
PHYSICAL REVIEW E JULY 1997VOLUME 56, NUMBER 1
Dynamic light scattering in polymer-dispersed liquid crystals
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1J. Stefan Institute, Jamova 39, 1001 Ljubljana, Slovenia

2Faculty of Mathematics and Physics, University of Ljubljana, 1000 Ljubljana, Slovenia
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A polymer dispersed liquid crystal was studied by dynamic light scattering. In the experiments, where no
electric field is applied, the system exhibits additional slow dynamics to the ones observed in bulk nematic
liquid crystals. This slow dynamics gradually disappears with an increasing electric field. While the measured
time intensity correlation function does not depend on the scattering vector in the system where no field is
applied due to the multiple scattering, its dependence on the electric field shows expected size effects. In
confined systems, with typical sized, there are no eigenmodes of the orientational fluctuations in droplets with
the wave vectors less than the minimal wave vectorqmin;p/d. We observed a quadratic dependence of the
inverse relaxation time on the scattering vector down to a certain scattering vector, below which the relaxation
time remains constant. The size calculated from this minimal scattering vector is in agreement with the average
droplet size obtained from scanning electron microscope photographs and the atomic force microscope images
of our sample. The electric field changes the temperature behavior of the inverse relaxation time near the
nematic-isotropic phase transition, which increases with the temperature when the electric field is applied, but
decreases when the field is absent.@S1063-651X~97!02407-0#

PACS number~s!: 61.30.Gd, 64.70.Md, 42.70.Df, 78.35.1c
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I. INTRODUCTION

Polymer dispersed liquid crystals~PDLCs! are interesting
for applications as well as for fundamental research of s
face and size effects in different phases of liquid crysta
Particular attention is given to the switching behavior
PDLC films for their applicability as light shutters or i
electro-optical displays@1#. The transmittance of the PDLC
films depends on the applied electric field that switches
films from opaque to clear state. Theoretically a calcula
single scattering picture gives a good description of the fi
transmittance@2–4#, but is insufficient to explain the angula
dependence of the scattered intensity of light where mult
scattering effects seem to be important@5#.

The dynamic behavior of the PDLC has been examin
by several experimental means. Mostly the dielectric@6–8#
and electro-optical properties in different PDLC films ha
been studied@9#. In the dielectric studies a discontinuou
jump in the dielectric permittivity at the nematic-isotrop
and smectic-nematic transitions was observed, as well as
lowering of the transition temperatures suggesting some c
tamination of liquid crystal by the polymer. The importa
parameters of the switching of the PDLC films are respo
times. The decay time for the composite to reach the opa
state when the voltage is switched off depends on the p
erties of the liquid crystal and the shape of the droplets@9#,
whereas the rise time for the composite to reach the c
state transmission when an alternating voltage is applied
pends also on the amplitude of the applied voltage. Wh
many experimental results show that increasing the temp
ture reduces the rise time, the effect of the temperature on
decay time differs from experiment to experiment@9#.
Amundson@10# studied temperature dependence and ph
behavior of electro-optic properties of the PDLC film. A fe
degrees below the nematic-isotropic phase transition t
perature he observed a structural transition within droplet
561063-651X/97/56~1!/549~5!/$10.00
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the film that gave rise to dramatic changes in electro-opt
behavior.

The linear response of the nematic liquid crystals is
termined by the decay time of thermal orientational fluctu
tions that also cause a strong scattering of light@11#. The
spectrum of the scattered light depends on this orientatio
decay time, which has the same dependence on the el
constant and viscosity as the switching decay time of
PDLC films. Although dynamic light scattering experimen
can explain some of the open questions considering the
sponse times of the PDLC, not many experiments have b
carried out to date. Alliaet al. @12# have measured stationar
noise of the monochromatic light by a PDLC at room te
perature. They observed expected size effects, but the
tinctive features of the power spectra were not different fr
those for conventional slab-type samples of nematics and
obtained effective viscosity was comparable with the b
viscosity.

Recently a lot of attention was given to the surface a
finite-size effects in systems containing liquid crystals@13#.
The presence of the surface seems to alter the dynam
behavior of liquid crystals. Gharbi, Fekih, and Durand@14#
have studied the influence of the surface on the dynamic
surface anchoring breaking in a nematic liquid crystal. Th
measurements suggest that the effective viscosity is large
the presence of the surface than in the bulk nematic with
same scalar order parameter. Slower dynamics than in
bulk liquid crystals have also been observed in other c
fined systems@15–17# indicating the dynamical behavior o
liquid crystals close to the surface is not yet clearly und
stood.

For these reasons we decided to study PDLC films
photon correlation spectroscopy, a complementary techn
to the one used by Alliaet al. @12#. The average size of the
droplets used in our measurements, however, is consider
smaller than in their samples and therefore the surface eff
549 © 1997 The American Physical Society
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are expected to be more pronounced. Moreover, we also
vestigated the temperature dependence of the orientat
fluctuations of the nematic confined in droplets and fou
that it is significantly altered compared to the dependenc
the bulk nematic.

Whereas to our knowledge no photon correlation exp
ments were performed in PDLCs, such experiments h
been carried out in liquid crystals confined to various poro
matrices@15–17#. In those cases the surface, finite size, a
randomness affect the dynamic behavior of the liquid cry
and it is difficult, if not impossible, to distinguish these co
tributions in such systems. The effect of randomness is
so pronounced in our study of the dynamic light scattering
the droplets of the PDLC film and thus our results can a
contribute to a better understanding of the results in rand
systems.

II. EXPERIMENT

The polymer dispersed liquid crystal used in our measu
ments was provided by the Liquid Crystal Institute, Ke
State University. A thin film of the PDLC composed of th
nematic liquid crystal E7 dispersed in the polymer mat
was placed between two indium-tin-oxide coated glass s
strates.

We have studied orientational fluctuations of the liqu
crystal droplets using quasielastic light scattering. The li
source was a He-Ne laser with the wavelength of 632.8
The intensity correlation function was measured using
ALV5000 correlator that enables measurements over a t
range of 1028–103 s. We have measured the normalized
tensity correlation functiong(2)(t)5^I (t)I (t1t)&/^I (t)&
3^I (t1t)& of light exiting the sample as a function of sca
tering angle, the amplitude of applied electric field and te
perature. The frequency of the electric field was 44 kHz.
our scattering geometry the scattering vector was perp
dicular to the electric field, therefore to the nematic direct
when the applied field exceeded the threshold value,
when the PDLC film was transparent. Following the sel
tion rules, and to minimize the elastically scattered ba
ground, we chose orthogonal polarizations of incident a
scattered light.

A significant difference was observed between the m
sured intensity correlation functions when the electric fi
was applied and when it was absent~Fig. 1!. In the bulk
nematics there are two independent orientational modes
decay exponentially@11#. Depending on the choice of th
scattering geometry either of them or both can be obser
in the dynamic light scattering experiments, each of them
a single exponential contribution to the correlation functio
In the PDLC films in the experiments without the extern
electric field the system exhibits additional slow dynamics
one observed in the bulk nematic liquid crystals~Fig. 1!.
With the increasing external electric field the slow comp
nent decreases and, finally, disappears in higher fields l
ing almost a single exponential correlation function. We e
plain this slow nonexponential part as due to restric
rotational diffusion of the average droplet orientation. T
details are explained in@18#. The dependence of the invers
relaxation time of the single exponential part on the elec
field is shown in Fig. 2. In the geometry we used, only t
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twist-bend mode was measured in the applied field, wh
without the field and at fields lower than a threshold fie
both the splay-bend and the twist-bend modes contribute
the correlation function.

The usual effect of the multiple scattering on the autoc
relation function is a significant speeding up of the scatte
intensity fluctuations as observed in diffusing wave spectr
copy @19#. We do not expect any such increase of the de
rate in our experiments, as most of the scattering in PDL
is due to the static scattering on the surfaces of the drop
and only a small, dynamic part comes from the orientatio
fluctuations within the droplets. A similar situation is foun
in the scattering experiments in liquid crystals embedded
aerogels@16#. The static part of the scattered light acted a
local oscillator, so our dynamical measurements were p
formed in the heterodyne regime.

The static multiple scattering@5# hinders measurements o
the wave vector dependence of the correlation function in
absence of the field. In this case the correlation function d
not depend on the scattering vector and since the scatte

FIG. 1. Dependence of the normalized correlation function
the applied voltage. The temperature is 315 K. The outer scatte
angle is 30°, i.e., the scattering vector is smaller than the w
vector of the first mode.

FIG. 2. Dependence of the relaxation rate of the orientatio
fluctuations on the applied voltage~squares! with a quadratic fitting
function ~line! and the corresponding transmittivity~circles!. The
experimental details are the same as in Fig. 1.
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56 551DYNAMIC LIGHT SCATTERING IN POLYMER- . . .
amplitudes of modes are proportional to 1/q2 mostly the low-
est mode contributes to the correlation function. The sit
tion is different, however, when the field is applied~Fig. 3!.
In fields higher than the threshold field the inverse relaxat
time depends on the scattering vector. Above a certain s
tering vector the dependence is strong and can be fitted
with a quadratic function, whereas below this scattering v
tor the inverse relaxation time has a constant value.

The temperature dependence of the correlation func
also differs for the cases with and without electric field~Figs.
4 and 5!. In the absence of the field the contribution of t
slow dynamics, due to the rotational diffusion of the avera
droplets’ orientation, to the correlation function increas

FIG. 3. Dependence of the relaxation rate of the orientatio
fluctuations on the scattering vector in the external field. The t
perature is 295 K and the amplitude of the voltage is 160 V.

FIG. 4. Atomic force microscope~up! and scanning electron
microscope~down! images of parts of the polymer matrix.
-
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with the temperature and close to the nematic-isotropic ph
transition temperature it prevails upon the contribution of
faster orientational fluctuations~Fig. 6!. This can be under-
stood considering the results of Amundson@10#. He observed
that a few degrees below the phase transition to the isotr
phase the droplets became biphasic. The birefringent nem
sphere in the center of each droplet was surrounded by
isotropic fluid shell. With increasing temperature the nema
cores gradually melted and finally vanished. So the rotatio
diffusion of the average droplet orientation becomes less
stricted in this temperature region, giving a larger and fas
signal, as well as a considerably more exponential contri
tion to the correlation function~Fig. 6!. There is a knee in the
temperature dependence of the transmitivity at 322 K~inset
of Fig. 6! and at approximately the same temperature the
of the correlation function due to the rotational diffusio

l
-

FIG. 5. Temperature dependences of the relaxation rate of
orientational fluctuations with and without an external electric fie
Outer scattering angle is 30°, i.e., the first mode is observed. In
the same plot on the logarithmic scale.

FIG. 6. Temperature dependence of the correlation function
the temperature region where droplets start to melt. Tempera
321 K ~line!, 322 K ~dash!, 323 K ~dots!, 324 K ~dash-dotted!, and
324.6 K ~dash-double-dotted!. Outer scattering angle is 30°. Inse
the temperature dependence of the transmittivity of the sample
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prevails upon the part due to the orientational fluctuations
the melting of the droplets in our sample probably starts
this temperature. The temperature at which the whole liq
crystal is in the isotropic phase can be determined from
saturation of the transmittivity and is 328 K.

The relaxation rate of the faster orientational fluctuatio
decreases with temperature. In the applied field we obse
a drastic decrease of the intensity of the scattered light a
degrees below the clearing point, while in the bulk the inte
sity of the scattered light from the orientational fluctuatio
only weakly depends on the temperature@11#. The reason for
such a decrease in the PDLC is in melting of the drople
i.e., the reduction of the effective scattering volume. In
PDLC the inverse relaxation time of the orientational flu
tuations in the field increases, but less than in the bulk.

III. DISCUSSION

The temperature and electric field dependence of the
verse relaxation time of the faster part, i.e., the orientatio
fluctuations, can be explained within the nematodynam
The inverse relaxation time of the orientational fluctuatio
in the bulk nematic liquid crystal in the external electric fie
E is given by@11#

1

t
5
Kqn

2

heff
1

«aE
2

2heff
, ~1!

whereqn is the wave vector,K the Frank elastic constan
heff the effective viscosity, and«a the dielectric anisotropy
While in the bulk the eigenmodes of orientational fluctu
tions are plane waves with arbitrary wave vectors, confi
ment changes both the structure of the modes as well as
set of allowed wave vectors. In the most simple case o
nematic liquid crystal confined to a box, the eigenmodes
come standing plane waves. The wave vectors have
discrete values that are determined by the size of the box
the boundary conditions. The allowed values of their com
nents are approximately

qni5
~n11!p

di
, ~2!

where di ( i5x,y,z) is the dimension of the box an
n50,1,2,. . .. The minimal wave vectorq0i is therefore de-
termined by the dimension of the box. In the light scatter
experiment at a given scattering vectorq one probes mode
with the wave vector equal to the scattering vector, if t
scattering volume is much larger than the wavelength of li
l. When the scattering volume is comparable tol, the scat-
tering vector need not match any mode wave vector
several modes contribute to scattering. In rectangular ge
etry the contribution of the mode with the wave vectorq n is
proportional to

)
i5x,y,z

sin2@~qi2qni!di /2#

@~qi2qni!di /2#2
. ~3!

In such cases, the intensity correlation function is no long
single exponential. In our experiments, however, the m
sured correlation function deviates from the single expon
tial decay function also due to scattering from droplets w
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different sizes. Clearly, when the scattering vector is sma
than the wave vector of the first mode, the largest contri
tion to the scattered intensity comes from this mode. T
situation is similar to the case of a spherical nematic drop
except that the mode structure is more complicated. Still
lower limit of the wave vectors in the droplet is limited b
the size of the dropletd, uq0u;A/d. The numerical factor
A depends on the boundary conditions and the droplet c
figuration, but is also of the order ofp. So the droplet size
can be extracted from the dependence of the relaxation
on the scattering vector~Fig. 3!. At scattering vectors large
than the wave vector of the first modeq 0, mostly the mode
with minimal uqn2qu contribute to the correlation function
with relaxation time proportional touqnu2 ~Fig. 3!, while at
scattering vectors smaller than theq 0, as already said, the
main contribution comes from the first mode and the rel
ation time obtained is independent of the scattering vec
Therefore, the limiting scattering vector qmin at which the
dependence of the relaxation time on the scattering ve
changes from quadratic dependence to a constant value
be attributed to the wave vector of the lowest mode of
liquid crystal droplet. This also allows us to analyze the si
ation when there is no field applied and due to multiple sc
tering all modes contributes to the correlation function w
amplitudes proportional to 1/qn

2 . Obviously in such a case
mostly the first mode is observed. To verify these assum
tions we have measured the droplets’ size with the ato
force microscope and the scanning electron microscope~Fig.
4!. Both methods give the same average size of appr
mately 0.5mm and this is also in agreement with the si
obtained from the limiting scattering vector asp/qmin .

The temperature dependence of the relaxation time is
den in the temperature dependences of the elastic cons
viscosity, and dielectric anisotropy through the scalar or
parameterS(T). The elastic constants and the orientation
viscosityg1 that mainly contributes to the effective viscosi
are proportional to the square of the order parameter, w
the dielectric anisotropy is linear inS(T) @11#. Therefore, in
the bulk nematic liquid crystal in the absence of the elec
field, the inverse relaxation time remains almost constant
though the temperature, i.e., order parameter changes. H
ever the dissipation processes due to the surface can ch
the temperature behavior of the effective viscosity as alre
observed in other confined systems@14,17,20#. An increase
of the effective viscosity can be understood by considerin
has two contributions. Besides the rotational viscosity th
is a term due to the backflow effect that reduces effect
viscosity. At the surface the fluid cannot flow freely as
bulk, therefore the backflow is smaller, i.e., the effective v
cosity larger. However, this effect alone cannot change
temperature dependence of the relaxation time since
backflow term is also roughly proportional to the square
the order parameter. Since the fluid velocity is zero at
surface and is equal to its bulk value some distance a
from it, obviously there are gradients in velocity that cau
additional dissipation in the region close to the surface. T
viscosity connected to these losses is the usual fluid visco
which is in nematic liquid crystal almost independent of t
order parameter. And indeed, Petrovet al. @20# have ob-
served that the contribution of the dissipation processes
to the surface to the energy dissipation already became c
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56 553DYNAMIC LIGHT SCATTERING IN POLYMER- . . .
parable to the volume contribution below penetration dep
of the order of 0.2mm. Since the surface contribution is n
expected to have the same temperature behavior as the
contribution, i.e., it is not expected to decrease so drastic
when approaching the phase transition, that could explain
decrease of the inverse relaxation time with temperatur
the absence of the field.

In the external electric field the situation is different. T
inverse relaxation time in the bulk increases with the squ
of the electric field. Our measurements can be indeed fi
well with a quadratic function and obtained effective orie
tational diffusivity K/heff is a few times smaller than th
same diffusivity in the bulk E7@21#. This is not surprising
since the decrease of the nematic-isotropic phase trans
temperature by about 5 K indicates the liquid crystal is con
taminated by the polymer which can reduce the diffusiv
@21# and as already mentioned, the effective viscosity
larger than in the bulk because of dissipation close to
droplet surface. The increase of the relaxation rate with te
perature is the consequence of temperature behavior o
order parameter. In Eq.~1! we have two terms, the usua
q2 dependent and a field term, the first decreases with t
perature as explained in the previous paragraph, while
second, field term is proportional to 1/S(T). Therefore, in the
.
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bulk nematic in the external field the increase of the rel
ation rate with temperature is expected. Since near
nematic-isotropic phase transition the average order par
eter in the small droplets decreases more and on larger
perature interval than in the bulk nematic@22#, the field term
prevails upon the first decreasing term and this results in
increase of the inverse relaxation time with the temperatu
The increase is smaller than in the bulk nematic liquid cr
tal.

IV. CONCLUSION

To conclude, the orientational diffusivity of the nemat
liquid crystal in the droplets is smaller and has different te
perature behavior than in the bulk nematic liquid crystal. T
effect can be attributed to the dissipation processes clos
the droplet surface that increase the effective viscosity
have different temperature dependence. The droplet size
be extracted from the angular dependence of the relaxa
time of the orientational fluctuations and it agrees with t
average droplet size obtained from scanning electron mi
scope photographs and the atomic force microscope ima
of our sample.
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@3# S. Žumer, Phys. Rev. A37, 4006~1988!.
@4# J. R. Kelly, Wei Wu, and P. Palffy-Muhoray, Mol. Cryst. Liq

Cryst.223, 251 ~1992!.
@5# J. R. Kelly and Wei Wu, Liq. Cryst.14, 1683~1993!.
@6# J. R. Kelly and D. Seekola, Proc. SPIE17, 1257~1990!.
@7# Z. Z. Zhong, D. E. Schuele, W. L. Gordon, K. J. Adamic, a

R. B. Akins, J. Polym. Sci. B30, 1443~1992!.
@8# D. K. Rout and S. C. Jain, Mol. Cryst. Liq. Cryst.210, 75

~1992!.
@9# L. Bouteiller and P. Le Barny, Liq. Cryst.21, 157 ~1996!, and

references therein.
@10# K. Amundson, Phys. Rev. E53, 2412~1996!.
@11# P.G. de Gennes and J. Prost,The Physics of Liquid Crystals

~Clarendon, Oxford, 1993!.
@12# P. Allia, C. Oldano, M. Rajteri, P. Taverna, L. Trossi, and

Aloe, Liq. Cryst.18, 555 ~1994!.
@13# Liquid Crystals in Complex Geometries Formed by Polym
and Porous Networks, edited by G. P. Crawford and S
Z̆umer ~Taylor and Francis, London, 1996!.

@14# A. Gharbi, F. R. Fekih, and G. Durand, Liq. Cryst.12, 515
~1992!.

@15# X. I. Wu, W. I. Goldburg, M. X. Liu, and J. Z. Xue, Phys. Rev
Lett. 69, 470 ~1992!.

@16# T. Bellini, N. A. Clark, and D. W. Schaefer, Phys. Rev. Le
74, 2740~1995!.
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@22# S. Kralj, S. Žumer, and D. W. Allender, Phys. Rev. A43, 2943

~1991!.


