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Rotational viscosity in ferroelectric liquid crystals estimated from transient
light scattering and dielectric propertiies

M. Czaki, T. Hatai, K. Nakao, and K. Yoshino

Department of Electronic Engineering, Faculty of Engineering, Osaka University, 2-1 Yamada-Oka, Suita,

Osaka, Japan

{Received 3 August 1983; accepted for publication 22 December 1988)

A new method for the estimation of rotational viscosity of ferroelectric liquid crystals using
transient light scattering (TSM) is reported. The relation between rotational viscosity,
spontaneous poiarization, and dielectric dispersion frequency is studied as a function of the
racemization. The rotational viscosity is almost independent of sponitaneous polarization and
there is no obvicus correlation between rotational viscosity and dispersion frequency. The
dispersion frequency is confirmed to be inversely proportional to the square of the helicat
pitch. The rotational viscosity calculated from this relation is consistent with that from the

new TSM method.

i INTRODUCTION

Ferroelectric chiral smectic liguid crystals have attract-
ed considerable attention from both fundamental and practi-
cal points of view, and a large number of studies have been
carried out." Several types of electro-optical effects of ferroe-
lectric liquid crystal have been reported,”® and their fast
optical responses have stimulated the application to display
devices. The optical response time 7 of a ferroelectric liquid
crystal under application of an electric field £ is related to
the spontaneous polarization P, and the rotational viscosity
7. In high field the simplest relationship without taking ac-
count of the switching mechanism® is expected to be

r=n/PE. (1)

To establish a high-respense speed of an optical cell with
ferroelectric liguid crystal, therefore, it is important to pre-
pare materials with large spontanecus polarization and low
rotaticnal viscosity.

In the earlier stage of the study of ferroelectric Hquid
crystal only a limited number of materials were used and
their spontaneous polarizations were as small as the order of
10~° C/cm®. Recently, however, a large number of ferroe-
lectric liguid crystals have been synthesized and materials
with large spontaneous polarizations have been reported.”°
On the other hand, only a few measurements on 7 were re-
ported, and ali of them were carried out using a very thin
cell, surface-stabilized ferrcelectric liquid crystal (SSFLC)
celt. !t

In a previous paper, transient light scattering at the in-
stant of reversal of molecular alignment {domain switching)
by polarity reversal of the applied electric field was reported
and named TSM (transient scattering mode} by us.” This
scattering is easily observed as a decrease of transmission
intensity through a cell that did not have polarizers or a
special surface treatment. This response time is of the order
of a microsecond in a material with a large spontanecus po-
larization. In this paper, we propose a new method to esti-
mate the rotational viscosity using transient light scattering.
In this method, optical measurement in a thicker cell (> 10
pm) compared with a SSFLC cell makes it easy to manufac-
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ture a sampile cell in addition to no special surface treatment.

The racemization of optical isomers of the ferroelectric
tliquid crystal can remarkably change its characteristic prop-
erties such as helical pitch, spontanecus polarization, and
dielectric constant. In the second half of this paper, we re-
port the relationship among the rotational viscosity, the dis-
persion frequency of the dielectric constant, the spontaneous
polarization, and the helical pitch by investigating the effect
of the racemization.

. EXPERIMENT

Ferroelectric liquid crystals used in this study were
DOBA-1-MPC (p-decyloxybenzylidene-p'-amino-1-meth-
vipropyicinnamate)' and 3M2CPAOB [(28,35)-3-meth-
yl-2-chloropentanoic acid 4',4”-alkyloxy-biphenyl es-
ter}.”** Details of preparation of these liquid crystals were
previously reported by us. The maximum magnitudes of
spontaneous  polarization of DOBA-1-MPC and
3M2CPAOB in the Sm-C* phase are about 20 and 200
anC/cm?, respectively. The sample was sandwiched between
ITO (In-Sn oxide) coated glass plates with PET (polyethy-
leneterephthalate} film as a spacer.

The sample cell was set in the optical path of a He-Ne
faser (632.8 nm} without polarizers, and the change of
transmission intensity by stepwise polarity reversal of elec-
tric field was monitored by a photodiode and stored by a
digital memory. The polarization current accompanied by
domain switching was also measured simultaneously from
the voltage change over a series resistor {327 Q or 4.7 k0}).

The spontanecus polarization was calculated from the
area under the polarization current curve. The diefectric
constant was measured by evaluating that part of the current
whose phase was shifted by 90° from that of the applied vol-
tage with a lock-in amplifier (PAR, 5204}.!° The applied
voltage was sufficiently low not to perturb the molecular
alignment.

The pitch of the helicoidal structure was evaluated by
the diffraction pattern of a He-Ne laser with 2 sufficiently
thick cell (> 350 gm) in order to avoid surface effects.
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jil. RESULTS AND DISCUSSION

A. Estimation of the rotational viscosity from transient
light scattering

Figures 1{a) and 1(b) show typical waveforms of trans-
mitted light through a ceil and the simultanecusly measured
polarization reversal current when the polarity of applied
voltage was reversed stepwise in the 25-um cell of
IM2CPOOB (the length of alkoxychain » = 8). At the in-
stance of polarization reversal, the He-Ne laser light through
the cell is scattered extensively, resulting in a rapid decrease
of transmission intensity.

The response time of the decrease of transmission inten-
sity becomes shorter with increasing applied volitage. Figore
2 shows field dependencies of the response time in
IMR2CPOORB at various temperatures. In this stody, the re-
sponse time 7 of the transmission change is defined as the
time taken for switching from 10% to 90% of the maximum
transmission change. As is evident from Fig. 2, the response
time is decreasing with increasing applied field. In higher
electric fields, 7 is proportional to the inverse of the electric
field as expected from Eq. {1).

The result shown in Fig, 2 agrees well with relationship
{1). Therefore, one can evaivate  from the slope 9/P, of
this figure and P, calculated from the polarization current.
Figure 3 shows temperature dependences of % in
IM2CPHpOB (n=7), 3IM2CPOOB (n=28), and
3M2CPNOB (7 = 9). In all cases, % increases with decreas-
ing temperature. However, it is almost independent of the
length of the alkoxychain, which will be discussed below.

Several trials of the estimation of  have previously been
reported using SSFLC cells, in which the time required for
an optical transmission changes from 10% to 90%," or the
timne between the polarization current peak and the polarity
reversal' "3 were used as the characteristic time, 7. Recently,
a new method for the evaluation of » has been reported by
Dahl, Lagerwall, and Skarp'” which is based on a simple
model taking an elastic torque but not a switching mecha-
nism into consideration. In this method, 7, £,, and the elas-
tic constant were estimated from the width at half-maximum

polarity reversal

(a}

Intensity (arb. units)

Transmission
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FIG. 1. Typical waveforms of transmission change (a) and polarization
current (B}, at the instance of polarity reversal of applied field (28kV/em)
in & 25-pm cell of IM2CPOOB at 51.5°C.
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FIG. 2. Dependencies of the
response time of TSM on ap-
plied electric field in a 25-um
cell of 3IM2CPOOB at var-
ious temperatures.
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of the pelarization current peak, the height of the current
peak, and the time between the current peak and polarity
reversal. A similar method which uses half-maximum of po-
larization current peak and a simple model taking account of
the contribution of dielectric anisotropy insiead of elastic
torque, has been also reported.’®

Viscosities of our samples from Dahl’s method are also
shown in Fig. 3 for reference. As is evident from this figure,
calculated values by the two methods almost agree. Al-
though the details of the switching mechanism of TSM are
not clear at this stage, the response time is found to be useful
as the characterizing time in estimating rotational viscosity
with expression (1).

B. Racemization effect of rotational viscosity

From the consideration of symmetry for the appearance
of ferroelectricity in Jiguid crystal, the spentaneous polariza-
tion is required to be perpendicular to both the smectic layer
normal and also the molecular long axis. In ferroelectric lg-
uid crystals, therefore, two directions of spontaneous polar-
ization are possible.!® When the layer normal, director, and
spontaneous polarizations form a right-handed coordinate
system, the direction of P, is defined as positive, £ ( + ). If
they form a left-handed one, the direction of 7| is defined as
negative, P, ( — }. These directions are intrinsic to the na-
ture of a specific material except for a few special cases.”® It
should alsc be pointed out that two optical isomers with
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FIG. 3. Temperature dependencies of rotatioral viscosity of 3M2CPAOB

(alkoxychain length n = 7-9) obtained from the response time of TSM by
relation (1) {solid Jine) and also from Dahl’s method (dashed line).
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opposite absolute configuration (S or R) are of opposite
sponianecus polarization direction. {R)-DOBA-1-MPC
has a negative spontaneous polarization direction, P,{ — ),
while ($)-DOBA-1-MPC has an opposiie one. Therefore,
racemization of these isomers decreases the magnitude of
spontaneous polarization as shown in Fig. 4.

Figure 4 also shows response time of TSM and 7 esti-
mated from this as a function of concentration of (5)-
DOBA-1-MPC in (R)-DOBA-1-MPC. It should be noted
that 7 does not depend strongly on the concentration of (5)-
DOBA-1-MPC as compared to the remarkable decrease of
spontaneous polarization. According to expression (1), the
response time 7 is related to # and P, under a constant ap-
plied field. Therefore, Fig. 4 implies that the increase of the
response time is due to the decrease of P,. In other words, the
rotational viscosity does not depend on the concentration of
an optical impurity, that is, on the magnitude of spontaneous
polarization.

C. Rotatlonal viscosity and dielectric dispersion
frequency

When the field is exerted paraliel to a smectic layer,
there exist two dielectric relaxations.?! One is due to the con-
tribution of the motion of dipole moments associated with
the fluctuation of the azirmuthal angle of a long molecular
axis around a smectic layer normal { Goldstone mode). The
other originates from the contribution of the soft mode cor-
responding to Suctuation of the tilt angle.

Recently we have pointed out that the contribution of
the soft mode to the dielectric constant of a ferroelectric
hiquid crystal with a large spontaneous polarization is re-
markable in the vicinity of the phase transition temperature
T, between Sm-A4 and Sm-C * phases.” In the temperature
range studied here, however, the contribution of the Gold-
stone mode should be dominant.

The dispersion frequency of the Goldstone mode, in
general, is relatively low, of the order of several tens Hz to
several kHz. However, this frequency indicates a remarkable

[ (RF-DOBA-1-MPC

104

Response Time (usec.)

r a
10‘ 1 - 4 i 3
g 10 20 30 40 50
Concentration of (S)-DOBA-1-MPC  (wi%)

FIG. 4. The response time of TSM, the spontaneous polarization and the
rotational viscosity as a function of weight concentration of (8)-DOBA-1-
MPCin (R)-DOBA-1-MPC.
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dependence on the molecular structure of a Hquid crystal.?

In a previous paper,’® we have reported that the dispersion
frequency of dielectric constant is markedly dependent on
the length # of an alkoxy chain in 3M2CPAOB (n = 7-9).
In 3M2CPOOCB (2 = 8), dispersion frequency is about sev-
eral tens of Hz, while it is around 800 Hz and 1-3 kHz in
IMZCPNOB (7 =9) and 3MZCPHpOB (n = 7), respec-
tively.

To investigate the relation between the rotational vis-
cosity n and the dispersion frequency fin these materials,
transient light scattering and polarization current were mea-
sured and % was evalvated. Figure 3 shows temperature de-
pendencies of 7 in 3IM2CPAOB (n = 7-9). It should be not-
ed that » is almost independent of », and there is not an
obvious correlation between 1 and » such as an odd-even
effect corresponding to the relation between # and f° There-
fore, there is no correlation between rotational viscosity and
dispersion frequency of the dieleciric constant.

According to a simple free-energy expansion neglecting
the fiexoelectric coupling between polarization and molecu-
iar tilt, the relaxation frequency of the Goldstone mode (f; )
is expressed as follows™:

fo =Kg* /2, (2)
where K is the elastic constant and g is the wave vector of the
helicoidal structure, that is, g = 27/p, where p is the helical
pitch. In a series of 3M2CPAOB (7 = 7-9), the intrinsic
helical pitch is not significantly influenced by alkoxy chain
length. From this expression, therefore, it is suggested that a
large variation of the dispersion frequency is caused by a
difference of the elastic constant X.

0. Dispersion frequency and helical pitch

Optical isomers with opposite absolute configurations
are of opposite helical twist sense as well as spontanecus
polarization direction, and the racemization of them extends
the pitch of the helicoidal structure p as shown in Fig.5. In
order to investigate the relation between p and f, fof DOBA-
1-MPC was also measured as a function of the concentration
of the optical isomer, which was shown in the same figure.
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FIG. 5. The dispersion frequency of the dielectric constant and helical pitch
as a function of the weight concentration of (S)-DOBA-1-MPC in (R)-
DOBA-1-MPC.
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FIG. 6. The dispersion frequency of the dielectric constant as a function of

the helical pitch for various mixtures of (§)-DOBA-I-MPC and {(R)-
DOBA-1-MPC.

The dispersion frequency became low upon increasing the
concentration of optical impurity,

As mentioned above, from expression (2), f is predict-
ed to be inversely proportional to p*. To verify this relation, f
was plotted in Fig. 6 as a function of p which was conirolied
by the concentration of the optical impurity. As is evident
from this figure, the slope is about — 2, and the relation
foc 1/p is verified.

According to expression (2), if it is assumed that the
elastic constant K is constant, the slope of 2 plot of fvs p~2
gives K /% and 7 is calculated from it. One can obtain 1448
cP for 7 using for the elastic constanta K of 3 10721~
N. This value is consistent with the one obtained from tran-
sient light scattering shown in Fig. 4. However, this calcula-
tion contains an assumption. That is, it is assumed that the
elastic constant is constant in spite of a remarkable change of
hetical pitch. In fact, as shown in Fig. 6, points plotied in the
logarithmic graph are not exactly on the straight line. This
may suggest that £ depends on the concentration of optical
impurity.

Y. CONCLUSION

En this study, a new method for the estimation of rota-
tional viscosity of ferroelectric liquid crystal using transient
light scattering (TSM) was proposed. It was empirically
found that the response time of TSM was useful as the char-
acterizing time in estimating rotational viscosity with the
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relation 7 = 5/P E. The rotational viscosity estimated from
this method was almost independent of spontanecus polar-
ization, and there was no obvious correlation between rota-
tional viscosity and dielectric dispersion frequency.

From the investigation of the racemization, it was veri-
fied that dispersion frequency is inversely proportional to
the square of the helical pitch (f= 22K /p’n). The rota-
tional viscosity calculated from this expression is consistent
with that from the response time of TSM.
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