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Polymer dispersed liquid crystal (PDLC) and guest host polymer dispersed liquid
crystal (GHPDLC) films were prepared by phase separated polymerization induced
phase separation (PIPS) technique. Micro-texture studies shows that the liquid crys-
tal droplets of varying size (�5–40 lm) consists mainly of bipolar configurations at
lower field (�< 1V=lm). They develop into maltese type configuration at higher field
(�8V=lm, 10V=lm for PDLC and GHPDLC). It was seen that the optical trans-
mission increases in both cases with increasing temperature. A higher threshold
voltage for GHPDLC relative to PDLC films with temperature was noticed.
GHPDLC film shows faster switching time (�340 lsec) over PDLC (�510 lsec).

Keywords: anthraquinone dye; droplet morphology; polymer dispersed nematic liquid
crystal; polymerization induced phase separation

PACS – 61.30

1. INTRODUCTION

Polymer dispersed liquid crystal (PDLC) composite films have attracted
lot of interest due to their wide range of applications in electro-optic
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display device [1–3]. Phase separated PDLC films consists of
liquid crystal (LC) micro-domains dispersed in optically transparent
polymer matrix [4–8]. PDLC films have a remarkable electro-optical
behavior since they can be switched from highly light scattering state
(OFF) to transparent state (ON) simply by application of an electric field
[1,3,5,9]. In the absence of an external electric field, the director orien-
tation of the LC varies randomly from droplet to droplet. In this case,
the LC extraordinary refractive index (ne), ordinary refractive index
(no) are different from polymer refractive index (np) and produce a strong
light scattering that makes the PDLC film opaque (OFF state). While in
the presence of an external electric field of sufficient intensity, the direc-
tor of LC droplets align towards the direction of applied electric field and
sample appears transparent. The transparency of sample is due to the
matching of refractive index of LC droplets to polymer i.e. no�np.

Recently, guest-host polymer dispersed liquid crystal materials
have attracted significant attention by various research groups due
to its technological importance [10–12].

It has been seen observed that the dispersion of small amount of
dichroic dyes (guest) into the LC (host) would enhance the optical
characteristics of the liquid crystalline materials. The doped LC mate-
rials dispersed into the polymer matrix are then known as guest-host
polymer dispersed liquid crystal. The morphology of the LC droplet
and electro-optical properties of the guest-host PDLC and PDLC films
depends on various factors, i.e. refractive index of the materials,
LC=polymer concentration, amount of dye, curing rate, intensity of
applied electric field, anchoring energy, cooling rate, solubility of
materials relative to each other and temperature.

A schematic representation of nematic director configuration for
guest-host PDLC film in different states (ON and OFF) is shown in
Figure 1.

In the off state, the dye molecules and droplet director are randomly
oriented and the orientation of the dye molecules is governed by the
director configuration inside the droplet. In the on state, the droplet
director and dye molecules are aligned in the direction of field. There-
fore, the dichroic droplet structures and optical properties are modu-
lated by the alignment of nematic director with an electric field. It
was reported earlier that some amount of dichroic dye remains dis-
solved in the polymer binder will be unaffected by the external filed
and remain randomly oriented. Therefore, only the dye dissolved in
the nematic LC droplet will exhibit dichroic properties and contribute
the optical responses of the film. There are various works concentrat-
ing on the electro-optical characteristics of the PDLC. However little
efforts were made on the morphological analysis of guest-host systems.

Electro-Optic and Thermo-Optic Properties of Liquid Crystal Films 243

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
4:

38
 0

9 
A

ug
us

t 2
01

2 



Raina et al. recently studied a guest host polymer dispersed liquid
crystal system (E7=NOA-65=blue anthraquinone dichroic dye) with
varying the dye concentrations. It showed an enhancement in electro-
optical properties even at low concentration of dye dopants [13,14].

The aim of the present work is to investigate LC droplet
morphology, electro-optic and thermo-optic properties of polymer
dispersed nematic liquid crystal (PDNLC) films. The effect of dichroic
dye in PDNLC film on morphological and switching responses with
electric field and temperature have also been investigated and com-
pared with PDNLC film.

2. EXPERIMENTAL

Nematic liquid crystal (NLC) BL036 (purchased from E. Merck, UK)
[15], UV curable polymer NOA-65 (Norland, NJ) [16] and blue anthra-
quinone dichroic dye (Rolic Switzerland) were used for sample
preparation. Liquid crystal exhibits a nematic-isotropic transition
temperature (TNI)¼ 95�C, birefringence (Dn ¼ ne � noÞ ¼ 0:267 and
ne¼ 1.527. The refractive index of the polymer material was
np¼ 1.524. The dichroic dye was free from ionic impurities and has
good solubility in the NLC. The molecular structure of dichroic dye
is given in Figure 2.

Polymer dispersed nematic liquid crystal film was prepared using
PIPS method [14,17,18]. In this method, first homogenous mixture of
LC and pre-polymer were prepared and then polymerization was induced
through the application of UV irradiation (intensity�2 mW=cm2) on the

FIGURE 1 Schematic representation of nematic director configuration in
PDLC droplets incorporating a dichroic dye. (a) without electric field, and
(b) droplet alignment with an electric field.
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homogenous mixture. The droplets thus formed grow in size till the
polymer binder gets cured and the molecules are trapped. The NLC
and NOA-65 were taken in the ratio of 1:1 wt.=wt. In order to ensure
proper mixing, this homogenous mixture was heated to the isotropic tem-
perature of LC in a vacuum oven. The sample cell consists of two indium
tin oxide (ITO) coated glass substrates and the cells thickness 10mm was
maintained using mylar spacer. The mixture was then filled in the empty
sample cell by capillary action after heating the homogenize mixture to
the isotropic temperature of LC and then sealed.

Similarly guest-host polymer dispersed nematic liquid crystal
(GHPDNLC) film was prepared by first dissolving the small amount
of anthraquinone dye (1% wt.=wt.) in LC, and then this mixture was
dispersed into the polymer matrix.

Both the sample cells were placed in a programmable temperature
controller coupled to hot stage (Model TP94 and THMS 600) first
heated to the isotropic temperature of LC and then cooled down to
room temperature at the rate of 0.1�C=min. The morphology of LC dro-
plets were viewed under crossed polarizers at a magnification of 10x
through Olympus polarizing microscope (Model BX-51P) fitted with
charge coupling device (CCD) camera and interfaced with computer.
The electro-optic responses of the samples were detected and mea-
sured using a photomultiplier tube (Model RCA 931-A) under an exter-
nal electric field using a function generator (Model-Scientech-4060).
The data was acquired with computer interfaced digital storage
oscilloscope (Model-Tektronix Model TDS 2024).

3. RESULTS AND DISCUSSION

3.1. Morphology Analysis

Morphology of LC droplets in PDNLC and GHPDNLC samples at
different voltage are shown in Figures 3(a–d) and 4(a–d). It is seen
that in both samples LC droplets are uniformly distributed inside

FIGURE 2 Molecular structure of anthraquinone dichroic dye.
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the polymer matrix exhibit different configurations (bipolar, axial,
radial, maltese). The densities of droplets in GHPDNLC sample are
found higher than in PDNLC sample.

Out of these structures, bipolar configurations is dominant in com-
parison to others configurations. The approximate size of droplets was
noticed in the range of � 5–40mm in both samples. The droplet size
was measured using Linksys software by taking the mean of major to
minor axis of about 50 random droplets. It was observed that in
GHPDNLC sample, at lower voltage (�10 Vp-p), LC droplet orientation
does not change much vary, however at higher voltage (�80 Vp-p)
bipolar configuration adopts a maltese type crosses (Fig. 4–d).

3.2. Temperature Dependence

The voltage dependence of the output transmission at different
temperatures for PDNLC and GHPDNLC samples is shown in

FIGURE 3 Optical textures for PDNLC sample at various applied voltage
(f¼ 500 Hz) at room temperature (a) 0 Vp-p, (b) 10 Vp-p, (c) 30 Vp-p and (d) 100 Vp-p.
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Figures 5(a,b). It depicts that as the temperature increases (room
temperature to TNI), the optical transmission increases and tends to
saturate at higher applied voltage. The increase in transmission with
temperature may be due the decrease in order parameter and matching
the refractive index of LC with polymer matrix (i.e. no � npÞ. As the
temperature of the sample increases from room temperature to TNI,
the extraordinary refractive index decreases, and ordinary refractive
index increases and shows maximum transmission near the TNI.

We observed that the threshold voltage (Vth) of GHPDLC is rela-
tively higher than PDNLC. It could be due to the enhancement in rela-
tively viscosity of dye dispersion and the steric hindrances between
the LC and dye molecules.

Generally, a decrease in Vth with increasing temperature was
noticed in PDNLC films. J. W. Han [19,20] studied the EL213=PN393

FIGURE 4 Optical textures for GHPDNLC sample at various applied voltage
(f¼ 500 Hz) at room temperature (a) 0 Vp-p, (b) 10 Vp-p, (c) 30 Vp-p and (d) 100 Vp-p.

Electro-Optic and Thermo-Optic Properties of Liquid Crystal Films 247

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
4:

38
 0

9 
A

ug
us

t 2
01

2 



system and observed a decrease in Vth with increasing the tempera-
ture. A. Fuh [21] also notices a similar behavior in Vth with tempera-
ture for E7=EPO305 film.

We have tried to explain this behavior on the basis of reduction in
effective electric field (or effective voltage) across the droplets when
film is in under external electric field [17].

The effective electric field Eeff across a nematic LC droplet can be
computed by considering both conductivity and dielectric terms at
different frequencies and can be written as [22,23]

Eeff ¼ Ea
3rpol

2rpol þ rLC
(for conductive terms) ð1aÞ

and

Eeff ¼ Ea
3epol

2epol þ eLC
(for dielectric terms) ð1bÞ

The threshold voltage Vth for bipolar droplet was computed using the
equation [17];

Vth ¼
d

cR

Kðl2 � 1Þ
e0 De

� �1=2

ð2Þ

The pre-factor ‘c’ is given by
3rpol

rLCþ2rpol
:

FIGURE 5 Variation of applied voltage (f¼ 500 Hz) on optical transmission at
different temperatures for (a) PDNLC, (b) GHPDNLC samples.

248 P. Malik et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
4:

38
 0

9 
A

ug
us

t 2
01

2 



The used symbols in Equations 1(a,b) and (2) have usual meaning
and defined earlier [17].

Separating out the temperature dependent terms, Equation (2) can
be written in the form [19,20]

Vth a ðK=DeÞ1=2 ð3Þ

Both K and De are the function of the LC order parameter and they
decrease with increasing temperature and thus Vth also behaves in
the same manner as predicted by the theory [24].

From Equations 1(a,b) and (2) it can be seen that Vth is inversely
proportional to effective field across the LC droplets. The applied elec-
tric field produces a depolarization field inside the composite film due
to movement of ions. Depolarization field opposes the applied electric
field and reduces the effective field across the LC droplet. The compe-
tition between the depolarization field and the applied electric field at
higher voltage may in turn reduce the total effective field across the
droplets thus contributing higher Vth.

3.3 Electro-Optic Responses

The optical response time such as rise time (sr) allows us to define not
only the electro-optical properties of the condensed materials but also
allows their performance for practical applications.

The rise term is computed as;

1

sr
¼ 1

c
De E2 þ Kðl2 � 1Þ

R2

� �
ð4Þ

where c is the rotational viscosity coefficient, E is the applied electric
filed, and other symbols bear the same meaning defined earlier [23].
[sr is conventionally defined as the time required for transmission
change from 10 to 90% upon switching the film].

For larger voltages, sr is given by

sr ffi
c

De E2
Or sr a

1

E2
ð5Þ

Rise time is a function of electric field, viscosity, resistivity and dielec-
tric anisotropy. The modulation of response time is due to different
dynamics when the system passes during OFF-state to ON-state and
in reverse. In the ON-state of the sample, molecular orientation occurs
under the action of the external electric field that competes with the
elastic torque, main cause of the initial undistorted alignment.
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The voltage dependence of the magnitude of rise time for both
samples is shown in Figure 6. It can be seen that sr decreases with
increasing the applied voltage and follow the same behaviour as
predicted by the theory Equation (5). It can be seen that GHPDNLC
sample shows faster switching time than PDNLC.

4. CONCLUSIONS

Systematic method for phase separated PDNLC and GHPDNLC is
given and their electro-optic and thermo-optic responses as a function
of applied voltage and temperature have been investigated. Various
LC droplet configurations were observed in which bipolar droplets
dominate in both samples. It was notice that bipolar droplets were
slightly unaffected at lower field (�1 V=mm) and adopts a maltese type
crosses at much higher fields 8 V=mm and 10 V=mm for PDNLC and
GHPDNLC samples respectively.

The optical transmission increases with increasing the temperature
and then saturates at higher voltage for GHPDNLC and PDNLC

FIGURE 6 Dependence of applied voltage ( f¼ 500 Hz) on rise time for
PDNLC and GHPDNLC samples at 40�C.
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films. Guest host PDNLC sample shows � 4 times higher transmission
over PDNLC. Threshold voltage (VGHPDNLC

th iVPDNLC
th ) increases with

increasing the temperature due to reduction in total effective field
across to LC droplets. Our result indicates that GHPDNLC sample
shows faster switching time (�340 msec) than PDNLC (�510 m sec) at
40�C and is in good agreement with pre-defined theory.
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