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The electro-optical behavior of Polymer Dispersed Liquid Crystal (PDLC) films

was studied to understand the relationship between the conditions of prepa-

ration in terms of the extent of curing, the morphology, and the response to

an external electrical field. The PDLC films were prepared by phase separation

of a diacrylate=nematic liquid crystal mixture induced by Ultraviolet (UV)

curing for two irradiation doses, 50 mJ=cm
2

and 150 mJ=cm
2
. The trans-

mission vs voltage curves were investigated as a function of thickness and
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show similar shapes, low transmission in the off-state and high transmission

in the on-state in both cases. The results obtained for 150 mJ=cm
2

exhibit

slightly lower switching voltages and in particular, the 50 mJ=cm
2

samples

lead to relatively large dispersed data in terms of threshold voltages.

Keywords: liquid crystal; polymer dispersed liquid crystal; ultraviolet curing

1. INTRODUCTION

Polymer Dispersed Liquid Crystal (PDLC) materials present a great inter-
est for their practical applications in electro-optical devices such as optical
shutters, large area displays and smart windows [1,2]. PDLC films consist of
micron-sized nematic liquid crystalline (LC) droplets dispersed in a poly-
mer binder. Since the LC molecules can change their orientation under
the influence of an applied electrical field, the PDLC film switch under
certain conditions between an opaque light scattering off-state to a trans-
parent on-state.

In this work, PDLC films were prepared by ultraviolet (UV) irradiation
induced polymerization from a homogeneous mixture of tripropylenegly-
coldiacrylate monomer, nematic LC blend E7, and a photoinitiator. When
the polymerization=cross-linking reactions occur, the LC phase separates
from the growing polymer network, forming domains dispersed in the
polymer matrix.

The electro-optical performance of PDLC films such as threshold and
swiching voltages, off-state and on-state transmissions, response times,
brightness, and contrast depend on many parameters such as size and
shape of the droplets, and in particular the architecture of the polymer net-
work [3–7]. These parameters are strongly determined by the UV
irradiation conditions.

R. Yamaguchi et al. [8] investigated some monomer=LC systems in order
to understand the electro-optical response of UV-cured PDLC materials.
These authors used a static UV lamp and studied the electro-optical beha-
vior as a function of the exposure time. In particular, UV-irradiated films of
50 s showed higher threshold and saturation voltages than samples cured
for 500 s.

Other authors report on the dependence of the UV-curing conditions
on morphology and electro-optical properties by varying both the UV lamp
power and the curing time [9–10]. For example, Lackner et al. [9] described
an investigation of transmission vs voltage curves of PDLC films obtained
from various light intensities and irradiation times. The overal energy
received by the sample was always kept constant. A shift to higher switch-
ing voltages was observed for higher UV-intensities applied during short
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exposure times. Small droplets were found in this case while large droplets
were observed for low intensities and long irradiation periods.

To our knowledge, these studies do not rely on the relationship between
the chemical stability and the UV-curing parameters mentioned above.
However, the control of the extent of the polymerization=crosslinking reac-
tions is of prime importance for good and reproducible electro-optical per-
formance and also to avoid ageing effects due to dangling polymer chains
and diffusion controlled processes of unreacted species or unsegregated
LC molecules. It is, therefore, important to achieve complete conversion
of the monomer to the polymer network independent of the particular
choice of UV light intensities and exposure times.

In the present work, the conversion ratio of the monomer in the initial
mixture was investigated as a function of the applied UV dose in order to
analyse the extent of formation of the polymer network prior to study
the electro-optical and morphological properties of the PDLC films. Selec-
ted results corresponding to two different UV-dose values are presented.
The degree of curing was followed by means of Fourier Transform Infrared
(FTIR) spectroscopy measurements by monitoring the disappearance of
the absorption band of the carbon-carbon double bond related to the acry-
late functions [11].

The electro-optical response in terms of the transmission as function
of applied voltage and film thickness was obtained for the two chosen
UV-curing doses. These results are discussed and compared to observa-
tions of the morphology obtained by Scanning Electron Microscopy (SEM)
measurements.

2. EXPERIMENTAL PART

a. Materials and Sample Preparation

Tripropyleneglycoldiacrylate (TPGDA) as monomer was obtained from
UCB (Belgium). The nematic LC mixture E7 (Merck KGaA, Darmstadt,
Germany) was employed in this work exhibiting a positive dielectric ani-
sotropy and a nematic-isotropic transition temperature at TNI ¼ 61�C. E7
is an eutectic mixture containing four cyanoparaphenylene derivatives.
30 weight-percent (wt-%) of TPGDA, 70wt-% of E7, and 2wt-% (of the
acrylate mixture) of a photoinitiator (Lucirin TPO, BASF) were mixed
together until the blend became homogeneous.

For electro-optical investigations, the initial reactive mixture was sand-
wiched between a glass plate (Balzers, Liechtenstein) and a 100 mm thick
Polyethyleneterephthalate (PET) sheet (Renker, Germany), both coated
with a thin transparent layer of conducting indium=tin oxide. The film

Ultraviolet-curing on the Electro-optical Behavior 165=[435]
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thickness was measured by a micrometer calliper (Mitutoyo; uncertainty:
�1 mm). No temperature control during the irradiation processes has been
performed. Samples for infrared spectroscopy were prepared in a similar
way by replacing the glass by a NaCl plate.

b. Ultraviolet Curing

The UV polymerization and cross-linking processes were induced by a Mini-
cure Model MC4-300 (Primarc UV Technology) equipped with a medium
pressure mercury arc lamp rated 80W=cm. The samples prepared as
described above were placed on a conveyor belt. The dose received by
the sample was either 50mJ=cm2 or 150mJ=cm2. This was achieved by
using a constant light intensity and changing the exposure time by varying
the conveyor speed from 1.5m s�1 to 0.5m s�1, respectively.

c. Electro-optical Measurements

A standard set-up including a laser, a sample holder and a photodiode
together with a computer controlled data acquisition was employed for
the analysis of the electro-optical properties. The transmission of unpolar-
ized HeNe laser light (k ¼ 632.8 nm) passing perpendicular through the
PDLC film was measured at room temperature without and upon appli-
cation of an external electric field. Several sinusoidal voltage scan up and
down cycles with appropriate maximum voltages were applied during a
period of 120 s, using a frequency of 145Hz.

d. Scanning Electron Microscopy (SEM)

Sample morphologies were recorded in a Philips XL-30 electron micro-
scope operating in the scanning mode with an acceleration voltage of 10 kV.
After curing of the monomer=LC mixture, the PET sheet was removed
and the LC was then extracted by immersing the sample in tetrahydro-
furan. Dried films were coated by a thin platinum layer and investigated
by SEM. A magnification of 20000x was used allowing to reveal the
sample morphology.

e. Infrared Spectroscopy

Infrared spectra of thin films (less than 10 mm) were recorded in the trans-
mission mode with a Perkin Elmer 2000 model before and after curing.
Each dose was applied only once at room temperature and the time interval
between the end of exposure and the infrared analysis was kept constant
(less than one minute). The number of accumulated scans was 16 with
an spectral resolution of 4 cm�1. In general, the same experiment was
repeated five times to check the reproducibility of the results.

166=[436] F. Z. Abdoune et al.
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RESULTS AND DISCUSSION

PDLC films were prepared by polymerization induced phase separation
of an initially homogeneous monomer=LC solution. Important physical
properties of PDLC films such as the electro-optical response and the
mechanical behavior are directly related with the conditions under which
the materials are obtained. In particular, the kinetics of photopolymeriza-
tion and the phase separation behavior of the monomer=LC blend govern
the architecture of the obtained polymer network. A difunctional acrylic
monomer was used in this work giving rise to a chemically crosslinked poly-
mer network. In order to analyse the extent of formation of the polymer
network, the relationship between the conversion of the monomer and
the curing conditions was investigated. It is evident that high monomer
conversions should be reached to minimize undesired effects of unreacted
monomers or dangling chains. FTIR spectroscopy was applied as a versatile
method to investigate the extent of curing via carbon-carbon double bond
conversion.

One of the most characteristic absorption bands which is quite often
used in IR-analysis of acrylates is the one corresponding to the �CH ¼CH�
deformation vibration at 810 cm�1 [11–14]. Unfortunately, the LC E7 exhi-
bits a strong absorption band near 810 cm�1 originating from the vibration

FIGURE 1 Conversion of monomeric double bonds versus UV-dose obtained by

FTIR analysis. The insert shows the decrease of the transmission at 1637 cm�1 for

the 30wt-% TPGDA=70wt-% E7 system due to the conversion of the double bonds

of the acrylic functions.
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of the phenyl group. To circumvent the difficulty coming from the overlap
of the two bands, another band emerging at 1637 cm�1 is used for the
analysis of the TPGDA=E7 blend. The insert of Figure 1 indicates that
the peak and area of this band decrease during the process of curing
due to the conversion of double bonds. The calculation of the monomer
conversion is made by considering the peak heights of the absorption
bands at either 1637 cm�1 or 810 cm�1. Figure 1 represents the results
of a FTIR spectroscopic analysis of two different systems : the pure
monomer and a 30wt-% TPGDA=70wt-% LC blend. In the first case
the conversion was calculated for both absorption bands while only the
result from 1637 cm�1 was available for the TPGDA=LC mixture. Consist-
ent results were obtained for the conversion of the pure monomer. Values
between 85% for a dose of 50mJ=cm2 and 90% for 150mJ=cm2 were
obtained, roughly 5% less than the corresponding results for the
30wt-% TPGDA=70wt-% LC blend. These results show clearly that high
conversions were achieved in all cases considered here and that, there-
fore, one of the conditions necessary for good performance of PDLC films
are fullfilled.

FIGURE 2 Electro-optical response of 25 mm thick UV-cured 30wt-% TPGDA=
70wt-% E7 PDLC films (k ¼ 632.8 nm, sinusoidal voltage ramps of frequency

145Hz at room temperature) a) 50mJ=cm2; b) 150mJ=cm2. The inserts exhibit

the corresponding sample morphology obtained by SEM.

168=[438] F. Z. Abdoune et al.
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Figure 2a and 2b exhibit transmission vs. voltage curves of 25 mm
thick PDLC films cured with 50mJ=cm2 and 150mJ=cm2, respectively.
Both electro-optical response curves show low transmission values in
the off-state, high transmissions in the on-state, and similar shapes
characterized by a slow increase of the transmission upon application of
an electrical field. Furthermore, the samples show a relatively large
hysteresis i.e. in an increasing field, the transmission at a specific voltage
is lower than the transmission at the same voltage in a decreasing electrical
field.

The electrical field necessary to switch the 50mJ=cm2 film from an opa-
que to a transparent state is slightly higher than for the 150mJ=cm2 sample
as can be seen by comparing the electro-optical response curves shown
in Figure 2a and 2b. The electro-optical properties can be explained by
the analysis of the corresponding sample morphologies which are displayed
as inserts in these figures. Large size distributions of irregularly shaped
domains were observed in both cases and are in good agreement with
the slow response to the applied electrical field: LC molecules in larger drop-
lets orient already at low electrical fields whereas LC molecules in smaller
droplets need higher voltages to orient due to the higher curvature of these
droplets. The morphology analysis reveals increased droplet sizes of the
150mJ=cm2 sample compared to 50mJ=cm2 which lead to the observed
shift of the transmission vs. voltage curve to lower values.

FIGURE 2 Continued.

Ultraviolet-curing on the Electro-optical Behavior 169=[439]
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FIGURE 3 Threshold (V10) voltages as a function of film thickness for UV-cured

samples a) 50mJ=cm2; b) 150mJ=cm2.

170=[440] F. Z. Abdoune et al.
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Figure 3 shows the threshold voltages as a function of film thickness for
a) 50mJ=cm2 and b) 150mJ=cm2 samples. Widely dispersed results were
found in the case of the lower UV-dose and the experimental data cannot
be described by a linear relationship. However, the results can be fitted
by a combination of two linear regression curves with a change of the slope
around a film thickness of 14 mm. On the other hand, the results obtained
for the 150mJ=cm2 sample can be described by a single linear fit.

CONCLUSIONS

PDLC films prepared by UV-irradiation using a PIPS process were studied
in order to understand the effect of UV-dose on electro-optical perfor-
mances of these composite materials. The results obtained from infrared
spectroscopic measurements indicate nearly complete monomer conver-
sions for samples cured with 50mJ=cm2 and 150mJ=cm2. Nevertheless,
morphologies and some electro-optical properties of these samples were
different comparing the two doses. The transmission vs voltage curves
show similar shapes which can be explained by a large droplet size distri-
bution observed in both cases as shown by morphology analysis obtained
by SEM. The threshold and saturation voltages are slightly higher for the
lower UV-dose samples. This behavior was expected because the droplet
sizes are smaller in comparison with those corresponding to higher doses.
These results are in good agreement with the obtained film morphologies
showing relatively small droplet sizes in the case of the lower dose. The
dependence of the threshold voltage on the film thickness was found to
be different for the two cases. The results obtained from the higher UV
dose indicate, as expected, a linear variation of the threshold voltage as
a function of the film thickness. On the contrary, the curves obtained for
the lower dose exhibit an unusual behavior. The results are widely
dispersed and cannot be fitted by a single linear slope. This effect is more
pronounced for large film thicknesses. A possible explanation of this
phenomenon could be the architecture of the polymer network that can
be formed differently for the two doses.
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