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Broadband dielectric spectroscopy (107" to 10"Hz, 100 to 450 K) has been
applied, for the first time, to investigate the molecular dynamics of recently
synthesized fast switching ferroelectric side group polymers. The softmode could
be studied in detail in the S phase and in the S} phase. At the transition a
pronounced increase of the relaxational strength was found whereas its relaxational
frequency remains constant. The softmode is the molecular basis for the electro-
clinic effect which has high application potential for ferroelectric liquid crystal
polymers.

1. Introduction

Ferroelectric liquid crystals have gained considerable interest in technical appli-
cations such as optical devices [1-3]. The ferroelectric modes, Goldstone and soft
mode, have been intensively studied in low molar mass systems [4-12] exhibiting fast
electro-optic response times in the us range for the S phase. These two modes have
also been found in polymeric systems [13-15], which are all combined main-chain
side-group liquid crystals with high rotational viscosities showing until now no
measurable optical switching. Recently fast switching ferroelectric liquid crystal side
group polymers have been synthesized and characterized [16). In this paper dielectric
spectroscopy on these materials is presented.

2. Experimental
The synthesis of liquid-crystalline side group polymer PAC-1B is described in
detail in [16]. PAC-7 containing an additional chiral centre in the spacer will be
described [17]. The molecular weights we determined by GPC, calibrated with poly-
styrene standards. The phase transitions were determined by DSC and polarization
microscopy. The phase characterization was done by X-ray measurements and
polarization microscopy. The X-ray measurements were performed with CuK,, radi-
ation using a flat-plate camera with a specimen film distance of 81 mm. Films were

analysed using a Joyce-Loebl microdensitometer.
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The dielectric measurements covered the frequency range from 107" to 10’ Hz using
a frequency response analyser (Solartron-Schlumberger FRA 1254, frequency range
107*to 6 x 10* Hz) with a high impedance preamplifier of variable gain [19-21] and
a Hewlett—Packard impedance analyser (HP 4192 A, frequency range from 10 to
10" Hz) using an AC measuring field of 200 V/cm (peak-to-peak). A nitrogen gas
heating system covered the temperature range from 100 to 450 K, the stability of the
temperature adjustment was +0-02 K (resolution of the temperature measurement
0-01 K). The temperature gradient across the sample is estimated to be less than
0-04 K. The liquid-crystalline sample was kept between two glass plates coated with
polyimid and separated by a spacer (10 + 1 um). The parallel rubbing direction and
application of electric fields led to the desired uniform bookshelf geometry (1,12,
15(a)]. The alignment in the filled cell was checked by polarizing microscopy. The
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Figure 1. X-ray measurements for polymer PAC-7 at (a) 301 K (S} phase); (b) 330K (chiral
smectic C phase).
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voltage was applied by two evaporated indium tin oxide electrodes with an area of
4 x 4mm?’ (LCD-cell from EHC, Japan).

3. Results and discussion

At room temperature the polymer PAC-7 is in an ordered phase (figure 1 (a)). The
fibre patterns obtained in this phase show two small-angle reflections corresponding
to 45-6 A (first order) and 22-5 A (second order) and a very sharp wide-angle refiction
corresponding to 4-46 A. Compared with the lattice spacing of 45-6 A a tilted layer
structure for this ordered phase can be deduced (tilt angle of 18°). The very sharp
wide-angle reflection is more typical of S, phases than S; phases, so this phase was
assigned as §,.

The X-ray measurement at 330 K indicates a smectic C* phase (figure 1 (6)). The
small-angle reflection corresponding to 41-7A indicates a tilt angle of 30°. The
liquid-like packing of the mesogens leads to a broadened diffusive wide-angle reflec-
tion at 4-67 A.

In the chiral smectic C phase two ferroelectric modes are present; A Goldstone
mode which corresponds to a fluctuation of the polarization in each smectic layer with
respect to the next one (resulting from a fluctuation of the director of the tilt vector
at constant tilt angle), and a soft mode, which corresponds to the fluctuation of the
tilt angle, 8 (between the director and the normal to the smectic layers). Whereas the
softmode is present in the S, phase of chiral molecules and in tilted smectic phases in
the radio frequency region [4-15], the Goldstone mode can normally be observed

Transition
ST - S*

Softmode

Figure 2. Dielectric loss versus frequency and temperature for polymer PAC-7.
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dielectrically only at lower frequencies in the S¥ phase [4-15]. In principle the Gold-
stone mode should exist in all chiral tilted smectic phases developing a helical
superstructure. However, because of the shift toward lower frequencies, resuliing
from more dense packing of the higher ordered tilted smectic phases this process is
presumably covered by a conductivity contribution, as observed in polymeric systems
[13,15].

In figure 2 the dielectric loss ¢ is shown as a function of temperature and
frequency for polymer PAC-7. In the S phase the soft mode can be found. Its
relaxation strength increases with decreasing temperature and reaches its maximum
at the transition to the S, phase. Since both phases are ferroelectric, the frequency
position of the soft mode in PAC-7 is unaffected, whereas close to the phase transition
ferroelectric/non-ferroelectric in smectic phases the frequency of the soft mode obeys
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Figure 3. Dots correspond to the experimental values at 321-0K. The dotted line shows
the conductivity contribution (according to equation (1), using the fit parameters
8y = 15 x 1077 1/Qcm and s = 0-8). The dashed line shows the Cole-Cole function
(according to equation (2), using the fit parameters ¢, = 2, Ae = 14,0, « = 0-86 and
7 =38 x 107%s).
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the Curie-Weiss law in both phases {7,8,9(b), 12,15(b)]. The soft mode in this
polymer occurs at lower frequencies compared to the soft mode in other polymeric
system [13-15], which is not surprising because all of these systems have mesogenic
units composed of two phenyl rings, whereas in PAC-7 this mesogenic unit is a
biphenylbenzoatester group. The experimental data of the soft mode are well describ-
able by the Cole-Cole equation (see figure 3)

& — &4
=T T+ oo’ M
where ¢.. and ¢, are the values of the complex dielectric function on the high frequency
and low frequency side of the relaxation process, respectively, t is the mean relaxation
time and the parameter a describes the symmetric broadening of the relaxation
time distribution. The values for t and « are only slightly temperature dependent and
comparable to the fit parameters found for combined side-group main-chain ferro-
electric liquid-crystalline polymers [13, 14, 15(a), (b)}, whereas Ag¢ is for these side
group polymers larger due to the higher concentration of mesogenic groups carrying
a chiral terminal group. At lower frequencies the contribution of the conduction
occurs. Its frequency dependence obeys the equation {21, 22]

%

80(1)“ ~5)?

gw) = ¢

e'(w) = )
and can thereby be subtracted (see figure 3); §, and s are fit parameters. For s, values
of about 0-8 are found, which indicates a hopping conductivity. The Goldstone mode
is, in the S phase, presumably covered by the conductivity contribution. In the S,
phase it has to be expected at lower frequencies, because (i) the S, phase has a
hexagonal packing, and (ii) the S, orientational viscosity is higher.

In the second polymer PAC-1B, the phase transitions are shifted towards higher
temperatures. The conductivity contribution covers all processes, however by taking
a superposition of the ferroelectric modes and the conductivity into account, a
qualitative approach is possible. In figure 4 the isochronal representations of the
dielectric loss (¢”) and the real part (¢) of the complex dielectric function versus
temperature are shown. Entering the S, phase from the isotropic phase leads to a
strong increase in &’ and ¢” arising from the occurrence of the soft mode. This increase
continues in the S¢ phase arising there from the additional Goldstone mode. At the
transition temperature S, — S¥ the modulations in ¢” and ¢” arise probably from the
soft mode feature [8,9 (b), 12,15 (b)]. At the transition from S¢ to the tilted highly
ordered Sy phase ¢” decreases because of the stronger hindrance of the Goldstone
mode in the Sy phase. The transitions Sy-Sg can again be seen in ¢, ¢” where both
increases result from the rearrangements of the molecules from the tilted hexagonal
packing to the crystal-like Sy phase with an orthogonal layering structure. A quanti-
tative analysis is not possible so far with polymer PAC-1B. A purification pro-
cedure for this polymer from the ionic contamination should be one way to achieve
this.

The authors wish to thank Dr. R. Zentel, Dr. H. Coles, Dr. H. Kresse, H. Kapitza,
F. Gouda and Professor W. Frank for helpful discussion. The technical assistance of
G. Zak and the support in computer programming by A. Zetsche is highly acknowl-
edged as well as the financial support of the Forschungsinstitut der Deutschen
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Figure 4. Isochronal representation of the real part (¢') and the imaginary part (¢”) of the
complex dielectric function versus temperature for PAC-1B for the frequencies indicated.
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