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Anomalous dielectric relaxation behaviour is observed in the ferroelectric liquid crystalline
polymer (viz. ferroelectric copolysiloxane (R)-COPS 11-10) around the ferroelectric SmC*
to paraelectric SmA phase transition. Measurements have been performed on sample of
thickness ~10 pm in indium-tin-oxide coated cell in the frequency range 10 Hz to 13 MHz.
With increase of temperature, a gradual shift of the soft mode frequency towards the higher
frequency side was observed, while a decrease in the relaxation strength was seen with the
corresponding increase in temperature. The shifts of the soft modes in the SmC* and SmA
phase are considered to be due to change in the viscosity of the polymer, as an increase in
viscosity increases fluctuations of the coupling between the dipoles in the network even far
from the paraelectricferroelectric phase transition. Application of a bias field causes a shift
of the critical frequency towards the higher frequency side, while the dielectric strength (Ag)
decreases under the bias field. The Cole—Cole fitting parameters obtained from the best fit of
the dielectric constant data are found to be consistent with other similar materials. Another
relaxation mode (molecular mode) was also observed which comes into play in both the

smectic phases (SmC* and SmA) and contributes to the dielectric permittivity.

1. Introduction

The study of liquid crystalline polymers is a stimulating
field of current research because of their applications in
optoelectronics and other devices. However, successful
demonstration of the behaviour of ferroelectric liquid
crystalline polymers (FLCPs) is a rather recent develop-
ment in polymer science [1]. In recent years, several
new polymer structures have been reported [2-6] as
showing both ferroelectric SmC* and paraelectric SmA
phases. It is generally considered that the SmA-SmC*
transition is due especially to softening of the inhomo-
geneous fluctuations of the molecular tilt with respect
to the normal to the smectic layer when the transition
is approached from the SmA phase. In the ferroelectric
phase, a spontaneous tilt of the molecules appears, the
directions of which precess about the smectic normal,
and a helicoidal structure is formed. It is well known
that studies [ 7, 8] of dielectric relaxation behaviour in
liquid crystals provide valuable information regarding
the dipolar response to an external stimulus. However,
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in many such FLCP systems it is rather difficult to
measure dielectric constants because of high viscosity
and melting point.

Dielectric relaxation measurements of the collective
modes in ferroelectric liquid crystals (FLCs) in the
SmC* and SmA phases indicate two main modes, viz.
the Goldstone mode (G-mode, [9-11] and the soft
mode (S-mode) [11-15]). The G-mode in the SmC*
phase arises due to phase fluctuations of the azimuthal
orientation of the director, while the S-mode appears
due to fluctuation of the amplitude of the tilt angle. In
1987 however Levstik et al. [16] showed theoretically as
well as experimentally that in some FLC mixtures, the
S-mode can appear in both the SmC* and SmA phases
(very close to the SmC*-SmA transition temperature).

In the present paper we report a broad band dielectric
study in the region of the SmC*-SmA phase transition
of a recently developed and interesting FLCP showing
both S-mode and G-mode behaviour. The system of our
present investigation is the ferroelectric copolysiloxane
(R)-COPS 11-10 [17] having the molecular formula
shown below. All the information regarding the ‘chemical’
characterization of this polymer can be found in an
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earlier publication [17]. The degree of polymerization
is about 30, the average number of siloxane monomer
repeat units substituted by a mesogen is 38%. The
calculated molar mass of this polymer is about 9060.
Frequency (10 Hz—10 MHz), temperature (100—130 °C) and
bias field (0.0-10.0 V) dependent dielectric properties of
this typical FLCP have now been investigated and the
experimental data fitted with existing theoretical models.
The characteristic features of the relaxation modes have
been so evaluated. It is observed that in the present
system, the S-mode extends beyond the SmA phase as
pointed out by Levstik et al. [ 16] for some ferroelectric
liquid crystals.
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2. Experimental

The method of synthesis of the ferroelectric copoly-
siloxane (R)-COPS 11-10 of our present investigation
has already been discussed by Mery et al. [17]. The
liquid crystal cell used consisted of parallel indium-tin-
oxide (ITO) coated glass plates with an active area of
16 mm>. A small electrode area was used to minimize
the effects of any thickness gradient in the cell and also
to ensure a uniform electric field across the sample. The
sample was sandwiched between the ITO-coated glass
plates, separated by mylar spacers of 10 um thickness.
The glass plates had been treated with a polyimide
solution and unidirectionally rubbed for planar align-
ment. The cell was calibrated using air and pure benzene
as a standard reference. This allowed us to obtain the
absolute value of dielectric permittivity of the present
sample. The sample was introduced into the cell by
capillary action in its isotropic phase. The phase sequence
(SmX is an unknown phase) of the material used in this
study is:

I-164°C-SmA-121°C-SmC*-102°C-SmX

A stabilized low frequency a.c. (1.62 V um™") field was
used for better alignment of the sample; this was applied
for about 75 min. A computer controlled Hewlett Packard
4192A Impedance Analyzer was used for the dielectric
measurements in the frequency range 10 Hz—13 MHz.
This allowed us to measure the real and imaginary parts
of the complex dielectric permittivity ¢* as a function of
frequency. The experimental set-up allowed us to apply
a direct bias voltage (0.0 to —10.0 V) across the cell
during the dielectric measurements. The temperature of
the sample was controlled by a Eurotherm temperature

controller and the temperature could be stabilized to an
accuracy +0.1°C. The theoretical procedure discussed
below was used to analyse the experimental data.

3. Theoretical background
The complex dielectric permittivity &*(w, f) can be
expressed by the usual relation

e*(w, 1) =¢'(w, 1) —ie" (o, 1) (1)

where ¢’ and &” are, respectively, the real and imaginary
parts of the dielectric constant, w is the angular frequency
and ¢ is the temperature of the system. For the planar
oriented FLCP sample, the possible relaxation modes
in the frequency range 10 Hz to 13 MHz are the G-mode,
S-mode and molecular mode (M-mode). The observed
dielectric spectrum involving orientational relaxation
may be studied through the Meier—Saupe and Martin
theory [ 18] of the extended Debye model. However, the
dynamic behaviour of the liquid crystal dipole can be
determined from the effective analysis as we studied the
temperature dependence of the low frequency dispersion.
Debye theory of dipole relaxation assumes that rotational
motion can be described in terms of a single relaxation
time. In real systems, fluctuations in the local structure
of the molecule or its environment may result in a
distribution of relaxation times around the Debye value,
and such a situation can be described by a modified
Debye equation. Cole’s modified [19] theory of static
dielectric permittivity for irreversible processes explains
the low frequency dielectric liquid crystal relaxation of
our present system. However, the Cole—Cole theory
[20] of complex dielectric permittivity is found to be
more relevant to the observed off-centred LC dispersions
through the equation

Ae

8*_8 e —
21+ (iw1)' ™

(2)
where Ae = ¢, — ¢, is the dielectric strength, & is the static
dielectric constant, ¢, is the high frequency dielectric
permittivity, T (=1/(2nf,) is the dielectric relaxation time,
f. is the relaxation peak frequency and o is the distri-
bution parameter. For a distribution of relaxation times,
o lies between 0 and 1. The effect of « is to produce
a semicircular Cole—Cole plot, the centre of which is
depressed below the abscissa. The larger « is, the larger
is the extent of the distribution of relaxation times.

It is well known that the contribution of conduction
is higher at low frequencies. Its frequency dependence
can be expressed [21] by

= (3)

where 0, and s are fit parameters. The power law
exponent (s) is generally less than one, indicating a
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polaron hopping type of conduction mechanism. It
appears that the conductivity contribution covers all the
processes. However, by taking conductivity into account
a qualitative explanation of the relaxation mechanism is
possible.

Using the mean field approximations [ 227, the critical
frequency (v§) of the collective modes should follow the
relation:

vi=a(T—Tc)+ b (4)

where @ and b are constants. These critical frequencies
of the collective modes were fitted with the Arrhenius
law for the SmC* and SmA phases:

E,
vlzvmexp(k T) (5)
B

where v, is a parameter, kg is the Boltzmann constant
and E, is the activation energy.

4. Results and discussion

Using the above theoretical model, the dielectric
absorption spectra of the FLCP sample (ferroelectric
copolysiloxane (R)-COPS 11-10) taken over a wide
temperature range (100-130°C) were explained and the
overall behaviour of the FLCP could be understood.
Figure 1 (a) shows the variation of the imaginary part of
the dielectric constant (¢”) as a function of frequency at
different fixed temperatures (110, 112, 116, 119.5 and
120°C) corresponding to the G-mode in the ferroelectric

30

= 110.0°
40 2% A B c

10" 10° 10° 10* 10° 10° 107
v/Hz

Figure 1. (a) Frequency (v) dependence of the imaginary part
of the dielectric constant (¢”) of the G-mode in the
ferroelectric SmC* phase at different fixed temperatures.
(b) Cole—Cole plot obtained for the Goldstone mode in
the SmC* phase.

SmC* phase. The G-mode appeared around 103°C and
extended to 119.5°C, about 1.5°C below the ferroelectric
SmC*—paraelectric SmA phase transition point (~121°C).
The G-mode peak frequency is found to be weakly
temperature dependent as indicated by this figure. The
strength of this relaxation mode decreases with temper-
ature. This is consistent with the behaviour of other
similar materials [237]. Figures 1(a) and inset 1(b) also
show the dielectric relaxation curves (solid lines) obtained
by fitting with the Cole—Cole model, equation (2). From
the Cole—Cole plot, we find that the distribution para-
meter («) varies from 0.1-0.3. The distribution parameter
also produces a semicircular curve, the centre of which
is depressed below the abscissa as mentioned in § 3.
In the ferroelectric SmC* phase, the S-mode was not
observed from 102.5 to 119.5°C.

Near the SmC*-SmA transition temperature (121°C),
the G-mode disappeared and the S-mode appeared in the
ferroelectric SmC* phase, figure 2(a). The suppression
of the G-mode near the transition temperature is due
to the low frequency relaxation caused by ions present
in this sample. The dotted line in figure 2(a) shows the
conductivity contribution by fitting with equation (3).
This figure also shows that the variation of the S-mode
peak frequency is highly temperature dependent. The
soft mode in SmC* phases can be simply explained by

6.0

) (b) Sme s 120.0°C
P2 o 1204°C

Figure 2. (a) Frequency (v) dependence of the imaginary part
of the dielectric constant (¢”) in the ferroelectric SmC*
phase at different fixed temperatures. The dotted line shows
the conductivity contribution, (using equation (3), with the
fit parameters 6, =256 x 10” "' Q" 'cm™ ' and s =0.027).
The solid line shows the Cole—Cole function, equation (2).
(b) Cole—Cole plot obtained for the soft mode in the
SmC* phase.



17: 46 25 January 2011

Downl oaded At:

840 S. K. Kundu et al.

considering changes in the viscosity in the resulting
polymer sample (i.e. the co-operativity of the soft mode
fluctuations due to the coupling of dipoles in the net-
work, even far from the phase transition). The solid lines
in inset figure2 represent the Cole—Cole fitting with
equation (2).

The dielectric relaxation processes evident in the SmA
phase due to the S-mode have been studied using the
complex dielectric permittivity (¢* =¢'—ie”) measured
in the frequency range 100 Hz to 13 MHz. The dashed
line in figure 3 (a) shows the conductivity contribution
by fitting with equation (3). This figure shows again
that the variation of S-mode peak frequency is highly
temperature dependent. Here again the shift of the soft
mode in the SmC* and SmA phases can be similarly
explained, as mentioned above, by considering change
in viscosity. The solid lines in figures 3 (@) and inset 3 (b)
represent the Cole—Cole fitting with equation (2).

From figures 2 and 3, we also observed another
relaxation mode which comes into play in both smectic
phases (SmC* and SmA). This mode, as mentioned earlier,
is considered to be the molecular mode (M-mode). It
is well known that in polar liquid crystals, one might
visualize two principal molecular orientations, viz.
orientations around the short and the long molecular
axes. From our experimental data it is clearly seen that
both molecular motions contribute to the dielectric

60—

4.5

Figure 3. (a) Frequency (v) dependence of the imaginary part
of the dielectric constant (¢") in the paraelectric SmA
phase at different fixed temperatures The solid line shows
the conductivity contribution, (using equation (3), with the
fit parameters 6, =2.54 x 10" "' Q" 'ecm™ ' and s =0.067).
The solid line shows the Cole—Cole function, equation (2).
(b) Cole—Cole plot obtained for the soft mode in the
SmA phase.

permittivity. The critical frequencies of the low frequency
molecular relaxation are much higher than those of the
G-mode and S-mode relaxation processes, similarly to
the situation for ordinary liquid crystal materials studied
earlier [24]. The imaginary part of the dielectric con-
stant of this M-mode is also fitted with the Cole—Cole
modification, equation (2).

It is seen from the plot of critical frequency as a
function of inverse temperature (figure 4) that the thermal
variation of G-mode critical frequency is very weak in
the temperature range 103 to 119.5°C. The activation
energy of the G-mode estimated from equation (5)
is about 1.157kJmol™' (9.14 x 10™*eV per particle).
The corresponding temperature dependence of the soft
mode critical frequency, as well as of the relaxation
are also shown in figure 4 in the ferroelectric SmC*
and paraelectric SmA phases. The activation energy
(E, =78.88 k] mol™ ' or 0.73 eV per particle) in the ferro-
electric SmC* phase at temperatures T < T, is almost twice
the corresponding value obtained for the paraelectric
SmA phase, ie. at T > T, (where E, =39.1kJ mol™ ' or
0.37 eV per particle). The ratio of the activation energies
of these phases (SmA and SmC¥*), however, supports
other results from previous measurements [ 25, 267]. This
high value of the activation energy suggests that soft
mode is a collective molecular possess and the high
activation energy might be due to hindrance of rotation
by the smectic potential. It is also seen from the dielectric
spectra presented in figures 2 and 3 that the critical
frequencies of the molecular relaxation are much higher
than those obtained from the G-mode and S-modes. This
result is consistent with the results from other similar
materials [ 24, 257. The activation energy obtained in this

N A = a
6
107
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Figure 4. Variation of the critical frequency (v.) for the SmC*
and SmA phases with temperature.
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M-mode region is about 3.86 kJ mol™ ' (0.3.62 x 10~ *eV
per particle) which is, however, much lower than the
values for other liquid crystalline materials [26, 27]. We
suggest that this low value of the activation energy for
the present sample is related to the rotational viscosity
of the molecules (i.e. due to the high viscosity).

Figures 5 (a) and 5 (b) present, respectively, the thermal
variation of the relaxation frequency and the inverse of
the dielectric strength for the two collective modes. The
characteristic “V’ shape of the soft mode behaviour in
the vicinity of the SmA-SmC* transition is clearly seen
from figure 5. This result can be explained using the
molecular field approximation [22]. According to this
approximation, the critical frequency of the soft mode
should follow equation (4), and the slope ratio is pre-
dicted to be 2. The ratio of the slopes of the straight-line

g v, =11.06 +14.31*(T>T) .
48 v =566-3362*(T<T)
N i
= 40p
= ' .
e 32t
=) L
I.T- 24 " 'Y -,‘/J (a)
§ | -\ -
£ 16 s s
8]
8 L N "/(:u 1 . i PRSSE | . 1 N 1 N
10 1 2 3 4 5 6
T-T,/°%C
0.6
v.=011+01315*(T > T)
v, =0.145+-026*(T<T)
05F ,, .
i3 04r :
—_ \ : /
g 03f = )
~ : *
: [4
02t .~ (b)
0. 1 1 :/~/ 1 1 1 ! s 1
-1 0 1 2 3 4 5

T-T,/°C

Figure 5. (a) Curie—Weiss plot of the S-mode critical fre-
quency (v.) with temperature for the SmA and SmC*
phases. (b) Curie—Weiss plot of the S-mode dielectric
strength (A¢ = ¢, = ¢,) with temperature for the SmA and
SmC* phases.

fits in figure 5(a) is —2.34 for the relaxation frequency,
about 17% higher than the corresponding theoretical value.
Again the slope ratio for the inverse of the dielectric
strength, figure 5(b), is —1.96, about 2% lower than the
corresponding theoretical value. Hence, the frequency
and the inverse of the dielectric strength of the soft
mode extrapolated to the transition temperature at zero
momentum transfer (¢ =0) have a finite value and this
supports the theory [22]. The two soft mode branches
of the relaxation frequency in SmC* and SmA phases
in the present FLC material meet at the Curie temper-
ature T =120.85°C which is about 0.15°C lower than
the T(=121°C) observed from a texture study by polar-
izing optical microscopy. Similarly, the two soft mode
branches of the inverse of the dielectric strength in the
SmC* and SmA phases in the present FLC material
meet at the Curie temperature Tc =121.2°C which is
about 0.2°C below the T¢ (=121°C) value observed from
a texture study by microscopy. The very small differences
in Tc(AT¢) between the texture and dielectric measurements
may be taken to be within experimental error.

The effect of biasing voltage on the S-mode in the
SmC* and SmA phases very close to the transition
temperature (T =121°C) has been studied using the
planar aligned cell. The variation of the imaginary part
of dielectric constant (¢”) with frequency with different
bias voltages is shown in figure 6. The absorption in the
SmC* and SmA phases of the S-mode contribution is
suppressed on increasing the bias voltages. It is seen
that at zero bias field, the dielectric permittivity (¢”) and
the S-mode peak height are much stronger. By increasing
the bias field, the S-mode strength decreases in both the
phases, and the relaxation frequency increases. It is
worth pointing out that the molecular relaxation exhibits
a distribution of relaxation times, which is found to be
consistent with the behaviour of other similar liquid
crystalline materials [28, 297].

5. Conclusion

The temperature dependent dielectric relaxation
properties of the FLCP studied (ferroelectric copoly-
siloxane (R)-COPS 11-10) are affected by the bias field.
Under the bias field, the critical frequency shifts towards
higher frequency while the dielectric strength gradually
decreases. The low frequency G-mode obeys the Arrhenius
law. It is noted that in the present sample, the S-mode
can appear in both the SmC* and SmA phases (very
close to the SmC*-SmA phase boundary). This behaviour
supports the experimental, as well as the theoretical
observations of Levstik et al. [16] in the case of an FLC
mixture. Low frequency molecular relaxation is observed
in both the smectic SmC* and SmA phases, and the
activation energy in each relaxation mode was estimated
by fitting the Arrhenius equation.
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Figure 6. Frequency (v) dependent imaginary part (¢”) of
the dielectric constant near the transition temperature at
different fixed bias fields for the SmC* (a) and SmA (b)
phases.
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