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Abstract. Sudan black B (SBB) was used to investigate as the nonionic diazo dye-doped in polymer dispersed liq-
uid crystal (PDLC) display, by polymerization-induced phase separation (PIPS) method. The maximum absorbance,
contrast ratio, dichroic ratio and the order parameter of nonionic diazo dye in nemetic host (TL203) were inves-
tigated using UV-Vis polarized spectroscopy. The orientation of the dye molecules was controlled by electric field,
which enabled the contrast ratio of the dye to be obtained by electrically switching. The change occurring on droplet
morphologies and electro-optical properties of PDLC film with the change in contents of Sudan black dye and liq-
uid crystals (LC) contents was investigated. We found an increase in LC droplet sizes with the increase of diazo dye
and LC contents. Moreover the addition of small amount of nonionic diazo dye reduced the threshold voltage (V¢ ),
increased off-state transmittance, enhanced the contrast ratio and decreased the response time of dye-doped PDLC.
Additionally the change in transition temperature of LC and changes in LC droplet morphologies with the addi-
tion of dye were also observed. Such changes were observed with the images taken by polarized optical microscope

(POM). The detail discussions on such behaviours were also made.
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1. Introduction

In the recent years, studies on polymer dispersed liquid
crystal (PDLC) films; that are composed of micron size lig-
uid crystal (LC) droplets dispersed within polymer matrix
(Fergason 1984; Drzaic 1995; Masutani et al 2006) were
the subject of much interest industrially as well as institu-
tionally; due to their wide applications ranging from switch-
able displays, light windows (Simoni 1997; Simoni and
Francescangeli 2000) and holographic gratings (Sutherland
et al 1994). Since, the presence of small external electric
field, PDLC devices can be switched from scattered opaque
to transparent state without the use of polarizer.

The director orientation of dispersed liquid crystal (LC) in
the absence of external electric field varies randomly from
droplet to droplet. In this case, the ordinary refractive index
(n,) and extraordinary refractive indexes (n.) of liquid crys-
tals were different from polymer refractive index (np) and
this difference is responsible for the strong light scattered
state of PDLC in voltage off-state. In the presence of suffi-
cient external electric field, the LC director becomes aligned
towards the direction of electric field and as a result, PDLC
film appears transparent. The transmittance of light from
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PDLC film depends on the matching of ordinary refractive
index of LC droplet to polymer refractive index, i.e. n, ~
np. The light scattering properties of PDLC films depend
strongly on many other parameters that include droplet size,
droplet shape, droplet number density, interfacial interac-
tions, etc. (Han et al 2000). Moreover the off scattering
and high ON transmittance were responsible for high PDLC
display contrast.

The past few decades studies performed on dichroic-dyes
doped with liquid crystal dispersed in polymer matrix pre-
dicted that doping of dyes into PDLC, is a useful technique
to get good black state for higher contrast (Fergason 1985)
and to enhance the optical response of LC device. Such dye-
doped LC material dispersed into polymer matrix is known
as guest—host polymer dispersed liquid crystal (GHPDLC) or
dichroic dye-doped PDLC (DD-PDLC) (Fergason and Calif
1983; Montgomery and Vaz 1987; Lee et al 2002; Lin et al
2004). These DD—PDLCs have the potential to outperform
conventional reflective-type twisted nematic LC display in
some applications since they do not require polarizers, lead-
ing to increase in the reflectivity, viewing angle (Wu and Fuh
2005), produce higher contrast than isotropic dye and also
reduce the threshold voltage.

Several research groups have studied the dye-doped
PDLC films in nonalign and align configurations (West and
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Ondris-Crawford 1991; Petti et al 2002; Zhou et al 2003),
using azo dye (Lee et al 2002; Fuh Andy et al 2004; Liu et al
2009) and anthraquinone dichroic dye (Kumar et al 2006;
Kumar and Raina 2007; Malik et al 2008) to seek the effect of
dye on morphology and electro-optical properties of PDLC
films.

Meanwhile the azoaromatic compounds were extensively
investigated due to their potential use in nonlinear and optical
devices, for employing stable and optically induced birefrin-
gence (Rochon et al 1992) and dichroism. Among the photo-
responsive dyes reported so far, azobenzene derivatives are
commonly used in LC-based photonic materials. Owing to
the azobenzene derivatives’ reversible trans—cis isomeriza-
tion by photo irradiation (Urbas et al 2004), one can mani-
pulate not only just the optical properties, but also the optical
anisotropy of the surrounding LCs as well. However, for the
most of azobenzene derivatives, UV light is needed to trigger
the photo switching, which usually degrades the physical
properties of the LCs (Wen et al 2004).

To avoid this issue, it is favourable to choose an azo-dye
whose trans—cis isomerization can be triggered by visible
light (Liu er al 2009). Sudan black B appears to be a good
candidate in this case, since its absorption band of trans iso-
mer is typically in the visible range, the effect of which is
negligible on the LCs. Moreover Sudan black B has high sta-
bility due to its rod like molecular structure (Ghanadzadeh
and Zakerhamidi 2004). As per our knowledge diazo dye-
doped PDLC films were not studied extensively. Thus the
aim of this study is to explore the effect of nonionic diazo dye
on morphology and electro-optical properties of dye-doped
PDLC film. In this study, we varied the dye, the LC con-
centrations and investigated the absorbance of light by dye,
its contrast ratio, dichroic ratio and order parameter in LC.
In addition, the effect of dye on morphology and electro-
optical properties of DD-PDLC films were also studied.

2. Experimental

2.1 Materials

The nonionic diazo-dye Sudan black B (Sigma-Aldrich)
was used as solute (guest) in the eutectic nematic mixture
of TL203 (nematic mixture of pentyl cyanobiphenyl blend
with fluoro- and chloro-substituted mesogens) (E Merck,
Germany) with positive dielectric anisotropy (Ae = 11.0)
and used as anisotropic host. The dye was dissolved in the
liquid crystal with the concentrations of 0-11, 0-22, 0-325,
0-418 and 1-0 wt%; these concentrations were simply taken
as 0-1, 0-2, 0-3, 0-4 and 1-0 wt%, respectively. The nonionic
diazo dye-doped polymer dispersed nematic liquid crys-
tal (DD-PDLC) films were prepared by polymer-induced
phase separation (PIPS) method at room temperature condi-
tions. For this purpose, the UV cureable monomer PN393
(Merck, Germany) was used. The monomer with different
weight ratios (20-24 wt%) was mixed into different weight
ratio mixtures of dye and LC by several hours stirring. The
different compositions of DD-PDLC are shown in table 1.
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Table 1. Polymer, LC and dye composites for dye-doped PDLC
cells.

Sample TL203 (Wt%) SBB (Wt%) PN393 (Wt%)
a-1 80 - 20

a-2 80 0-1 20

a-3 80 0-2 20

a-4 80 03 20

a-5 80 0-4 20

b-1 78 - 22

b-2 78 0-1 22

b-3 78 02 22

b-4 78 0-3 22

b-5 78 0-4 22

c-1 76 - 24

c-2 76 0-1 24

c-3 76 02 24

c-4 76 0-3 24

c-5 76 0-4 24

The micro bead spacer (Sekisui chemicals, Japan) with a
20 wm diameter is used to control the cell thickness. In this
work the material was used as is without further purification.

2.2 Cell preparation

Indium/tin oxide (ITO) coated glass plates were used as
transparent electrodes for the measurement of the guest—host
cells. The planner orientation (homogeneous alignment) of
the guest and host cells was achieved by surface treatment of
the glass surfaces with polyimide (PI) coating and additional
rubbing process. The guest—host cells were prepared by sand-
wiching the solutions between glass plates (2 x 4 cm?)
which were filled with 10 pm micro bead spacer. The DD—
PDLC mixtures were filled within indium tin oxide (ITO)
coated glass plates by capillary action. The cell gap was fixed
with 20 um diameter micro bead spacer (Sekisui Chemicals,
Japan). The DD-PDLC samples were cured under UV light
at 365 nm wavelength at room temperature.

2.3 Measurement of maximum absorption of dye, contrast
ratio, dichroic ratio and order parameter

To determine the maximum absorption wavelength of Sudan
black B dye, the absorption of UV light by dye with dif-
ferent concentrations in LC at voltage off was measured.
To measure the contrast ratio the polarized parallel absorp-
tion spectra of the guest—host mixtures in the visible spectral
region at zero and saturated applied field (40 volts) was mea-
sured using UV-Vis spectrophotometer. The contrast ratio
was defined as the ratio between maximum absorption at on
and off states, which was calculated as:

CR = A/ Aon.
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In accordance to the theory (Ghanadzadeh and Zakerhamidi
2004) for positive dichroic dye, the dichroic ratio R and the
order parameter S of the dye were calculated by the formulas
(Aj/A1)and S = (R—1)/(R+2), respectively. The dichroic
ratio (R) and order parameter (S) of the SBB dye dissolved
in the nematic liquid crystal host was calculated from the
absorption of light polarized parallel (A ) and perpendicular
(A ) to the liquid crystal alignment. The dichroic ratio R was
calculated at maximum absorption wavelength.

2.4  Methods

The absorption of dye at different dye contents and polar-
ized parallel absorption spectra of the guest—host mixtures in
the visible spectral region at zero and saturated applied field
were measured using Minolta (Japan) UV-Vis spectropho-
tometer (model UV-3500d). The polarized absorption spec-
tra of the dissolved dyes were taken with the electric field on
(40 saturated voltage).

The LC droplet morphology in DD-PDLC films were
viewed under polarized optical microscope (Olympus Model
BX-60) at a magnification of 10x fitted with charge coup-
ling device (CCD) digital camera interfaced with a com-
puter. The thermo-optical response was measured by polar-
ized optical microscope (POM) equipped with hot stage. The
electro-optical responses of DD-PDLC were studied when
an electric field is applied to the sample.

3. Results and discussion

3.1 Absorption spectra and contrast ratio

Figure 1 shows the UV-Vis absorption spectra of Sudan
black B with 0-1, 0-2, 0-3, 0-4 and 1-0 wt% contents in
LC. The figure 1 shows two maximum absorptions peaks
(Amax) at 420 and 600 nm wave length in visible range of
the absorption for Sudan black B dye in TL203 LC. The
largest absorption peak was absorbed at 600 nm (0-536%
absorbance) wavelength. Further the dichroic ratio and order
parameter were measured only at 600 nm wavelength. The
spectra showed an increase in absorption of dye with addi-
tion of dye contents. The maximum absorption of dye was
observed for 1 wt% guest-host cell.

Figure 2(a) illustrates the absorption spectra of SBB dye at
zero and saturated applied voltage. The contrast ratio of the
dye was calculated by using the formula, CR = A/ Aon-
Here Ay is the absorption of light of dye in LC host at zero
electric field and A, is the absorption of light at 40 volts
(saturation voltage). With zero electric field (E5 = 0), the lig-
uid crystal molecules were in a uniform parallel orientation
and the dye molecules were oriented with the long molecular
axis parallel to the electric field vector of the polarized light
(i.e. parallel to the nematic director). At 40 V, the voltage—
absorption curve is saturated; in fact, a minimum absorption

223

0.6 : .
—m—0.1%
—0—0.2% o,
05 A03% R
T —w—0.4% $ 0\
+1 .0% ’/ '3
4 \
< 04; U . T
S ¢ VvV VY
g %0, ’ v v\'\ \’
9 \ / ,v
5 el Sy v \
5 037V Ve 4V ve
2 '\v’“OvV N \ \’
< Yvo¥ e A v\ \
A 'y 7 40000
02‘ 'M A“ A \A \ ]
AA AA \ v\
o Aaan 09°%%%, 4 vvvwy
° oo*’ % “asaaa
l-l.... .
0.1 r .h. .—#.-.‘.M‘
400 450 500 550 600 650 700 750
Wavelength (nm)
Figure 1. Absorption spectra of dye with different contents dis-

solved in TL203 LC host.

at Ao, of the dye was recorded. The contrast ratio obtained
for SBB dye in TL203 is attained as 1:1-25.

3.2 Dichroic ratio and order parameter

Figure 2(b) shows the polarized absorption spectra of 1%
nematic solution of Sudan black B at polarized parallel (A))
and perpendicular (A ) to the liquid crystal alignment using
a planar alignment cell.

The dichroic ratio (R) = (A;/A1) and order parame-
ter S = (R — 1)/(R 4+ 2) of Sudan black B dye were
calculated by using the absorption spectra at polarized par-
allel (A}) and perpendicular (A ) to the liquid crystal align-
ment. Since the direction of the transition dipole moment of
the dye molecules were largely parallel to the long molec-
ular axis, the order parameter S of the dye were calculated
from the equation § = (R — 1)/(R + 2). Figure 2(b) shows
the absorption at polarized parallel (A)) as 1-02 and at per-
pendicular (A ) as 0-75 to the liquid crystal alignment. The
dichroic ratio observed here was 1-336. The order param-
eter value was also measured by using the above stated
equation and its value appeared to be 0-1. It should be con-
sidered that the value of S might differ from the order param-
eter for the molecular axis Sy;. This case is true when there
is an angle between the transition moment and long molec-
ular axis. The CR directly relates to order parameter for
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the transition moment, while the molecular structure was
considered to relate with order parameter for the molecular
axis (Ghanadzadeh and Zakerhamidi 2004).

It can be seen that the CR value obtained in this work
was slightly smaller than the dichroic ratios values obtained.
It should be noted that the dichroic ratios were calculated
from the absorption of light polarized parallel (A;) and per-
pendicular (A) to the liquid crystal alignment. As Ag,
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(electric field direction dependence) and A were not really
the same quantities, the dichroic ratio and the contrast ratio
values were also different.

Figure 2(b) indicates that Aj—A, is positive for the
absorption band of the dye when the transition correspond-
ing to the visible band was polarized in the direction of
the long molecular axis, and can be considered as parallel
transitions (i.e. 7—m*). In other words, during the w—m*
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Figure 2. Absorption spectra of 1 wt% dye dissolved in LC (a) at zero- and saturated (40)-applied
field and (b) at polarized parallel and perpendicular to the LC.
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Figure 3. Micro droplet morphology of DD-PDLC at different LC concentrations: (a) 80/20 wt% (b) 78/22 wt% and (c) 76/24 wt% at

varied nonionic diazo dye contents at zero volts.
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transition, a net displacement of charge occurs parallel to the
molecular plane (Ghanadzadeh and Zakerhamidi 2004).

3.3 Droplet morphology of nonionic diazo Sudan black
B-doped PDLC

Figure 3(a—c) shows observed LC droplet morphologies from
optical microscope at 10x magnifying power at voltage off-
state for non-aligned dye-doped PDLC (DD-PDLC) cells
at varied LCs compositions, such as 80, 78 and 76 wt%),
respectively; whereas the concentrations of diazo dye was
varied as 0-1, 0-2, 0-3 and 0-4 wt%. Figure 3 shows the
increase in droplet size of DD-PDLC with the addition of
dye for all the LC compositions. This can be more clearly
seen for 80 and 78 wt% LC contents. The figure 3(a) dis-
plays smaller and more uniform distribution of LC droplets
at lower dye concentration (0-1 and 0-2 wt%) than those
at the higher concentration of dye (0-3 and 0-4 wt%) for
80 wt% LC contents. The coalescence of LC droplets also
appeared at such concentrations. The better droplet unifor-
mity helps to enhance light-scattering efficiency when the
droplet size was comparable to the wavelength of scattered
light (Springer and Higgins 2000). The smaller droplets for-
mation in low dye concentration were due to the less free
volume available for the dispersed low dye concentration
droplets in the polymer matrix (Malik et al 2008). Further,
it is clear from the UV-VIS absorbance spectra that the dye
in the films absorbed UV light and this absorbance increased
with the increase of dye concentration. The high absorption
of UV light by dye molecules might reduced the UV curing
intensity and this might resulted into incomplete polymeriza-
tion of polymer which in turn produced bigger LC droplet
size (Montgomery et al 1991). While for other LC weight
fractions the well-defined droplet morphology was observed.

Figure 3 (a—c) also shows the decrease in droplet size with
the decrease of LC weight fractions. The decrease in droplet
size with decreasing LC fraction was observed previously
(Lovinger et al 1994; Carter et al 1997; Han et al 2000) and
explained by changes in the extent of polymerization at the
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225

onset of phase separation. Possibly with the high LC con-
tents fraction, the PDLC mixture moved closer to the phase
boundary resulting in a less developed polymer matrix dur-
ing phase separation and this resulted into longer time for the
LCs to form large domains and coalescence was seen.

As stated earlier, both droplets shape and LC configura-
tion play important roles in governing the light-scattering
properties of PDLC film. Figure 4 exhibits the combination
of the nemetic liquid crystal droplet morphologies i.e. bipo-
lar, radial, spheroidal and toroidal found simultaneously in
DD-PDLC as observed by polarized microscope at 0-4 wt%
dye concentration, comprised of 80 wt% LC contents.
Figure 4 (b, c¢) displays the formation of toroidal and
spheroidal or ellipsoidal LC droplets in DD-PDLC, respec-
tively. The toroidal configuration appeared spontaneously in
the PDLCs due to the collapse of polymer shell covering
the LC droplets. Possibly the dye molecules absorbed at the
polymer/LC interface weaken the polymer wall and tend to
collapse the polymer wall. A reduction in interfacial energy
can increase the number of toroidal LC droplets (Denk et al
1990; Mei and Higgins 1998; Hall and Higgins 2003). Other
works have also reported the formation of toroidal configu-
ration in pure PDLC and similar is the case for DD-PDLC
(Xu et al 1996; Malik and Raina 2010).

The radial and bipolar configurations of droplets found
in DD-PDLC are shown in figure 4(a). It was stated ear-
lier (Kumar and Raina 2007) that most polymers tend to
induce a parallel alignment of director field of nematic liquid
crystals at interface, so that bipolar droplets are most often
found in PDLC films; whereas the radial configuration also
is most often found in DD-PDLC films.

Figure 5 displays the influence of external electric field
on LC droplet orientation at room temperature conditions.
The optical axis orientation, corresponding to the average
nematic director alignment, varies randomly from droplet to
droplet at zero-applied electric field. On applying the electric
field across the film, we observed a bulk change of colour
and orientation of the bipolar LC droplet even at very low
applied (4 volts) electric field (figure 5(b)). An alteration in
orientation in bipolar droplets was observed, in such a way

(b) (©

Figure 4. Several LC droplets images of (0-4 wt%) of dye-doped PDLC with 80/20 wt% LC composition: (a) radial and bipolar, (b) toroidal

and (c) spheroidal droplet configurations.
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Figure 5. Droplet orientation of dichroic (0-4 wt%) PDLC with 80/20 wt% LC composition under electric field: (a) 0 Vp-p, (b) 4 Vp-p,
(¢) 5 Vp-p. (d) 10 Vp-p, (e) 15 Vp-p, (f) 20 Vp-p, (g) 30 Vp-p and (h) 50 Vp-p.

that the bipolar axes tend to align along the direction of the
applied field. Figure 5(d) shows that at 10 volts the small
droplets appeared with a well-defined maltese type crosses
and bigger droplets with twisted arrangement in the cen-
tre. The maltase type arrangement of LC droplets with volt-
age was reported earlier (Malik and Raina 2010). The big-
ger twisted orientation of droplets was considered as a fusion
of 2—-4 bipolar droplets to make this unstable intermedi-
ate maltase structure. This might be due to the coalescence
of LC droplets which were adjusted finally to well-defined
maltese-type cross after stabilization voltage.

The above stated maltase type morphology was also
observed for the low dye concentrations of 0-2 and 0-3 wt%,
but at relatively low voltage (not shown here). The change
in droplet orientation observed at high applied voltage for
higher dye contents might be due to the change in droplet
morphology, increase in conductivity of LC droplets, partial
increase in viscosity of the composite film and strong anchor-
ing with the polymer walls (Malik and Raina 2010). Whereas
for other low dye contents and for low LC contents we could
not observe these images as the LC droplet size was small to
be observed under the POM limit.

3.4 Phase transition temperature

We observed the variation in phase transition nemetic to
isotropic (Tn-1) temperature of nemetic liquid crystal with
the addition of dye by POM equipped with hot stage. For
this purpose, the dye was dissolved with different weight per-
centage in nemetic liquid crystal. Further a drop from these
solutions is sandwiched between the two ITO-coated glass
plates and placed over the hot stage. The rate of increase in

temperature was fixed at 0-2°C/min. The phase transition
temperature of LC cell without the dye molecules was 75°C.
A large change in Ty_; was found with the addition of even
small amount of dye (0-1 wt%) into LC and fall in LC
Tn—-1 point from 75°C to 73°C, however it was found that
Tn-1 is further independent of dye concentrations. So further
increase in dye concentration did not affect significantly on
Tn—1 values. This temperature was found to be almost con-
stant for all the further investigated dye concentrations. In
order to understand this behaviour, it is important to consider
the absorption of heat energy as well as light by dichroic
dye. This might be the reason that the significant change in
transition temperature was not observed.

The thermal effect on nematic LC configuration and colour
for 0-4% dye contents with 80 wt% LC contents are seen
in figure 6. It was found that at 30°C LC (figure 6(a))
droplets in DD—PDLC exhibit predominately the disordered
bipolar configuration with two point defects at the ends of
the diameter along the bipolar axis. Further, the change in
droplet colour and reorientation of LC droplets was observed
at 62.7°C temperature. Finally at 67°C, which was 6°C
below the Ty_j of the mixture, the presence of an isotropic
phase become clear (dark spots); and at last, at 71°C, the
nematic-isotropic phase transition was more evident.

At elevated temperature, but below Tn_; the DD-PDLC
showed well-ordered bipolar droplets (with cross and two
point defects on the bipolar axis) and spherodial droplets ori-
entations. The reorientation of LC droplets with increase in
temperature without voltage, may be due to the decrease in
surface anchoring energy with the increase in temperature.
Hence the increase in temperature enhanced the transmit-
tance of PDLC at applied voltage as reported earlier (Malik
and Raina 2010).
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3.5 Electro-optical properties

A voltage-transmittance (V-T) characteristic was measured
for various dye concentrations at 25°C for DD-PDLC.
Figure 7 shows the transmittance curves of dye-doped PDLC
and the data calculated from this is given in table 2. The mini-
mum transmittance, maximum transmittance, contrast ratio,
threshold voltage and driving voltage were generally chosen
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as Ty, Tsa, CR, Vi, Von, respectively. Figure 7 and table
2 show that maximum transmittance is decreased with the
addition of dye. It can be concluded that lower dye-doped
PDLC showed higher transmission than higher dye-doped
PDLC at voltage ON state. It was stated earlier that higher
absorption on higher dye concentration leads to lower trans-
mission of the guest-host device (Malik and Raina 2010).
Thus lower dye-doped PDLC films give better transmission

Figure 6. Droplet morphologies of DD-PDLC films having 80 wt% LC and 0-4% dye contents on heating from: (a) 30°C, (b) 40°C,
() 62-7°C, (d) 67°C, (e) 69°C, (f) 69-7°C, (g) 70-5°C and (h) 70-7°C.
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Figure 7. Applied voltages dependent light transmission of DD-PDLC films at different dyes (0-1 wt%; 0-2
wt%; 0-3 wt%; 0-4 wt% and 1 wt%) and LCs concentrations: (a) 80/20 wt%, LC/monomer, (b) 78/22 wt% and

(c) 76/22 wt%.
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than higher dye concentration samples. Moreover the mini-
mum transmittance was increased with the addition of dye
for DD-PDLC films for all LC wt%. In addition, the stiffness
of V-T chart was decreased with the decrease of LC contents
and with the addition of dye.

Contrast ratio (CR = T/ Ty, of a dichroic PDLC film) is
an important parameter to measure the performance of any
electro-optic display. Contrast ratio is a function of dye con-
centration and applied voltage and its values are plotted in
figure 8 and shown in table 2. The contrast ratios (CR) of
dichroic dye PDLC as measured at various applied voltages
(figure 8) show an increase in CR with the increase of applied
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voltage, and attained a maximum value and further main-
tained constant values as well. Figure 8 shows that contrast
ratio of DD-PDLC is decreased with the addition of dye for
all LC wt%. General analysis of the figure 8 shows that as
compared to high dye contents, low dye contents exhibit high
contrast ratio and good stiffness. It was earlier stated that
high dye concentration exhibited low transmittance. Hence
showed low contrast ratio due to higher absorption of UV
light by dye molecules. In addition figure 8 shows an increase
in contrast ratio with the decrease in LC contents.

These behaviours of decrease in CR with the addition of
dye and increase in contrast ratio with the decrease in LC

Table 2. A voltage—transmittance data of dye-doped PDLC films.

Sample Droplet size (pm) To(%) Tsat(%) CR(30V) Vin(V) Von(V)
a-1 277 1-10 100 90-91 4 8
a-2 6-25 4.37 94.79 21-69 2 10
a-3 9.8 5-80 93.76 16-17 11 24
a-4 25-8 6-38 91-42 14-33 11 22
a-5 29 17-29 70-83 4.10 13 20
b-1 1.25 0-85 99.69 117-28 14 22
b-2 9.36 5-6 90-95 16-24 2-5 12
b-3 10-6 8-28 88-31 10-66 3.5 14
b-4 11-5 18-5 80-44 4.35 3.5 13
b-5 13-13 20-78 79-43 3-80 3.5 15
c-1 0-63 1-36 98-00 18-67 24 45
c-2 0-83 1-66 95.73 47-59 18 43
c-3 1-6 3.58 90-22 20-42 19 43
c-4 2:5 6-77 87-13 10-07 20 44
c-5 5.5 12-37 75-07 5-10 21 38
100 80
(a) 50 —8@—b-1 (b) — -1 (c)
oo}t ’_ ——b- e sol—®—c-2 r
J ——b3 F —A—c-3
gof 10{ —¥—b-4 8 ol —¥— ¢4 ‘.'
70} ——b-5 g ——c5 f-
2 e » 2 50 !
g g% ; g ;i
b | —8—a-1] & . b7
- = oo ——a-2| 2 60 ] S . z’ f
S o} —a—3a-3] § i %l ]
o o o
—y—a4 !
3op ——2a-5 40 .T { r
[
[ ]
20
% 5 10 15 20 25 30 % 5 10 15 20 25 30 % 10 20 30 40 50
Voltage (V) Voltage (V) Voltage (V)

Figure 8. The dichroic dye concentration dependent contrast ratio of DD-PDLC films as a function of dye contents
and applied voltages. (a) 80/20 wt%, LC/monomer, (b) 78/22 wt% and (¢) 76/22 wt%.
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contents of DD-PDLC are more clearly seen in figure 9.
Table 2 numerically shows these results, as DD-PDLC with
76 wt% LC contents attains high values of CR (1:4-7) for
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Figure 9. The contrast ratio of DD-PDLC with various dye
contents.
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the 0-1 wt% dye at worthily low threshold voltage, which
is higher than the value observed by planner aligned paral-
lel polarized dye-LC guest—host cell for the same dye con-
tents. It was found from figure 9 and table 2 that 80 wt% LC
contents with 0-1 wt% dye molecules showed the CR (1:2)
at 2 threshold voltage. This interesting behaviour implied
the important role of LC weight fractions in enhancement
of CR of DD-PDLC. The lower contrast ratio observed for
high LC weight fraction and higher CR for low LC weight
fraction could be due to the absorption of UV light by dye
molecules which in turn produce poor polymerization of
monomer at high LC contents. This problem was overcome
by the decrease in LC weight fractions. The complete poly-
merization was seen by formation of well-defined LC droplet
morphology in figure 2. Hence the decrease in droplet size
was observed for the decrease in LC weight fraction. Further
the LC droplet size was found to be independent of electric
field and temperature.

The polarized optical textures of dichroic PDLC was
showed predominantly bipolar configuration in comparison
to other configurations (radial, axial) as shown in figure 6.
For bipolar configuration, expression for Vi, and V,, were
given by Farzana et al (2011) and Malik and Raina (2010), as

Vir o | = (1)
d —_—
th AS’
d K (0?—1
Vo = L /M, )
R goAe

where d is the film thickness, R the average droplet radius,
K splay elastic constant, w the aspect ratio of droplet, g the
vacuum dielectric constant and Ae¢ the dielectric anisotropy
of the LCs. The threshold voltage Vi, depends on the elastic
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Figure 10. Response time of DD-PDLC film with 80 wt% LC contents: (a) against applied voltage

and (b) with different dye contents.
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constant and dielectric anisotropy. Bipolar droplets exist
when the splay elastic constant is smaller than the bend
elastic (Yang et al 2010).

Table 2 shows the threshold voltage and V,, values for
different dye contents. It was found that addition of small
amount of dye (0-1 wt%) in pure PDLC leads to decrease
the threshold voltage of DD-PDLC drastically for all LC
weight fractions. On contrary to this behaviour, further addi-
tion of dye molecules lead to increase in threshold voltage.
This is the reason that K, splay elastic deformation increases
when dye dissolved into LC droplets. The (2) showed that the
driving voltage, V,,, depends on droplet size, elastic constant
and dielectric anisotropy. According to Yang et al (2010)
Von 1s inversely proportional to droplet diameter, as long as
the droplet size is small compared with film thickness. How-
ever, in this system for bigger the droplet size, the larger the
Von Observed. This could be due to the effect of increase in
splay deformation is larger than that of droplet size increase.
In addition, as the droplet size approaches the size of the
cell gap, Vi, increases because the droplets shape deforma-
tion increases and droplet aspect ratio increases. However,
for very small droplet size V,, increases due to high surface
anchoring energy of very small droplet size.

The optical response or response time is the sum of the
total time (fo, + Zofr) for the PDLCs. The rise time (t,,) is
the time required for the film to approach 90% transmittance
from 10% of the off-state transmittance. The delay time (7o)
is the time needed for film to reach 10% transmittance from
90% of the on-state transmittance. The smaller sum of these
two values indicated the faster response time of the films.
In general response times of PDLCs are principally governed
by droplet size and shape, viscosity, elastic constants, anchor-
ing forces and the ratio of the applied voltage over threshold
voltage (Grosicka and Mucha 2000; Malik and Raina 2004).
According to the theory (Kelly and Seekola 1990), response
time can be described as follows:

11 , K (o?—1)

_r
AgE?’

where 7 is the response time, y the rotational viscosity coeffi-
cient, E the applied electric field and the other symbols indi-
cate the same meaning as defined earlier. The dependence of
response time of pure PDLC and dye-doped PDLC on volt-
age and dye contents at 25 voltage is shown in figure 10 (a,
b), respectively. Figure 10(a) shows that the total response
time decreased with the increase of voltage for 80 wt% LC
contents for all dye contents and other all LC weight frac-
tions follow the same behaviour as predicted by the theory
(Kelly and Seekola 1990) (Eq. 4). It was also found that
lower dye contents showed faster response time. The same
behaviour explained well in figure 10(b). It is shown in figure
10(b) that total response time of DD-PDLC increased with
the increase of dye contents and decreased with the increase
of LC contents.

“

~
Ttotal =
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4. Conclusions

In this work, nonionic diazo dye-doped PDLC were inves-
tigated with the PIPS method. The maximum absorbance,
contrast ratio, dichroic ratio and order parameter of nonionic
diazo dye in nemetic host (TL203) were investigated using
UV-Vis polarized spectroscopy. For this purpose a planner
aligned (homogenous) cell was used. The polarized guest—
host cell showed CR, dichroic ratio and order parameter val-
ues as 1:245, 1-336 and 0-1, respectively. The SBB dye in
TL203 LC showed maximum absorbance at 420 and 600 nm
wavelengths. The effect of dye contents and LC weight frac-
tions on morphology and electro-optical properties of DD—
PDLC were also considered. The obtained results predict
that the use of nonionic dye can significantly enhance the
electro-optical properties of DD-PDLC with suitable selec-
tion of LC and dye weight fraction. Generally it was found
that usage of dye helped to reduce the threshold voltage
value needed for switching the material from a scattered to a
transparent state. However, threshold voltage increased with
the increase of dye contents which could be due to absorp-
tion of UV light by dye molecules which resulted in poor
polymerization of monomers. Hence our findings illustrate
that low dye (0-1%) concentration in DD-PDLC decreased
the threshold voltage, improved the transmittance, enhanced
the contrast ratio and showed better electro-optical response.
On the contrary high dye concentrations (0-3-0-4 wt%) tends
to increase the threshold voltage and deteriorated the trans-
mittance. Whereas the low LC weight fraction showed the
higher contrast ratio due to formation of well-defined LC
droplet morphology. Thus the appropriate selection of weight
fraction of dye and LC could give the desired morphology
and electro-optical property of DD-PDLC.

LC droplets found in these films are predominately of the
bipolar configuration. However, different configurations of
LC droplets, namely, spheroidal, toroidal and radial were
also observed for dichroic PDLC containing 0-4% w/w dye.
The effect of applied voltage on droplet morphology under
the polarizing microscope was also observed. It was found
that the bipolar droplets altered their colour and configu-
ration to maltase-type crosses with the voltage. In addi-
tion to maltase-type crosses an intermediate, reversible and
unstable twist deformation appeared as a means of reducing
the bipolar structural energy. Such configurations on remov-
ing the voltage return to bipolar configuration. The phase
transition temperature, 7n—; with the addition of dye was
observed and the images showing the effect of temperature
on droplet morphology were also discussed. It was observed
that the DD-PDLC films at room temperature exhibit the
bipolar configuration with two point defects on the corner
at high anchoring and low kinetic energy, as the tempera-
ture increased the increase in kinetic energy of LC droplets
and decreased in surface anchoring energies of DD-PDLC
lead to mainly spheroidal and bipolar configuration showing
cross in the centre. The induced temperature also changes the
colour of LC droplets. The phase transition temperature of
LC first decreased with the small addition of dye and further
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it was found to be independent of dye concentration. Such
behaviour remains unaltered with further addition of dye
molecules, which was supposed to be due to the absorption
of UV light and heat energy by dye molecules.
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