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SYNOPSIS 

New material consisting of nematic liquid crystal droplets from 2-30 pm in radius in a 
crosslinked UV-cured polyester resin binder was prepared. Micrographs of the samples 
were taken in the optical microscope with cross-polaroids. Reorientation of the droplets 
by application and removal of an electric field is discussed. Electrooptic properties of the 
material were measured using polarized light from a helium-neon laser. Transmittance and 
response time vs. voltage applied with driving frequency 2 kHz were detected on the os- 
cilloscope and photographed. The response times were: rise time T,, shorter than 20 ms at  
applied voltage higher than 50 V, and decay time TOff = 80 ms. They are a promising feature 
for this material for a display application. 

INTRODUCTION 

In recent years, polymer-dispersed liquid crystals 
( PDLCs) have attracted great attention not only 
for their physical properties but also for a wide range 
of possible They consist of nematic 
liquid crystals randomly dispersed as droplets in 
polymer films. These droplets show an optical an- 
isotropy that depends on the local director of the 
netamic liquid crystal. By applying an external volt- 
age to the samples, it is possible to reorient the ne- 
matic liquid crystal molecules and obtain optical 
switching to a high-transmission state. 

To be useful for electronic information displays, 
the PDLC films must operate over a broad range of 
temperatures and must switch fast enough. There- 
fore, it is necessary to measure their electrooptic 
performance and response time characteristics. This 
article reports the optoelectronic properties of the 
new materials consisting of nematic liquid crystal 
droplets in a crosslinked UV-cured polyester resin 
binder. 

Journal of Applied Polymer Science, Vol. 43, 175-182 (1991) 
0 1991 John Wiley & Sons, Inc. CCC 0021-8995/91/010175-OS$O4.00 

EXPERIMENTAL 

Sample Preparation 

PDLC films for the electrooptic studies were pre- 
pared by blending appropriate amounts of a nematic 
liquid crystal mixture* and a polymer precursor 
(taking 0.1, 0.2, and 0.3 weight fraction of LC). 
Polymer precursor ( Polimal102 ) was a commercial 
mixture of unsaturated oligoester resin with styrene 
monomer and a UV curing agent. The polymer pre- 
cursor and the liquid crystal were mechanically 
blended (1) at room temperature to form a hetero- 
geneous mixture with uniform size of liquid crystal 
droplets in the liquid prepolymer binder and ( 2 )  at 
130°C (higher than TNI of the liquid crystal) to form 
a homogeneous mixture of both components. Then 
a portion of the mixture was sandwiched between 
two glass plates previously coated with a transparent 
conducting layer of indium-tin-oxide. The films 
were UV-cured for 10 min. Sample thickness (20 
pm) was controlled by Teflon film spacer. In the 

* The author thanks Prof. R. Dabrowski from the Military 
Technical Academy for applying a sample of the liquid crystal 
mixture (M. 419). 
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Table I Sample Characterization 

Polymer data: T, = 33"C, n/25"C/ = 1.548 
Liquid crystal mixture data: TNI = 125"C, no/20"C/ = 1.522 

At/20°C/ = 9.8, 6/2O"C/ = 14.6 cst 

Tdf(  1) TOfA 1 ) 
T N I  Measured Calculated Uth 

PDLC WF "C R Pm (ms) (ms) (V) 

Sample A 0.1 95 3 20 
Sample B 0.2 105 2 < R < 3 0  - 
Sample C 0.3 112 6 80 
Sample C (53°C) 0.3 6 25 - 

19 17 
11 

76 6 
2 

- 

- 

T,, glass transition temperature of the polyester resin; n, refractive index of the polymer; TNI, nematic-isotropic transition of the 
liquid crystal mixture; no, ordinary refractive index of the liquid crystal mixture; Ac, dielectric anisotropy; 6,  orientation viscosity; K ,  
effective elastic constant; WF, weight fraction of the liquid crystal in the PDLC films; R, droplet radius taken for ~ ~ ~ ~ ( 1 )  calculation; 
T o f k l ) ,  short decay time; Vth, threshold voltage. 

first method of preparation, more regular dispersion 
of the liquid crystal droplets of uniform size was 
obtained (sample C) than in the second method 
( samples A and B ) , in which a coalescence of liquid 
crystal droplets following a phase separation process 

1.545 

1.540 

1.535 

1.530 

0 20 40 GO 
T, O C  

1 

2 

3 
40,um 
H 

Figure 1 
vs. temperature T. T8, glass transition temperature. 

Refractive index n of polyester resin plotted Figure 2 
(3) C taken by optical microscope with cross-polaroids. 

Micrographs of the samples: ( 1 ) A, (2 )  B, and 
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Figure 3 Transmittance (change of photodiode signal voltage) vs. driving voltage V,, 
taken: (1) at 25"C, ( 2 )  at 53"C, and ( 3 )  and ( 4 )  in an  off state (removal voltage) after 80 
ms and 2 s, respectively. 

Figure 4 
ages. 

Transmittance vs. driving voltage V,,, taken in increasing and decreasing volt- 
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of both components in a less viscous polymer pre- 
cursor at higher temperature led to a reaction of 
unregular dispersion of the liquid crystal droplets of 
nonuniform size. The properties of the components 
and the PDLC samples are given in Table I. 

Methods of Measurements 

Refractive indices of the polyester resin and the liq- 
uid crystal and a glass transition temperature Tg of 
the polymer were measured using Abbe refractom- 
eter. Data are presented in Table I and plotted in 
Figure 1. 

Morphological structure of the PDLC samples (A, 
B, and C )  taken in optical microscope with cross- 
polaroids a t  20°C are presented in Figure 2. 

Thermooptical analysis / method described 
previouslys was used to determine both the transi- 
tion temperature TNI of the pure liquid crystal and 
embedded in the polymeric matrix and the elec- 
trooptic performance of the film transmittance in a 
white polarized light. 

Polarized light from a helium-neon laser ( A  
= 632.8 nm) was used for the transmittance and the 
response time studies. The collimated and atten- 
uated laser beam normally incident on the film sam- 
ple passes the cross-analyzer and goes to a photo- 
diodedetector. In the transmittance vs. voltage 
measurements, the PDLC film was driven by a si- 
nusoidal voltage with driving frequency 2 kHz 
( - one sec pulse). For response time measurements, 
the photodetector signal fed one input channel of 
an oscilloscope. The sinusoidal voltage fed the sec- 
ond input channel of the oscilloscope. The scope 
was triggered by a synchronization pulse from the 
generator.* In typical measurements of the rise and 
decay times, the V,,, voltage was selected to be ap- 
plied to the sample. The transmittance curves de- 
scribing the rise and decay times detecting on the 
oscilloscope were photographed. 

RESULTS AND DISCUSSION 

Figures 3 and 4 show the results of the transmittance 
(change of photodiode signal voltage) vs. V,,, volt- 
age taken on samples A and C, respectively, with 
increasing and decreasing voltage. Figures 3 and 4 
illustrate several important features: 

1. In the on state, the transmittance increases 
more rapidly in the case of sample C than 

3 

2. Threshold voltage vth decreases with the rise 
of the droplet size (accompanied with an in- 
crease of liquid crystal concentration in the 
blends) and the temperature of the study. 
This threshold voltage has been found3*'' to 
be dependent on the size of the liquid crystal 
droplets and should be a linear function of a 
reciprocal size of the droplets R according to 
eq. (1): 

d K ( P  - 1) ''' 
(1) 

vth z E  [ t,Ac ] ' 

where d = film thickness, R = droplet radius, 

1 

2 

4 O ~ m  
H 

sample A. 
Figure 5 Micrographs of liquid crystal droplets (sample 
C) taken by optical microscope (cross-polaroids) with the 
applied following driving voltages: ( 1 vr,, = 0, ( 2  ) V~LW 
= 20 V, and ( 3 )  V,,, = 80 V. 

The author thanks Mr. J. Sielski from the Center of Mo. 
lecular and Macromolecular Studies, Polish Academy of Sciences, 
IGdi, for help in the construction of the device. 
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Figure 6 Rise and decay curves taken for sample C in applied impulse of V,. voltage 
( - 1 s )  . The upper curves are the unamplified gated sine waves to drive the sample. The 
lower curves show the photodiode signal as a function of the time. Response times: 7,, 

induction period; 7,,, rise time; 7,ff ( 1 ) , short decay time; and 7,ff ( 2  ) , long decay time. 

K = effective elastic constant (equal to lo-’’ 
N dependent on temperature), At = dielectric 
anisotropy, 1 = aspect ratio of elongated 
droplet (equal to 1.3), and E ,  = vacuum di- 
electric constant. The above dependence is 
observed in the case of samples A and C with 
more uniform size of the droplets. 

3. The transmittance curves taken for samples 
A and B (unshown) exhibit a histeresis. The 
histeresis of the transmittance observed for 
sample C was very small if the decreasing 
voltage transmittance was taken after few 
seconds. 

4. Maximum transmittance is obtained at  the 
driving voltage V,,, = 50 V. The voltage re- 
quired to achieve a maximum transmittance 
decreases as a temperature is increased (curve 
2 of Fig. 4 is taken at  53°C ) . The maximum 
transmission through the film in the presence 
of an applied electric field is here regulated 

by a higher mobility of the liquid crystal di- 
rectors in the polymer matrix at a tempera- 
ture higher than Tg of the polymer and near- 
ing the matched case, ” in which the ordinary 
refractive index of the liquid crystal droplet 
no is adjusted to the refractive index of the 
polymer n. Value n decreases with the rise 
in both temperature (Fig. 1) and perhaps an 
amount of dissolved liquid crystal in the 
polymer at  a higher temperature.” 

5. Transmittance curves 3 and 4 in Figure 4 
( sample C ) are taken in the off state after 80 
ms [ toff ( 1 ) ] and 2 s, respectively. Micro- 
graphs of the liquid crystal droplets embedded 
in the polyester resin film (sample C)  shown 
in Figure 5 are taken following driving volt- 
age: (l)/V,,, = 0, (2)/Vr,,,, = 20V, and ( 3 ) /  
V,,, = 80 V. Tangential boundary conditions 
with bipolar structure of droplets are recog- 
nized. The observed following figures are a 
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Figure 7 
at 25OC (curve 1 )  and 53OC (curve 2 ) .  

Induction T,, and rise T,, times plotted vs. driving voltage V,,, (sample C ) taken 

result of increase of the orientation of droplet 
axis in the direction of electric field applied." 

The response times of samples A, B, and C were 
measured for driving voltage V,,, from 20-100 V. 
Figures 6 ( a )  and ( b )  show typical rise and decay 
curves taken in applied impulse of voltage for sample 
C .  The upper curves are the unamplified gated sine 
waves used to drive the sample. The lower curves 
in each figure show the photodiode signal as a func- 
tion of time. 

The response times shown are: i,, induction pe- 
riod (the time in which sample begins to respond) ; 
ion, rise time (the time in which the transmission 
reaches a maximum value ) ; and i,ff (1 ) and ioff (2 1, 
short and long decay times, respectively. In Figures 
7 ( a )  and (b ) ,  7, and ion times taken for sample C 
at 25 and 53°C are plotted vs. driving voltage V,,,. 
Several important conclusions can be drawn from 
the figures: 

1. Induction period io comes down with in- 
creasing both the V,,, voltage and the tem- 
perature. 

2. The rise time ion depends on the V,,, voltage, 
a temperature of the measurement, and a size 
of the liquid crystal droplets (the smaller the 
droplets, the shorter i,, time). 

3. In conventional nematic liquid crystals, a plot 
of 1 /ion vs. the square of the driving voltage 
V,,, is a straight line.13 In Figure 8, the plots 
of the reciprocal rise time [l /ion) data (for 
sample A taken at 25°C and sample C at 25OC 
and 53°C) vs. V,,, are also linear, but the 
times ion observed here are much longer than 
those resulting from a simple eq. ( 2)  given 
for conventional liquid crystals 13: 

where 6 = viscous torque, c, = vacuum di- 
electric constant, Ac = dielectric anisotropy, 
and E = electric field. 

Equation ( 2 )  does not involve the effects 
of a shape and a size of the droplets theoret- 
ically discussed el~ewhere.~. '~~ '~ A more com- 
plete theory must take into account a system 
of randomly ordered droplets with some dis- 
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Figure 8 
and ( 2 ) ,  sample C at 25 and 53"C, respectively; ( 3 ) ,  sample A at 25°C. 

Reciprocal rise time l / ~ ~ , ,  vs. square of the driving voltage V,,, taken for: ( 1 )  

tribution of size and shape of droplets in the 
electrooptical response studies. 

4. Two relaxation times in the off state are dis- 
tinguished. One is observed as a short decay 
time 7,ff (1 ) immediately following the re- 
moval of the voltage applied, and is believed 
to be associated with the relaxation of the 
nematic directors to their equilibrium tan- 
gential configuration as dictated by the type 
of surface alignment at the droplet wall. 

rOff (1 ) depends on a droplet size and equals 
80 and 20 ms for samples C and A, respec- 
tively. The time roff (1 ) measured for sample 
C at  53°C is shorter than at  25°C because of 
a decrease (with increasing temperature) of 
an orientational viscosity parameter 6 E exp 
A/kT. Due to the bipolar structure of the 
droplets, the dominant factor in the elec- 
trooptical response (besides the temperature) 
is the shape of the droplets. The decay time 
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is determined3 by the elastic constant K and 
viscous torque 6, the shape parameter 1, and 
the radius of the droplet R by the following 
equation: 

K(Z2 - 1) T,R R 2 .  ( 3 )  

In our case, the values TOff (1) measured are 
in agreement with those calculated from eq. 
( 3 )  (see Table I ) .  The short decay time 
7,ff (1 ) does not depend on the driving voltage. 
The same is observed for conventional ne- 
matic liquid crystals. 

Following the short decay time, a longer decay 
time T, f f (2 )  is observed and believed to be caused 
by the reorientation of the droplet optic axis by re- 
turning of surface point defects to the orientation 
on the boundary wall (with minimized curvature 
energy) held prior to the application of the electric 
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2 
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Figure 9 Micrographs of a liquid crystal droplet (sample 
C, chosen larger droplet): ( 1 )  in an on state V,, = 80 V; 
(2 )  in an off state immediately after removal of the electric 

field. This effect is well observed in the optical mi- 
croscope and is presented in Figure 9. Micrographs 
are taken: (1) in the on state with applied voltage 
V,,, = 80 V; ( 2 )  in the off state immediately after 
the removal of the electric field (for a clearer picture, 
the time for taking pictures should be shorter) ; and 
( 3 )  in the off state after several seconds. The long 
decay time TOff (2 )  was longer when the larger initial 
driving voltage V,,, was applied. In this case, a dis- 
order of the bipolar orientation of the droplet was 
so great that the way back to the prior orientation 
takes more time. 

The presented material has the advantage that it 
is a flexible amorphous polyester sheet and can be 
easily prepared. The size of the embedded liquid 
crystal droplets can be modified by the concentration 
of the liquid crystal and the method of film prepa- 
ration. The best electrooptic properties presents 
sample C containing 0.3 WF liquid crystal with the 
size of the liquid crystal droplets of - 6 pm in radius. 
The response times T,, shorter than 20 ms at applied 
voltage, V,,, higher than 50 V, and T,ff (1 ) = 80 ms 
are a promising feature for the material for a display 
application. 
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