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Dynamic light scattering studies of cholesteric and polymer-stabilized cholesteric liquid crystals
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Dynamic light scattering of pure cholesteric and polymer-stabilized cholesteric liquid crystals shows two
relaxation modes: twist and viscous-splay~umbrella!. The twist mode is diffusive, whereas the frequency
associated with the viscous-splay deformation goes to a constant at zero scattering angle. In the presence of
polymer networks the frequency corresponding to the twist deformation decreases as a result of an increase in
the viscosity, but the frequency associated with the viscous-splay deformation increases. This is attributed to
the breakup of cholesteric domains by the polymer network.@S1063-651X~98!50509-0#

PACS number~s!: 61.30.Eb
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INTRODUCTION

Cholesteric liquid crystals~chiral nematics! are locally
very similar to nematics. In nematics@1–4# the elongated
molecules are aligned, on the average, along the nem
vector directorn. In cholesterics, however, in the absence
electric fields or other perturbing forces, the director is u
formly twisted along an axis called the helical axis. The d
tance along the helical axis for the director to twist 2p is
called the pitch, denoted byP52p/q0 . Cholesteric liquid
crystals have been utilized in many applications@5#, such as
twisted-nematic liquid crystal displays, thermochromic li
uid crystal devices and reflective display devices.

When a cholesteric liquid crystal is sandwiched betwe
two parallel plates with rubbed polymer surfaces, it is in t
planar state~Grandjean texture! and the helical axis is per
pendicular to the plates. The refractive index along the n
mal direction has a periodic structure and, therefore, the
terial reflects light for wavelengthl5^n&P, where^n& is the
average refractive index. However, in the absence of the
choring effect of the cell surfaces, polydomains of fingerpr
texture are formed and the helical axes of the domains
more or less randomly oriented throughout the cell. This
the ‘‘focal-conic’’ state and the material is strongly scatte
ing because of the abrupt changes of the local refractive
dex.

Polymer networks can be incorporated to improve the p
nar and/or the focal-conic properties of cholesterics. Depe
ing on the value of the pitch, the composite material can
used in reflective or projection displays, in which either te
ture can be stabilized in the off state. For values of the p
in the infrared, light valves of two different modes can
made: the normal and reverse modes@6#. In the normal mode
light valve, the strongly scattering focal-conic texture is s
bilized at zero field and the material is opaque. When a fi
is applied, the material switches to the homeotropic text
and becomes transparent~or dark on black substrates!. In the
reverse mode, the planar texture is stabilized at zero fi
~material transparent! for visible light. When a field is ap-
plied, the material switches into the light scattering foc

*On leave from CERMAV-CNRS and Joseph Fourier Universi
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PRE 581063-651X/98/58~3!/2717~4!/$15.00
tic
f
-
-

n
e

r-
a-

n-
t
re
s
-
n-

-
d-
e
-
h

-
ld
e

ld

-

conic texture. The experiments presented here are in the
verse mode; the polymer stabilized cholesteric is transpa
at zero field due to the planar texture with the pitch in the
region.

THEORETICAL BACKGROUND

A model developed by Fan, Kramer, and Stephen@7#,
which has been extended to include the presence of app
external forces~electrical or magnetic fields! by Parsons and
Hayes@8#, describes the orientational fluctuations in an
compressible cholesteric. It shows that there are two imp
tant and dominant relaxation modes that could be observ
in dynamic light scattering~DLS! experiments. They are
called the twist and viscous-splay~‘‘umbrella’’ ! modes.

The twist mode measures the twisting oscillations ab
the helical axis with a restoring force given by the tw
elastic constantk22, and the twist viscosityg1 . This mode is
overdamped and would therefore result in a broadening
the frequency of the scattered intensity given by

G twist5~k22/g1!q2, ~1!

whereq is the magnitude of the wave vector defined asq
5(4pn/l0)sin(u/2); l0 is the wavelength of the inciden
beam,u is the scattering angle, andn is the refractive index
of the medium. The predicted line shape is Lorentzian an
most intense at momentum transfers that correspond to t
required for Bragg scattering, i.e.,q52q0 .

The hydrodynamic equations show several relaxat
modes associated with fluctuations about the molecular
rector in viscous splay. These modes are also overdam
and one of them is dominant in DLS with a damping co
stant given by

Gvis-splay5
~a21a41a5!

g1~a41a5!2g2a2
@k33q0

21k11q
2#, ~2!

where k11 and k33 are the splay and bend elastic modu
~Frank elastic constants@9#!, respectively. Thea i are the
Leslie coefficients@10#. The line shape of this normal mod
is also Lorentzian and is most intense at half the Bragg c
dition: q5q0.

This model@7# applies to director fluctuations that prop
gate along the cholesteric axis, i.e., forq'50, whereq' is

,
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the component ofq perpendicular to the director. It shoul
apply to our experimental geometry in whichq'!q.

There are no theoretical predictions for the dynamical
havior of polymer-stabilized cholesterics. The aim of th
work is to characterize the dynamics in both the pure and
polymer-stabilized cholesterics, which has been done
nematics@11#.

MATERIAL AND SAMPLE PREPARATION

The cholesteric liquid crystal is a mixture of 99.5% pe
tylcyanobiphenyl~5CB! ~Aldrich! and 0.5% chiral dopan
R1011 ~Merck!. For the in situ polymerized polymer
network-stabilized cholesteric, the sample consisted
4-cyano-48@4-~6-methacryloxyhexyl!oxybenzoyl# biphenyl
monofunctional mesogenic chain extender~TM6BCB! as a
monomer, Benzoinmethylether~BME! ~Polysciences, Inc.!
as a photoinitiator, and difunctional bisphenol-A-
dimethacrylate~BPADM! as crosslinker. These compoun
were mixed in the weight ratio of 5%@TM6BCB:BPADM
3:1; 2% BME in toluene# in @99.5% 5CB and 0.5% R1011#.
The sample preparation was performed with great care, s
light scattering is extremely sensitive to defects such as
and disclination lines in liquid crystals. The samples we
filled in polyimide coated, parallel rubbed cells~made in the
laboratory!. The cell gap was controlled by 2561 mm Able-
film 539 IA ~Abelstik!. The filling procedure was carried ou
under vacuum to exclude oxygen during the polymerizat
process. The cell was sealed with epoxy resin. For
polymer-stabilized cholesteric, the radical polymerizati
process was initiated by UV irradiation from a Hg sourc
The radiation was filtered through neutral density filters a
the exposure time of the samples was 5.5 h.

DYNAMIC LIGHT SCATTERING

DLS @12# is a powerful technique for determining rela
ation times in liquid crystals. Nematics@13–16# and
polymer-stabilized nematics@11# have, for example, bee
successfully investigated by DLS. Our apparatus uses a s
tra physics model 165 argon ion laser operating at 4880
The laser power was 200 mW and filters were used to red
the incident beam intensity when necessary. The autoco
lation function of the scattered intensity was obtained usin
Brookhaven BI9000 autocorrelator. The intermediate scat
ing function is easily related to the measured homodyne
tensity autocorrelation functionC(q,t) @12#.

Several methods have been used to analyze the DLS
including cumulants, single and double exponential fits, a
CONTIN @17#. To avoid stray light and consequent heter
dyning, the cell was positioned in the index matching bath
that the spatial coherence factor was maximized. The sam
temperature was controlled to61 °C.

RESULTS AND DISCUSSION

Dynamics of cholesteric liquid crystals

The cell was positioned so that the wave vectorq was
parallel to the vector directorn of the helix for all the scat-
tering angles to avoid any contamination of the dynam
due to different modes propagating in other directions. B
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polarized and depolarized experiments~which gave the same
relaxation times! were performed atT525 °C and scattering
angles ranging from 40° to 120° in steps of 5°. The resu
show that the dynamics is well described mainly~see below!
by two relaxation modes at all investigated angles and ge
etries~polarized and depolarized!. Typical intensity autocor-
relation functions of the cholesteric with and without th
polymer network at the scattering angleu560° are shown in
Figs. 1~a! and 1~b!. The dots represent the experimental da
and the solid line represents a two-exponential fit that w
confirmed by CONTIN analysis~62% error!. The same data
treatment was used for the other angles. We noted, howe
the existence of an extra-fast mode that was very difficul
resolve~very high frequency! and whose amplitude vanishe
asq increased. The amplitude of this fast mode was alw
less than 5%.

The variations of the frequencies of the two relaxati
modes in the pure cholesteric liquid crystal withq2 are
shown in Fig. 2. The slower mode can be identified with t
twist mode, given by Eq.~1!. Its frequency shows aq2 de-
pendence~diffusive! and (k22/g1)choles51.9031029 cm2/s.

FIG. 1. ~a! Typical DLS autocorrelation functions from the cho
lesteric liquid crystal~99.5% 5CB10.5% chiral agent! with and
without the polymer network atT525 °C andu560°. The dots
represent the experimental data and the solid line the dou
exponential fit.~b! Typical DLS autocorrelation functions from th
cholesteric liquid crystal in the presence of the polymer network
T525 °C and the different scattering angles shown. The dots
resent the experimental data and the solid line the dou
exponential fit.
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The second mode~fast! goes to a constant asq→0 and is
identified as the viscous-splay~umbrella! mode given by Eq.
~2!. The intercept ofGvis-splay gives G0(q50)5524.16 s21

and a slope equal to 3.2231029 cm2/s. We believe that this
is the first time these cholesteric deformations have b
observed using DLS. They are, at least qualitatively, in go
agreement with the theoretical predictions of Fan, Kram
and Stephen@7#. It is interesting to compare the twist vis
cosities of the 5CB in the nematic and cholesteric pha
For the nematic phase @14–16# (k22/g1)nem55.0
31027 cm2/s. Using this and our value for the choleste
phase, we find the ratio@(k22/g1)#nem/@(k22/g1)choles# is
about 263. Since the values of the elastic constants do
vary much from one phase to the other, the high value of
ratio is probably due to the large difference in the twist v
cosities in the two phases. The intercept and the slope o
viscous-splay frequency allow the determination of the ra
(k11/k33)50.2431023, using an estimated value for th
pitch of 10mm.

Dynamics of polymer-stabilized cholesteric liquid crystals

The autocorrelation functions shown in Fig. 1~b! were
also well described by two relaxation times. The frequenc
of both modes in both systems are shown in Figs. 3~a! and
3~b!. In the polymer-stabilized cholesteric (k22/g1)51.19
31029 cm2/s. The second mode goes to a nonzero cons
asq→0, as in the case of the pure cholesteric. The interc
of Gvis-splay gives G053542.2 s21 and a slope equal to 2.2
31028 cm2/s. Thus, the presence of the polymer netwo
slows down the twist mode and speeds up the so-ca
viscous-splay deformation. For the twist mode, one mi
ascribe this decrease of the frequency or (k22/g1) by about
70% to the increase of the twist viscosity. The frequen
associated with the viscous-splay mode increases in the p
ence of the network. This may be due to a breakup of c
lesteric domains into smaller helical domains that could
hibit faster collective dynamics.

FIG. 2. Variations of the frequencies of the twist and visco
splay modes as functions ofq2 for the pure cholesteric. The differ
ent symbols on the same solid line refer to polarized and depo
ized DLS experiments done at different times over an eight-mo
period.
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CONCLUSION

We have made polarized and depolarized DLS obse
tions of the twist and viscous-splay relaxation modes in b
pure and polymer-stabilized cholesterics. Both modes exh
a q2 dependence in their relaxation frequencies, but
viscous-splay frequency approaches a nonzero constan
q→0. When a polymer network is present both relaxati
modes are substantially modified. It is found that the tw
frequency is decreased, which is most likely due to an
crease in the twist viscosity. The frequency of the visco
splay mode increases, possibly because of a breakup o
lical domains by the polymer network. The resultin
domains of cholesteric helical structures become sma
and, therefore, the dynamics may become faster. These
fects have direct consequences for threshold voltages
switching times of display devices.
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FIG. 3. ~a! Variations of the frequencies of the twist an
viscous-splay modes as functions ofq2 for both the pure cholesteric
and the polymer-stabilized cholesteric samples. The symbols ar
same as described in Fig. 2.~b! Same as~a!, at a different scale.
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