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We present the depolarization field effects (Maxwell-Wagner-Sillars effect) for the thermal transport properties
of polymer dispersed liquid crystal composites under a frequency-dependent electric field. The experiments were
conducted on polystyrene/4-Cyano-4’-pentylbiphenyl (PS/5CB) PDLCs of 73 vol.% and 85 vol.% liquid crystal
(LC) concentrations. A self-consistent field approximation model is used to deduce the electrical properties of
polymer and LC materials as well as the threshold electric field. Electric field-varying (at constant frequency)
experiments were also conducted to calculate the interfacial thermal resistance between the LC droplets and
polymer matrix as well as to find the elastic constant of LCs in droplet form.
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I. INTRODUCTION

Polymer dispersed liquid crystals (PDLCs) are made of
micron or submicron liquid crystal (LC) droplets encapsulated
in a polymer matrix. Their much better performance than
conventional LC displays as well as their broad application
potential such as in flexible displays [1-3], window shutters,
projection displays [4], optical switches [5], focus-tunable
lenses [6], etc., have led the scientific world to consider this as
a promising candidate in technology. The usual operation of
PDLCs is dependent on changing the film transparency to the
visible light from an opaque (OFF) state to a transparent (ON)
state by the application of an external electric field (EF). The
reason for such behavior is the mismatch in refractive indexes
between LC droplets and the polymer matrix, which scatters
away the incident light in an OFF state. Upon the application of
an external EF, LC droplets modify their molecular alignment
so that the refractive indexes of the host polymer layer and
the LC droplets match each other in the direction of the
EF. This makes the film transparent in that direction. A vast
amount of studies on PDLCs’ electro-optic properties have
been done by various research groups to quantify and improve
PDLC performance. Nevertheless their inherent structural
complexities and, at the same time, the possibility to control
their physical properties via external means (e.g., by applying
an electric field) have led researchers to consider them as a
research interest.

In composite materials, PDLCs are different from other
types of composites (e.g., metallic particles in polymers)
because they give the opportunity to change their transport
properties via applying an EF without changing the amount,
shape, or size of inclusions (LC) in a material sample
under investigation. This behavior is particularly useful while
studying thermal transport through composites.

Our previous studies [7] of PS/5CB PDLC samples show
that the heat transport through PDLCs are affected both by
the presence of an external EF and because of the variation in
LC volume fraction. Here the sample’s thermal conductivity
increased monotonically and reached a saturation value with
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respect to an increase in the applied EF. This change in
thermal conductivity is due to the reorientation of LC droplet
directors from their random orientations to the direction of the
applied field, which is in parallel to the direction of heat flow
through the material sample. In order to prevent the effects
of depolarization fields, an EF of 1 kHz sinusoidal wave was
used in such experiments.

In this paper we report on the effects of depolarization
fields (Maxwell-Wagner-Sillars effect) on thermal transport
through PDLC samples. We selected PS/5CB composites
for our studies because of their well-known thermo-physical
properties. Recently the photothermal radiometry technique
(PTR) has been demonstrated as a simple and capable
technique for measuring dynamic thermal parameters of liquid
samples with high precision and resolution [8]. In particular,
the noncontact capability of the PTR technique helps to
extract the thermal parameters from EF-varying experiments
with fewer precautions, whereas many efforts are required
with contact techniques, such as photopyroelectric (PPE), to
facilitate experiments free from EF-induced errors.

II. MAXWELL-WAGNER-SILLARS EFFECT

Depolarization field effects in heterogeneous systems were
first highlighted by Maxwell and later modified successively
by Wagner and Sillars. So the interfacial polarization ef-
fects are often termed the Maxwell-Wagner-Sillars (MWS)
effect [9,10]. In a heterogeneous mixture of LC droplets and
a polymer matrix, due to the differences in their dielectric
characteristics (ability to hold charges) as well as electrical
conductivities, an additional charge accumulation occurs at
each LC-polymer boundaries when the material is under an
external EF, as shown in Fig. 1.

At low enough frequencies of the applied alternating field,
the charges, near each LC-polymer boundary, start to build
up (conductivity effect) and oppose the external EF. As a
consequence, the effective field acting on the LC droplets
reduces its strength. This in turn conversely affects the
reorientation of the droplets and causes a decrease of the heat
flow through it, in other words through the PDLC film, in the
direction of the EF. The depolarization field effects in such
multiphase systems vanish at sufficiently high frequencies of
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FIG. 1. (Color online) Maxwell-Wagner-Sillars effect in an het-
erogeneous medium. The simplest case with a single LC droplet
surrounded by a host polymer matrix.

an applied EF because the movement of charges will be frozen
out at high frequencies and the development of depolarization
fields gets interrupted.

Several electro-optic experimental studies are reported on
the interfacial polarization effects in PDLCs [11-13]. Bous-
soualem et al. [14,15] conducted studies on polystyrene/4,4'-
octylcyanobiphenyl (PS/8CB) and PS/5CB dispersed systems
and reported on their frequency-dependent behavior attributed
to the MWS effect. Their studies, on the light transmission
vs frequency of the applied EF, were modeled using a self-
consistent field approximations for calculating the average
electric field (Eqrop) acting on spherical LC droplets ina PDLC
sample. The equation, taking into account the MWS effect and
relating the average droplet electric field, Eqyop, to the applied
EF, E,, is given by [16,17]

*
3ey,

Egrop(w,) = — < " —E (D
o €fc +2€y — drelefc — €3y) ‘
and
* ’ . OMm
€y =€y — 1 , 2
=i @
* . OLC|
€c= €£C|| — 1—%60, 3)

where w, = 2nf, and f, is the frequency of the applied EF;
¢Lc is the phase-separated LC fraction; E, is the magnitude
of the applied electric field; €}, and oy are the dielectric
permittivity and electrical conductivity of the polymer matrix,
respectively; and 6LC|| and ojc| are dielectric permittivity
and electrical conductivity of the LC in the direction of E,,
respectively.

Inside PDLC, a part of the LC dissolves into the polymer.
A maximum amount of the LC dissolved in a polymer matrix
is defined as the solubility limit (8), and it can be found by
performing differential scanning calorimetry measurements.
The undissolved portion of the LC forms droplets. Knowing
B and the amount of LC added to the polymer (x), we can
calculate the phase-separated LC fraction (¢ ¢) using [18-20]
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where all the quantities are in a volume percentage. The value
of B = 55% was used to calculate ¢ ¢ in our experiments [14].

III. SAMPLE PREPARATION

Polymer dispersed liquid crystal (PDLC) samples were
prepared using polystyrene (Sigma-Aldrich, molecular weight
of 44 000 g/mol) as the polymer matrix and SCB (Merck)
as the inclusion with two different volume fractions, LC:PS
(85:15 and 73:27). Some of the advantages of PS compared
to other thermoplastic compounds are a very low ac electrical
conductivity (o, &~ 107° S/m at 1 kHz) and uniform dielectric
permittivity (e;u ~ 2.5) in both temperature (25-80 °C) and
frequency [21,22]. The density (p) of PS and 5CB are ~1
(ops = 1.047 kg/m® and pscg = 1.008 kg/m?). Dielectric
permittivity and ac electrical conductivity of SCB are eLC“ =

10and o1 ) = 10788 /m[23,24]. The temperature range of the
nematic phase of 5CB is between 23 and 35 °C [25]. Thermal
conductivity values for the PS matrix, «,, = 0.11 W/mK,
as well as for 5CB, aligned in parallel (long axis of LC
molecules aligned in parallel to the heat flow direction),
kicp = 0.24 W/mK, and perpendicular (long axis of LC
molecules aligned perpendicular to the heat flow direction),
kel = 0.12 W/mK, are taken from Refs. [26,27].

PDLC samples were prepared by a solvent-induced phase
separation [28] procedure. At first, the required amount of both
materials (SCB and PS) completely dissolved with an equal
amount of chloroform. The mixture was placed in an oven
for more than 24 h for a complete evaporation of solvent to
obtain the final PDLC sample. Upon solvent evaporation, LC-
PS phase separation happens, and SCB droplets on the order
of micron or submicron sizes develop throughout the entire
polymer matrix. Micrographs of as prepared PDLCs for both
LC:PS concentrations are shown in Fig. 2. The pictures were
taken using a polarizing microscope with crossed polarizers.

IV. EXPERIMENTAL

We have used an improved photothermal radiometry (PTR)
technique [8,29] for measuring thermal parameters of PDLC
samples. The experiments were done using the back-PTR
(B-PTR) configuration because of its high sensitivity and
simultaneous detectability to both the thermal diffusivity and
effusivity of the sample under investigation. The experimental
arrangement for the sample-cell assembly is shown in Fig. 3.
The sample was kept between a CaF, window on the top
and a quartz precision cell (backing) on the bottom. An
internally modulated laser (A = 532 nm, He-Ne, Ventus HP
532, 1.4 mm spot size) source was used to generate heat at the
backing-sample interface with the help of a thin (=500 nm
thickness), opaque, laser-absorbing coating layer. The thermal
waves diffuse into the sample and reach the top layer where
a second coating, at the sample-CaF, interface, emits the
infrared signal. The generated signal from the top CaF,-sample
interface contains the thermal information of the sample-cell
assembly. It has been detected by the aid of a liquid nitrogen-
cooled HgCdTe infrared detector (Judson Technologies, model
J15D12-M204-S01M-60, bandwidth, dec, 250 kHz). Since the
CaF, window is transparent to both the visible and infrared
wavelengths of light, it acts as a semi-infinite top layer in the
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FIG. 2. (Color online) PDLC micrographs under microscope with crossed polarizers. Images of PS:5CB = 27:73 (73% LC) (left) and

PS:5CB = 15:85 (85% LC) (right).

thermal configuration and passes the generated infrared signals
directly to the detector.

Generally, in PTR experiments, two separate signals as a
function of the laser modulation frequency (a sample scan
and a reference) are used to obtain a normalized signal
(by the complex division of two signals). This normalized
signal, which is free from the instrumental transfer function,
is analyzed to find the thermal properties of the sample
under investigation while knowing the thermal properties of
surrounding layers. Since B-PTR technique has the ability
to find thermal parameters from a single laser modulation
frequency, we have done experiments by fixing the laser
modulation frequency and scanning the sample under varying
EF or frequency-dependent EF ( f,). Thus, a sample’s thermal
diffusivity, as a function of EF or f,, can be calculated
from the phase data and the effusivity from the combined
amplitude and phase signals, provided that the sample is
at a quasithermally thick (uy; ~ d) regime. The analytical
expressions for a sample’s thermal diffusivity (o) and thermal
effusivity (ey) are given by [8]
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FIG. 3. Back-PTR configuration.

here A is the normalized amplitude and 6 is the normalized
phase, and e,, e, e., and ¢, are the thermal effusivities of the
reference, sample, CaF, window, and backing, respectively. o
and «, are the thermal diffusivities of the sample and reference,
respectively. f represents the modulation frequency of the
laser source, and d is the sample thickness.

In order to facilitate the experiments, the required amount
of the PDLC sample was cast into the quartz precision
cell using a spatula, prearranged with electric contacts for
the electro-thermal measurements, and heated to the matrix-
softening temperature, and we closed the cell with a CaF,
window. The measurements were carried out by keeping the
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FIG. 4. (Color online) Variation of thermal diffusivity (a), ther-
mal effusivity (b), and thermal conductivity (c) as a function of the
applied electric field (at constant frequency, f., 1 kHz) for PDLC
samples with 85% LC (blue circles) and 73% LC (red squares).
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FIG. 5. (Color online) pC plotted as a function of EF for PDLC
samples with 85% LC (a) and 73% LC (b). Experimental data points
for 85% LC (blue circles) and for 73% LC (red squares) along with

the mean values of pC (solid lines).

sample temperature constant at ~28°C in order to avoid
temperature-dependent thermal property changes. The sample
cell thickness used was 50 £ 2pum.

V. RESULTS AND DISCUSSION

The first part of the experiments on PDLCs were done
with varying amplitude of the applied EF at fixed frequency
(fe =1 kHz). These results are used to find the role of
interfacial thermal resistance between the polymer matrix and
LC droplets. The second part of the experiments deals with the
frequency dependence on the thermal properties of PDLCs.

A. PDLC under a varying electric field

We have investigated the variation of thermal parameters of
PDLC samples (85% LC and 73% LC) under varying electric
field at constant frequency (f, = 1 kHz), and the results are
depicted as shown in Fig. 4. The PTR experiments were con-
ducted by fixing the laser modulation frequency, f = 18 Hz,

J
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at which the sample is in a quasithermally thick regime,
and varying the EF strength successively. The displayed
results (Fig. 4) are from the mean of three consecutive EF
scans. Additional filtering has also been done by plotting
the volumetric heat capacity (oC = e/+/a) and by taking
data points lying within £1% or £0.55% (depending on
the population of experimental data points) from the linear
fit value of pC as shown in Fig. 5. Here the behavior of
pC is independent of the applied electric field as expected
since the molecular reorientation in LCs does not make any
contributions towards pC, and hence it stays unchanged.
Nevertheless, a change in concentration of the liquid crystals
in PDLC produces a shift in the volumetric heat capacity value.

1. Effective medium theory and interfacial thermal resistance

In heterogeneous mixtures, the presence of interfaces and
thereby an interfacial thermal resistance hinder heat transport
through boundaries. Nan et al. [30] gave an estimation of
effective thermal conductivity in heterogeneous mixtures with
spherical inclusions on the basis of an effective medium
approach, which has taken into account interfacial thermal
resistance, and it is given by

kel +y) + 26 + 2¢1clkc( — ) — kil
kre(l +y) + 2k, — drelerc(l — y) — knl (:7)

KPDLC = Km

where y = ry/ry is the ratio of the Kapitza radius (r¢) to
droplet radius (74). «,, and k¢ are thermal conductivities of
the polymer matrix and LC, respectively. The quantity y is a
dimensionless parameter which compares the Kapitza radius,
ry, to the droplet radius, ry. The Kapitza radius is related
to thermal interfacial resistance, and it can be considered
as a quantity which indicates whether the interfaces play
a significant role in the heat transport through the material
composite. If y < 1, the influence of the interfaces may be
ignored, but if y > 1 the contribution of the interfaces to the
effective thermal conductivity becomes more important than
that of the volume of the inclusions.

By knowing the thermal conductivities of the polymer
matrix and LC as well as by experimentally finding «pprc
and ¢ ¢ [Eq. (4)], one can calculate y by rearranging Eq. (7),
which is given by

)= (km/KppLC)(KLC + 2K + 2¢K1LC — 2¢0Km) — KL — 2Km + PKLC — PKm

®)

2kc + ¢Kie + 2(kpkrLe/kppLe)(@Lec — 1)

Equation (8) allows us to compute r;, once we know the
mean radius of the droplets. Micrographs obtained from a
polarized microscope, for both samples (Fig. 2), are used for
the estimation of droplet sizes. The majority of the droplets
lie within diameters of 1-5 um for the 85% LC sample and
0.5-2 pum for the 73% LC sample.

2. Order parameters of PDLC film

Considering the thermal anisotropy of the nematic LC
phase, the effective thermal conductivity of the PDLC depends
on the average orientation of the LC molecule with respect to

(

the heat flow direction. For PDLC systems, two order param-
eters must be considered. Zumer and Doane [31] introduced
the notion of droplet director 71 . The order can be quantified
for each droplet as the deviation of the molecule from this
director. The droplet’s order parameter, Sp, can be defined as

Sp = ($3lAp - AP — 1}),

where 71(7) denotes the local nematic director and () is the

averaging over the ensemble of molecules of the droplet.
Usually, in PDLCs zero field droplet directors are ran-

domly distributed over all the sample. The effective thermal
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conductivity will thus depend on these droplets’ director
distribution, and one may define as well a sample order
parameter Ss:

Ss = (3[3(ip - 2)* — 11) = (B cos* 6 — 1)),

where Z denotes the heat flow direction or the applied EF
direction and 6 the angle between the droplets’ director and
the Z axis, the average being done over all the droplets of the
sample.

Finally, the effective thermal conductivity of the LC phase
in response to the applied electric field may be expressed as

kLe =K1+ 2(1 4285 Sp)A« &)

with Ax =« —« the thermal anisotropy of the liquid
crystal, and « and «; the thermal conductivity along or
perpendicular to the molecular axis. Interestingly, Eq. (9),
which we obtained for the effective thermal conductivity of LC
droplets, is similar to the equation for the average dielectric
constant of LC droplets in PDLC [32,33].

The behavior of the thermal conductivity (Fig. 4) is
intimately linked with the reorientation of molecules in LC
droplets. The application of an electric field will facilitate
the orientation of the droplet directors along this direction
and thus will increase the order parameter Sy leading to a
higher effective thermal conductivity as Ax is positive. For
sufficiently high electric fields, all droplet directors align
with the external field (S5 = 1) and the thermal conductivity
reaches a maximum value.

For PS/5CB PDLC, nematic droplets possess the bipolar
configuration; at a zero field the nematic is aligned tangentially
at the droplet wall [Fig. 6(a)]. Upon application of the field, the
nematic within the center of each droplet aligns quickly with
the field. This process leads to a droplet, where the bulk of the
nematic is aligned with the applied field, but near the wall of
the droplets the nematic molecules are still aligned tangentially
to the droplet surface [Fig. 6(b)]. This bipolar configuration
corresponds to the calculated value of Sp = 0.7 for spherical
droplets, which remains unchanged upon application of an
electric field [32]. The orientation of the molecules along the
surface of the droplets remains unchanged in the presence and
in the absence of the electric field; this led us to consider that
the thermal interfacial resistance is constant and independent
of the electric field. For calculating y, we have used thermal

(a) (b)

FIG. 6. Schematic of the bipolar droplet alignment in a nematic
phase (a) at a zero field (droplet director can align in any direction)
and (b) at a high field (director aligns parallel to the EF).

PHYSICAL REVIEW E 89, 022511 (2014)

@ (b)

FIG. 7. Orientation of LC droplets inside a PS matrix. (a) Droplet
directors are randomly oriented in the absence of an external EF; (b)
droplet directors are aligned in the direction of an applied EF.

conductivities when the LC molecules aligned in the direction
parallel to the EF, at which «pprc = KPDLC|| and k1 c =« +
3 Ak (142 8p) with Sp = 0.7 (Fig. 7).

Table I contains the thermal conductivity values used for
calculations and the results obtained for y values. These
values indicate that the apparent thermal resistances due to
the Kapitza resistance are lower for both of the samples, but
not negligible. Moreover it is less prominent in the 85% LC
sample than the 73% LC sample. The latter could be due to
the reduction in droplet size at low LC concentrations, which
in principle increases the ratio, y, for a same Kapitza radius.
Interestingly, these values are comparable to the one found
previously for PS/5CB composites [7].

B. PDLC under a frequency-varying electric field

Subsequently we have investigated the depolarization field
effects in PDLC samples by varying the frequency of the
applied EF, f,, while fixing the amplitude at a minimum value
in order to attain a maximum «pprc at f, = 1 kHz. Figures 8(a)
and 8(b), respectively, show the thermal diffusivity and thermal
conductivity of the PDLC sample with 85% LC as a function
of f, at constant EF of 0.127 V/um (determined from the
EF-varying experiments). The experiments (as a function of
fe) were conducted successively at 18, 20, 22, and 30 Hz
of laser modulation frequencies (f) and filtered the data by
plotting pC (Fig. 9) while taking the points lying within
+0.65% from the mean value.

Results on thermal diffusivity and conductivity as a function
of f, for PDLC with 73% LC are also displayed in Figs. 8(c)
and 8(d), respectively. The results are obtained by taking the
mean of three f, scans, at the same f = 18 Hz. Here also the
data were filtered by plotting pC (Fig. 9) and taking the points

TABLE 1. Parameters of PDLC samples.

LC vol. % (x) KpDLC|| KLC| oL Y ry (um)
85% 0.179 0.242 0.78 0.03 0.5-2.5
73% 0.138 0.24% 0.55 0.1 0.25-1

2Reference [27].
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FIG. 8. (Color online) Experimentally observed thermal diffu-
sivities (a and c¢) and conductivities (b and d) for PDLC 85% (a
and b) and for PDLC 73% (c and d) as a function of f,. Applied
EF for PDLC 85% and for PDLC 73% were 0.127 and 0.18 V/um,
respectively.

lying within £0.9% (the filtering range was chosen in a way
which gives enough data points) of the pC mean value.

Plotted pC data, for both PDLC samples, are unaffected
by the frequency of applied EF as expected. These results
clearly show the frequency dependence of the dynamic thermal
properties of PDLC samples. At relatively high frequencies,
depending on the LC concentration, the charge accumulation
at the LC-polymer interfaces is interrupted, and the effects
of the depolarization field vanish. This makes the molecules
better aligned in the direction of the EF, and hence the heat
transport also increases and reaches its maximum. On the other
hand, the dominant depolarization field distorts the heat flow
at low frequencies.

1. Effective thermal conductivity of LC droplets

Originally the change in thermal conductivity comes from
the reorientation of the LC droplet directors in the direction
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FIG. 9. (Color online) Volumetric heat capacity of PDLC sam-
ples with 85% LC (blue circles) and 73% LC (red squares) as a
function of f,. The solid lines represent the mean values of pC for
each sample.

of the heat flow, inside the polymer matrix. Therefore, using
Eq. (7), one can estimate the mean thermal conductivity of LC
droplets, given by

1

KPDLC

KLc =

% Km [2Km(l - ¢) - KPDLC(Z + ¢)]
[(1+2y) = (1 = )] = kull 42y +26(1 = y)]
(10)

Evolution of the mean thermal conductivity of LC droplets,
k1 c, for PDLC samples of 73% LC and 85% LC is shown in
Fig. 10. Calculations are done using the values of y and ¢ ¢
in Table I.

2. Frequency-dependent thermal conductivity and MWS effect
The relation between droplet electric field, Eqgrop, and the
sample order parameter, Sy, is given by [32]
1 32+1) 33+ —1)
In
4 16 €2 3263

e+1
e—1 ‘

(11
with e being the reduced field parameter which can be
expressed as e = Eqyop/ Eo. Eo is the threshold EF (the field
necessary to reorient LC molecules in the preferred direction),
and its value depends on parameters such as the LC droplet’s
radius (r4), shape, elastic free energy, surface anchoring
and dielectric properties of the LC material, and polymer
matrix. For nematic LC droplets, confined to a small spherical
volume, the surface-to-volume ratio is relatively high. Thus,
the droplet director configuration strongly depends on the
interplay between bulk elastic forces and surface interactions.
Considering constant and strong anchoring conditions, an
approximated relation for E is given by [17]

1 K
ra\ €0A€’

where € is the permittivity of free space (8.85x107!2 F/m),
Ace is the dielectric anisotropy, and K is the effective elastic
constant of LC droplets.

Ey =~

(12)
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FIG. 11. (Color online) PDLC order parameter vs f,. (a) PDLC
85%; EF = 1.27 x 10° V/m; circles (blue) show the experimentally
found Ss, and the solid line is the best fit. (b) PDLC 73%; EF =
1.8 x 10° V/m; squares (red) show the experimentally found Sy, and
the solid line represents the best fit.

In order to establish the relation for the effective thermal
conductivity variations of PDLCs as a function of frequency of
the applied electric field, one can insert the equation for Eqyop
(fe) [Eq. (1)] into the equation for the sample order parameter
[Ss, Eq. (11)], and the resultant then put into the expression
for LC droplet thermal conductivity [«.c, Eq. (9)] and finally
to the expression for kpprc (f.) [Eq. (7)], as shown by

Eq.() _ Eq (1)  Eq (9
Eqop(fe) = Ss — ke = kppre(fe)-

The outcome of the above relation for xpprc(f,) can be
used to model the frequency-dependent effective thermal
conductivity results of PDLC samples (Fig. 4) to find electrical
LC parameters and polymer matrix as well as the threshold
electric field Ej.

Figure 11 shows the experimentally found order parameter,
Sg (circles), along with the numerical fit (full line) for PDLC
85% LC and 73% LC samples as a function of frequency
of the applied EF. The order parameter is calculated from
the experimental thermal conductivity of PDLC, kppic, by
rearranging Eq. (9) for Sy and using Eq. (10). During the
fitting procedure, Ey as well as the electrical conductivities
of both the polymer matrix and LC are kept as free fitting
parameters. Values of the materials’ dielectric properties were
taken from literatures. The results obtained from the fitting are
shown in Table II.
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TABLE III. Elastic constants for the PDLC samples.

X A€ rq(pum) Eq (V/m) K x10712 (N)
85% 10 0.5-2.5 (5.59 4+ 0.01) x 10* 0.07-1.7
73% 10 0.25-1 (7.93 +£0.02) x 10* 0.03-0.5

The threshold fields (Ey) or the threshold frequencies ( f)
found from the experiments show decreasing behavior with
respect to the increase in LC concentration. This is expected,
and it can be explained in relation to the increase in droplet
size [see Eq. (12)] due to the increase in LC concentration.
Knowing Ej and the average droplet size, we can deduce the
elastic constant, K, using Eq. (12). The range of values found
for K, depending on their droplet radius, for both of the PDLC
samples is shown in Table III. These values are lower than
the reported values for bulk nematic 5CB (4.1 x 10~'2) [28],
even though the K values are much closer to the bulk values
for the biggest droplets. The electrical conductivity values
for PS and LC found from the 85% LC experimental data
are in good agreement with the values found in the literature
(see Sec. III), while for the 73% LC sample, the results show
relatively higher electrical conductivity values than reported.
The differences in electrical conductivity values between the
two samples can be mainly due to the change in LC solubility
in PS, which can significantly affect the ionic concentration
inside the material. For an increased ionic concentration in
LCs, the conductive shielding also increases. This will reduce
the effective EF acting on LC droplets. The variations in the
elastic and electric parameters can also be due to a number
of other factors that are not taken into account in our studies
due to the complexity. Among these, anchoring forces and
droplet shape anisotropy have a significant role in defining the
threshold EF.

VI. CONCLUSION

The Maxwell-Wagner-Sillars polarization effects on ther-
mal transport through PDLCs have been investigated with two
samples (5CB/PS) containing 73% and 85% volume fractions
of LCs in PS using an improved PTR technique. Experiments
are done by (i) varying the amplitude of the electric field at
fixed frequency as well as (ii) varying the frequency of the
electric field at constant amplitude. The results on effective
PDLC thermal conductivities versus amplitude of the applied
EF are used to calculate y, a parameter which describes the
contribution of LC droplet volume in heat transport through
it. The determined y values show that the volume of the LC
droplet is involved in the thermal transport.

Results on the thermal conductivity of PDLCs as a function
of a frequency-dependent electric field (at constant amplitude)
clearly show the thermal transport through PDLC materials is

TABLE II. Electrical parameters of PDLC samples from MWS fit.

x oy (S/m) orc (S/m) Eo (V/m) fo (Hz) E, (V/m)
85% (6.45 £ 0.03) x 1072 (1.217 £ 0.005) x 107 (5.59 £ 0.01) x 10* 7.0£0.9 1.27 x 10°
73% (1.195 £ 0.006) x 10~ (1.203 £ 0.006) x 10 (7.93 £ 0.02) x 10* 377 £ 12 1.80 x 10°
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affected by interfacial polarization field effects. The thermal
conductivity data is used to plot PDLC order parameter, Sgs.
Existing theories are used to model the frequency-dependent
PDLC order parameter and extracted the threshold electric
field, Ej, as well as the electrical conductivities of both
the LC and polymer matrix. The results for the electrical
conductivities from 85% LC sample are closer to the already
reported values, while for the 73% LC sample they show an
order of magnitude higher values. We concluded that the dif-
ference in values are mainly coming from the increase in ionic
concentrations as well as due to the variations in anchoring
forces and droplet shape. Recent work has investigated the

PHYSICAL REVIEW E 89, 022511 (2014)

effect of anchoring forces on the electro-optical behavior of
PDLC with bipolar and radial droplet configurations [34]. It
shows that these configurations influence the MWS effect in
PDLCs. In the future, we will focus on thermal properties of
PDLCs with a radial droplet configuration.
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