH,),, was replaced with (CH,CH,—O—), groups. The syn-
thesis consisted of an esterification involving (bis)-pthalic anhydride, fumaric
or maleic acid, pentanediol and triethylenglycol. A small amount of photo-
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FIGURE2 Dependence of refractive index of the oligomer on the molar ratio between
phenyl and acrylic groups (M /M)

initiators and acrylic compounds (methylmethacrylate, styrene, acrylic acid)
were added to the final product for further UV curing of the oligomers.

The final product was a transparent viscous liquid. It mixed with E7
{Merck) at 90°C at all concentrations and no phase separation was
observed after the mixtures were totally cured at this temperature and then
cooled to room temperature. At 20°C about 10-20% of E7 can be dissolved
depending on the chemical composition of the polymer matrix.

PDLC

PDLC were obtained from the oligomer described above following a three
step process. A mixture of the oligomer with the eutectic nematic mixture
E7 was first prepolymerized at high temperature. The resulting homogene-
ous solution was then cooled to room temperature and in this stage phase
separation took place. We found that the dimensions of the droplets de-
crease upon increasing the pre-polymerization time. The third final step is a
post curing at room temperature.

In particular, pre-polymerization was carried out by mixing equal weights
of oligomer and E7 with photoinitiators (2% Benzoyn ethyl ether, 2% Benzo-
phenone) and 1-4% acrylic acid at 80-90°C. The resulting mixture was



Downloaded by [University of California, San Diego] at 11:43 21 August 2012

140 Z. HUANG et al.

placed between two indium-tin oxide coated conducting glasses, controlling
the thickness at 40 + 2 um by glass spacers, and exposed to a 80 W UV
source at 90°C for about 20 minutes of pre-polymerization. The distance
between the source and the sample was 10 cm.

Light transmission was measured using the experimental set up shown in
Figure 3. A He—Ne laser beam was chopped, expanded and attenuated to
properly match the linear range of a photodiode detector. The diameter of the
beam impinging on the sample was 0.8 mm, the detector acceptance angle was
2.5° and lock-in amplification was used. The sample was placed on a computer
controlled stage where it could be rotated along an axis normal to the incidence
plane. All measurements were performed at 30°C, where n,=1.525 for E7, and on
state intensities were measured at 100 V and 1kHz

Since we are interested in the light transmission properties of the PDLC
films, we corrected for reflections due to the glass support. To do so, we
chose to set the 100% value of transmission as the intensity transmitted
through a sample containing pure polymer between two glass slides. The
attenuation of the laser beam due to this reference sample was about 9%,
and the same value of attenuation was measured using just a single glass
slide. In our data we show the transmission relative to the sample contain-
ing pure polymer so that the absolute value of transmission, including the
effects due to the PDLC and to reflections at the glass surface, is roughly
10% less than the relative values we report.

POLC Sample Rotatable
Stage

T~
He-Ne Laser Go
-

N/

\f

Detector

Step Motor A C. Voltage Storage
Controller Source Oscilloscope
{ |

Personal Computer {IBM PC)

FIGURE 3 Experimental set-up for light transmission measurements. 8, and o are the tilt
and acceptance angles, respectively.
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RESULTS

We report here data obtained using two different oligomers. The refractive index
of the resulting polymers were 1.527 and 1.550. The tilt angle dependence of the
on state transmission for these samples is shown in Figures 4 and 5, respectively.

In Figure 4 we can see the experimental transmission of two different films,
both with nearly matched refractive index, corresponding to two different
pre-polymerization times. It should be underlined that both samples exhibit
high transmission at normal incidence, higher than 95%, as expected, and this
is the main result of our study. The dashed lines are the calculated trans-
missions obtained using Equation 1. The upper dashed curve has been ob-
tained for a droplet diameter of 0.7 pm and the lower one for diameter of
1.4 pm. Theoretical and experimental curves show good agreement. They are
shifted by a constant factor on the vertical scale due to extra scattering factors
not included in Equation 1. The experimental and theoretical transmissions of
three films with unmatched refractive index are shown in Figure 5. The agree-
ment is good and, as expected, a transmission peak is obtained but it decreases
for longer pre-polymerization times, i.e. for smaller droplets.

We also noticed a higher transmission after post-curing. In Figure 6a we
show the results for an index matched film. We believe that post curing
decreases the size of the interfacial region between the mesophase and the
matrix and consequently also the light scattering is decreased. Figure 6b
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FIGURE4 Measured transmissions versus tilt angle. n, is the polymer refractive index, T, is
pre-polymerization time. The dashed lines are the best fit, according to Equation 1, obtained
for droplet diameter, ¢, set to 0.7 pm (curve 1) and 1.4 ym (curve 2).
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FIGURE S Experimental transmissions at different pre-polymerization time, T, n, is the
polymer refractive index. The dashed lines represent the calculating results with the droplet

diameter set to 2 ym (curve 1), 4 ym (curve 2) and 8 um (curve 3).
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FIGURE 6 Effect of post curing on transmission, (a). and switching voltages, (b). The post
curing allows a better phase separation and does not effect the switching voltages.
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shows the voltage dependent transmission before and after post-curing. It is
evident that the switching voltage is unaffected, which indicates that the
concentration of E7 (which acts as a plasticizer) in the matrix is not in-
fluenced by post-curing [19].

CONCLUSIONS

We showed that polymer dispersed liquid crystal films can have high on
state transparency if they are prepared following two simple rules: a single
component for the polymer and a low solubility of the liquid crystal in the
polymer. We synthesized two oligomers with different refractive index and
obtained high on state transparency for the index matched films. The di-
mensions of the droplets were regulated by controlling the time of pre-
polymerization. Post curing was used to complete the phase separation
and improve the on state transmission without increasing the switching
voltage. In addition, experimental transparencies showed good agreement
with scattering theories due to the absence of extra scattering factors con-
nected to the chemical heterogeneities of the polimer matrix.
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