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ABSTRACT: In the present work, we study the thermal
behavior of Polymer (Polystyrene) dispersed (4-cyano-4�-
pentylbiphenyl) 5CB liquid crystal film composite. A pho-
topyroelectric device was used to study thermal conductiv-
ity at homeotropic and planar aligned of 4-cyano-4�-pentyl-
biphenyl (5CB) liquid crystal. Thermal conductivity of
polystyrene (PS) has been determined and calculated from
experimental applied data reported in the literature. Ther-
mal conductivity characteristics of the PDLC films were
investigated with three prediction models as a function of

both temperature and liquid crystal concentration in the
polymer matrix. We particularly show the behavior of this
thermal conductivity in the ON and OFF state. It was found
that the difference in the film thermal conductivity ranges
between 3 and 21%, depending on the ON and OFF state
and the liquid crystal volume concentration. © 2003 Wiley
Periodicals, Inc. J Appl Polym Sci 89: 481–486, 2003
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INTRODUCTION

During the last 10 years, a new class of composite
materials has appeared. These materials are called
polymer-dispersed liquid crystals (PDLC). They are
currently used in several electro-optical applications
such as switchable windows,1 high-definition projec-
tion systems, large flat-panel displays, and light shut-
ters for optical signal processing.2 In a typical appli-
cation, a thin PDLC film (about 100 microns thick) is
inserted between clear plastic covers.3 The plastic sub-
strates are coated with a very thin layer of a conduct-
ing material known as indium tin oxide (ITO). Poly-
mer-dispersed liquid crystals can be prepared in sev-
eral different ways including encapsulation4 and
phase-separation processing.5 The latter process has
become the first manufacturing method. Each method
produces PDLC with different properties and charac-
teristics. There are many factors influencing the prop-
erties of the PDLC material among, which (a) the
polymer and liquid crystal types that are used; (b) the
cooling and heating rates in the production; (c) the
size (0.01 to 40 microns) and morphology (shape) of
the droplets.

The light transmission through a PDLC window
depends on the scattering of the droplets and the
difference between the droplet refractive index and
their polymer matrix. When a voltage is applied, how-
ever, the refractive index of the individual droplets
aligns with the field. These generate a difference be-
tween the refractive the index for neighboring drop-
lets and the matrix, and the window appears trans-
parent. In the field OFF, the random array of droplet
orientation provides significant differences in indices
and hence strong scattering. In this state, the window
diffuses the light. The choice of the polymer and the
liquid crystal refractive index has been the object of
several research works6,7 to improve the light PDLC
film transmission. Research works on the heat transfer
and specially on thermal conductivity in polymers
and polymer composites have increased in recent
years.8–10 In the present work, we are interested in the
theoretical study of thermal conductivity of the PDLC
film using thermal conductivity models of the com-
posite materials.

THEORETICAL MODELS

The importance of thermal conductivity in polymers
and polymer composites has increased in recent years
due to the need for appreciable levels of thermal con-
ductance in circuit boards, heat exchangers, and ma-
chinery. It is also important to know thermal conduc-
tivity of filled compositions to model the heat transfer
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process. There have been many theoretical models
describing thermal conductivity of two phases mix-
ture, particularly filled composites of heterogeneous
polymers.

In this study, we use three different prediction mod-
els. We assume that our system is at a thermal local
equilibrium. This implies that the difference of ther-
mal conductivity as well as the contact resistance be-
tween the matrix and the droplet is weak. Subse-
quently, our studied system in this work will be asso-
ciated to the homogeneous one. The rule of mixtures is
a first-order bound, which assumes a uniform state of
temperature gradient across both phases and a uni-
form state of heat flux thought the entire material. This
model treats each component as contributing to the
thermal conductivity of the composite in an amount
equal to the volume fraction of each component. This
approach is simply assimilated to a series model based
on the analogy of electrical current flow in a series
circuit. The basic equation is given by:

keff

k2
� �1 � �1� �

k1�1

k2
(1)

where, keff, k1, k2 are, respectively, the thermal conduc-
tivity of the composite, of the polymer matrix, and of
the filler. �1 represent the filler volume fraction.

The Hatta and Taya model was referred to the sec-
ond-order bounds model.11 It takes into account the
filler geometry, as well as the perturbation between
the matrix and the filler. This thermal conductivity
model was developed with the analogy of the short
fiber modulus at different orientation. The solution of
the Hatta and Taya model for the spherical inclusion
was given by:

keff
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where �2 is the matrix volume fraction.
The third and last one is the Torquato12 model

(third- and fourth-order bounds). According to this
model, the mechanism of heat transfer is far different
from the electrical transport. For this model, micro-
structural parameters are derived using a set of statis-
tical functions. This model is the same as the second-
order bounds but takes into account a parameter of
statistical perturbation around each filler particle. This
approach is appropriate to a dispersed phase of spher-
ical or cylinder particles. In the spherical case, the
Torquato model is given by:

keff

k2
�
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2
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with

�12 �
k1 � k2

k1 � �d � 1�k2
(4)

where d is the constant for the dimension of the system
(d � 3 for the sphere particles) and �1 is the micro-
structural three-point parameter.13 The value of �1 lies
in the range of 0���1��1 is tabulated in Table I at
selected values of �1 for symmetric cell materials with
spherical cells of the same size for fully penetrable and
impenetrable spheres.13

EXPERIMENTAL SETUP MEASUREMENT

The thermophysical parameters of the pure liquid
crystal have been determined in collaboration with the
Photothermal Research Group Laboratory at the Uni-
versity of Rome.14 The photopyroelectric setup has
been used to determine the thermal conductivity of
homeotropic and planar alignment of 4-cyano-4�-pen-
tylbiphenyl (5CB) liquid crystal, as a function of tem-
perature. This method permits to make a measure-
ment of the thermal conductivity for different orien-
tation of the droplet configuration. The surface of the
blade underwent a treatment (Fig. 1) to get an opti-
mum alignment of the liquid crystal for the two pro-
files (homeotropic or planar alignment at the heat
propagation axis). The 5CB liquid crystal sample is
sandwiched between a glass plate and a pyroelectric
transducer. The surface has been periodically heated
and the temperature oscillation has been introduced at
the opposite surface and detected by the transducer.
For that, we need to introduce a small temperature
gradient in the sample to obtain a good signal to noise
ratio, thus allowing a high temperature resolution in
the determination of the thermal parameters.15 The
amplitude and the phase of pyroelectric signal, which
depend on the sample thermophysical parameters, are
analyzed and amplifed. The transducer of a 300-�m
thickness is in LiTaO3, and the liquid crystal sample

TABLE I
Values of the Three-Point Parameter �1 for the Sphirical

Inclusion

Filler volume
fraction �1

Fully penetrable
spheres

Random impenetrable
spheres

0.10 0.056 0.021
0.20 0.114 0.040
0.30 0.171 0.059
0.40 0.230 0.084
0.50 0.290 0.141
0.60 0.351 0.328
0.65 — —
0.70 0.415 —
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thickness is about 30 �m. The heat source is a He-Ne
laser-type modulated in the frequency absorbed by
the metallic plate. The sample and the transducer were
contained in a vat, and the measurements were real-
ized every minute with a temperature variation stage.

RESULTS AND DISCUSSION

The 5CB liquid crystal case

Figure 2 shows thermal conductivity for 5CB liquid
crystal samples with homeotropic and planar align-
ments (k� and k�) in the temperature range of 22 to
45°C. Prior to nematic–isotropic transition tempera-
ture (TNI � 35°C). The value k� of thermal conductivity
decreases from 0.245 to 0.185 W/mK, then falls
abruptly close to TNI. After this latter and in the iso-
tropic phase, k� remains fairly constant up to 45°C. In
Figure 2, the variation of 5CB liquid crystal thermal
conductivity as a function of temperature for a planar
alignment k� is also represented. We give this config-
uration to show the evidence effect of the liquid crys-
tal droplets orientation. Contrary to k�, the thermal
conductivity values of k� increases from 0.12 to 0.13
W/mK, when the temperature rises from 22 to 34°C.
Close to TNI, k� increases abruptly to 0.15 W/mK. In
the isotropic phase, the two data sets (k� and k�) coin-
cide; the values remain constant from the nematic–
isotropic transition temperature up to 45°C.

To get a thermal conductivity variation as a function
of temperature in the absence of alignment (disorder
alignment), we consider a conventional model used
for the geometric configuration of some scattering
droplets with a thickness of a few microns. This model
is also used in the electro-optical domain, and more
precisely in the calculation of PDLC film refractive
index in the OFF state. In fact, the liquid crystal re-

fractive indices variation is the same as that of the
thermal conductivity variation. We can assume in the
absence of alignment that:

kAA �
1
3 �k� � 2k�� (5)

where, k�, k�, and kAA are, respectfully, the thermal
conductivity of liquid crystal in homeotropic align-
ment, in planar alignments, and in the absence of
alignments.

The variation of kAA is also illustrated in Figure 2.
We note that above TNI, the thermal conductivity kAA
changes slightly from 0.16 to 0.15 W/mK. After the
critical point TNI, kAA remains constant at a value of
0.15 W/mK.

The polymer matrix case

Also in Figure 2 the thermal conductivity variation of
the polystyrene as a function of temperature is repre-
sented. These results have been fitted to experimental
data above the glass transition temperature,16 Tg. In
this figure and for this PDLC composite film temper-
ature utilization, we note that the thermal conductiv-
ity kPS of the polystyrene increases as a function of
temperature. The data for thermal conductivity of
polystyrene have been extrapolated in this interval of
temperature (22 to 47°C) to the expression:

kPS � 0.105 � 2.2 10�4 T (6)

where, kPS is the thermal conductivity of Polystyrene,
and T is the temperature.

Figure 2 Liquid crystal (5CB) and polystyrene thermal con-
ductivity variation vs. temperature.

Figure 1 Droplets orientation in homeotropic alignment (a)
and planar alignment (b).
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The polymer dispersed liquid crystal (PDLC) case

To determine the thermal conductivity behavior of
this PDLC film composite, we use three different pre-
diction models as function of both temperature and
liquid crystal concentration in the polymer matrix. We
show particularly with these models, the thermal con-
ductivity composite film behavior at the opaque and
transparent states. In eqs. (1) to (3), keff can be replaced
by (keff)ON when the film is at ON state and (keff)OFF at
the OFF state.

The ON state

To simulate the PDLC film at the transparent state and
where the liquid crystal droplets are oriented in the
direction of the field, we take k� as the liquid crystal
value of the thermal conductivity in this state and kPS
as the polystyrene thermal conductivity. Figure 3
shows the temperature dependence of the ratio
(keff)ON/kPS PDLC film (70%PS and 30%5CB) at the
ON state. For temperature from 22 to 45°C, we note
that the first-order bound model (rule of mixture)
gives slightly lower values than the Hatta and Taya
model (second-order bound), and Torquato model
(third- and fourth-order bound). These last (Torquato
model) give the same values for interpenetrating and
nonpenetrating dispersed phase. Before the liquid
crystal droplet temperature transition, which are an-
choring in the polymer matrix, both Hatta and Taya,
and Torquato models give very near values. After the
liquid crystal TNI, the thermal conductivity of the
PDLC film stays constant for this temperature varia-
tion. We note also that values given by the first-order
bound model are slightly higher than the ones ob-
tained by the two other models.

To see the effect of liquid crystal concentration in
the thermal behavior of PDLC film, we use the same
models of prediction at room temperature (T � 25°C).
However, we vary the volume concentration of 5CB in
the mixture from low (�10%), through medium (10–
30%), to high (30–60%). Figure 4 shows the variation
of the PDLC film (5CB/PS) thermal conductivity at
25°C as a function of 5CB volume in the ON state. In
this figure, we note that when the concentration of the
liquid crystal increases, the thermal conductivity of
the PDLC film at the ON state increases also. The
values obtained by the both Hatta and Taya and Tor-
quato models are almost close to one another for dif-
ferent concentrations. The first-order bound model
shows good agreement with second-order bound,
third- and fourth-order bound at 5CB low volume, but
give lower values than other models when the liquid
crystal concentration increases.

The OFF state

To get thermal conductivity of the PDLC film at the
OFF state, it will be necessary to take the thermal
conductivity values of liquid crystal (kAA) at this state,
kAA being the value of 5CB in the absence of align-
ment. Figure 5 shows the variation of the ratio
(keff)OFF/kPS as a function of the temperature of the
PDLC film (70%PS and 30%5CB) at the OFF state. We
note from the ratio (keff)OFF/kPS that the PDLC com-
posite film thermal effective conductivity value
(keff)OFF is almost the same in the two state of liquid
crystal phases. The first-order bound model gives
higher values than those of Hatta and Taya and Tor-
quato models. These last models are perfectly in
agreement for low, medium, and high volume concen-
tration.

Figure 3 Thermal conductivity variation of PDLC (70% PS
and 30% 5CB) at the ON state vs. temperature.

Figure 4 Thermal conductivity of PDLC (PS/5CB) varia-
tion in the ON state at 25°C vs. 5CB volume fraction.
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The thermal conductivity values of the same PDLC
film at room temperature (25°C) in the OFF state are
also shown in Figure 6 as a function of 5CB volume
fraction of polymer matrix. At the OFF state the two
models, Hatta and Taya and Torquato models, give
the same values for different concentrations. The rule
of mixtures gives higher values than the two other
models when the concentration of liquid crystal in-
creases. We can say, after analysis of these two last
figures that the thermal conductivity values (keff)ON
and (keff)OFF of this PDLC film (70%PS and 30%5CB) in
the two states, ON an OFF increase respectively as a
function of 5CB liquid crystal concentration in the
mixture.

Discussion

The PDLC film thermal conductivity value variation
for the three models is different both before and after
liquid crystal nematic–isotropic temperature transi-
tion. This can be explained because in the nematic
phase, the orientation of the liquid crystal droplets
anchoring in the polymer matrix influence a thermal
conductivity behavior of the PDLC film. Do to the fact
of applying a field, the liquid crystal droplets can be
oriented in only field direction. This alignment gener-
ates some free space between rows in the liquid crystal
droplets and makes possible a better heat propagation.
When the temperature increases, the droplets expand,
distort, and take progressively a precedent free space.
This progressive reduction of the free space involves
an increase in the thermal resistance, which obstruct
the heat good propagation. However; for the OFF state
and when the liquid crystal anchoring in the polymer
matrix was at nematic phase, the liquid crystal drop-
lets distort as a function of an increase temperature.
This variation is not as significant as the one in the ON

state. Nevertheless, it generates a reduction of thermal
resistance. Consequently, it facilitates the heat propa-
gation in the PDLC, and demonstrates an increase in
thermal conductivity. After the liquid crystal TNI, the
droplets anchoring in the polymer matrix shift to the
isotropic phase where in this configuration they have
no preferential direction, and thermal conductivity
becomes and remains constant in the ON and OFF
states. The increase in thermal conductivity of the
composite film at the ON and OFF state as a function
of liquid crystal concentration is foreseeable.

CONCLUSION

This article presents the results of a theoretical study
of the thermal behavior of (PS/5CB) composite film.
The thermal conductivity characteristics of the PDLC
(PS/5CB) films were investigated with three predic-
tion models as a function of temperature and liquid
crystal concentration in the polymer matrix at the ON
and OFF states.

We have noted that the thermal conductivity tem-
perature depends on the temperature and molecule
alignment of pure liquid crystal in PDLC composite.
The efficient thermal conductivity values of the com-
posite film given by second-order bound are in agree-
ment with the ones of the third- and fourth-order
bound will give the same values in the penetrable and
impenetrable liquid crystal droplets case. Neverthe-
less, we note that the second order bound can be taken
as a prediction model based on the thermal behavior
of anisotric composite materials. In the end, we can
say also that the concentration of the liquid crystal
5CB volume can produce a difference of 3 to 21% of
the PDLC film thermal conductivity between the ON
and the OFF states.

Figure 6 Thermal conductivity of PDLC (PS/5CB) varia-
tion in the OFF state at 25°C vs. 5CB volume fraction.

Figure 5 Thermal conductivity variation of PDLC (70% PS
and 30% 5CB) at the OFF state vs. temperature.
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