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The aim of this work is to study by complementary methods physical properties of
calamitic chiral thioester showing ferroelectric behaviour. Phase transition tempera-
tures, stability as well as rich polymorphism have been investigated by DSC mea-
surements and texture observations. The type of the paraelectric—ferroelectric
phase transition has been studied based on the spontaneous polarization measure-
ments. The relaxation processes have been revealed in all liquid crystalline phases
and sub-phases using the dielectric spectroscopy method. The interpretation of all
of them is presented.

Keywords Dielectric relaxation; ferroelectric phase; spontaneous polarization;
sub-phases

1. Introduction

One of the very interesting and unexpected properties of liquid crystals is the ferro-
electricity found by Meyer et al. [1] as well as the antiferroelectricity discovered by
Chandani et al. [2]. Those and several subsequent phenomena have been intensively
studied, and took effect in their practical application (e.g., LCD). Learning of the
ferroelectric and antiferroelectric phases as well as the sub-phases occurring between
them are essential in understanding their intrinsic properties.

Typical phase sequence during cooling of chiral liquid crystalline substance
being of MHPOBC analogue is as follows: SmA® — SmC) — SmC" — SmCj—
SmC* SmC},, which was predicted by a discrete phenomenologlcal model solut1on
[3- 5] The SmC;, sub-phase is a clock structured with short period of helix, typically
from 5 to a 50 smectic layers [6—13]. This sub-phase appears always below paraelec-
tric SmA* phase and shows up as an antiferroelectric one in its high temperature
range and ferroelectric one in its low temperature range [14]. The SmCj sub-phase
is a clock structured sub-phase [15] as well but for many years it used to be con-
sidered as the ferroelectric SmC* phase. On the other hand in several studies it
was shown that this sub-phase exhibits antiferroelectric properties [16-18] for the
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optically very pure compounds. There has been also shown in the end that the SmCE
sub-phase is earlier found the SmCy,, sub-phase (denoted also as AF or SmCjp).
However, the SmC* phase shows up when the purity of the compounds decreases
[19]. Its pseudo-unit cell consists of four layers. The SmC; sub—phase (denoted also
as SmCyy,) is also clock structured one, but it exhibits ferrielectric properties, which
is a result of the non cancelled polarization over the three-layered periodicity [20].
The aim of this work is to study physical properties of the tenth homologue of
three-ring chiral thioester series n.OPOSMH which exhibits all phases and
sub-phases mentioned above. The substance 10.0POSMH has been subjected to
complementary methods such as calorimetric, electrooptic measurements and dielec-
tric spectroscopy as well. The main goal was to investigate its substantial properties
such as spontaneous polarization value, collective and molecular dynamics and order
of the para-ferroelectric phase transition. Interpretation of the nature of dielectric
processes detected in the liquid crystalline phases will be discussed in detail.

2. Experimental

Complementary methods have been used to study physical properties of chiral cala-
mitic tioester (S)-(+)-4-[(4-{[1-methyl]heptylcarboxyl}phenyl)-carbonylthio]phenyl-
4'-decyloxy-1-benzencarboxylate (in short 10.0OPOSMH). The molecular structure
of the substance studied [21] is presented in Figure 1.

The substance 10.0POSMH exhibits rich polymorphism with sub-phases:
narrow SmC;, and SmC;} and SmC;f, as well as wide temperature range ferroelectric
SmC* and antiferroelectric SmC), phases. The complementary methods such as
differential scanning calorimetry (DSC), spontaneous polarization measurements
and frequency domain dielectric spectroscopy (FDDS) have been used to study its
physical properties. DSC measurements have been done using Perkin Elmer Pyris
1 DSC calorimeter and the texture observations using Nikon Eclipse polarizing
microscope. To check the stability of the substance and to detect the weak transitions
the 11 rates of heating and cooling (1, 3, 5, 7, 10, 15, 20, 25, 30, 35, 40 K/min) were
used in the DSC measurements. Additionally, the texture observations with and
without aligning electric field applied, have been performed to recognize the liquid
crystalline phases during heating and cooling.

Measurements of the spontaneous polarization Pg have been done by reversal
current method versus temperature for different frequencies of the triangular wave
applied (5, 10, 20, 50, 100 Hz). The liquid crystalline sample was sandwiched into cell
with ITO electrodes, covered by polymer layer facilitating the planar alignment.
Linkam GS350 hot stage has been used for temperature controlling.

Dielectric spectra have been taken in all liquid crystalline phases during cooling
of the planar aligned sample, in the broad frequency range: from 40 Hz to 10 MHz.
The commercial cell (AWAT Company) of thickness of 5 pm with golden electrodes

H,,C o—@—c y
2110 \O C\ //0
D S C.
‘o—(ltH— CeHis
CH

Figure 1. Molecular structure of substance 10.OPOSMH.
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has been used in this case and the perpendicular component of the dielectric permit-
tivity & (w) = €| (w) — i¢/ (w) has been measured [22]. These measurements have
been done using dielectric spectrometer based on Agilent 4294A impedance analyzer.

3. Results and Discussion
3.1. Calorimetric Measurements

Studies of the phase transitions as well as substance stability have been carried out
by DSC method and texture observations. As mentioned above the measurements
have been done for 11 heating and cooling rates, but only for two rates equal to
3K/min and 1K/min the richest polymorphism has been observed. The curves
registered for other rates show clearly only two phase transitions: melting and clear-
ing point on heating, and clearing and crystallization on cooling. As an example the
DSC curve for 1 K/min is shown in Figure 2. For each anomaly observed on DSC
curves the onset temperature has been calculate and plotted versus cooling/heating
rate to obtain the transition temperature at the so-called zero rate by fitting straight
line to these dependences. Outcomes for heating are as follows: 80°C for melting and
150°C for clearing points; for cooling: 62°C and 150°C, respectively.

3.2. Texture Observations

Texture observations have been performed versus temperature without and with AC
field to identify the liquid crystalline phases as well as to measure the transition tem-
peratures. Characteristic textures for particular phase and sub-phase registered with-
out AC field during cooling are presented in Figure 3. The phase sequences during

SmC’

DSC [mW]

Cr smcC’

>

SMC smc . -l

SmA

20 40 60 80 100 120 140 160 180
TFC]

Figure 2. DSC curves at heating (red curve) and cooling (blue curve) obtained at rate equal to
1 K/min. The inset shows enlarged area of cooling curve (temperature from isotropic to SmCj
phase). (Figure appears in color online.)
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Figure 3. The textures taken without AC field in: (a) SmA* phase, (b) SmC; sub-phase, (c)
SmC* phase, (d) SmCj; sub-phase, (¢) SmC] sub-phase, and (f) SmC, phase. (Figure appears
in color online.)

heating and cooling have been obtained taking into account the results of texture
observation and DSC studies (onset temperatures):
Heating:

Cr.80°C SmCj, 116°C SmC*129°C SmA™"150°C 1.
Cooling:

1150°C SmA*130°CSmC;128°CSmC"116°CSmCy;114°C SmC;104°C SmC}, 62°CCr.

As mentioned above texture observations have been also performed with electric
field of amplitude equal to 80 Vp-p. Such high voltage has been chosen because in
the antiferreoelctric SmC) phase the switching has been observed at this value of
voltage applied. During cooling with the AC field the dark area between electrodes
(Fig. 4a) has been observed in the whole temperature range of paraelectric SmA*
phase what was interpreted as homeotropic texture of this phase. It means that
the dielectric anisotropy of the SmA* phase is positive at low frequencies. Such
reorientation of molecules under electric field applied is known in literature as
Freedericks transition. During further cooling with AC field at the transition tem-
perature to the SmC; sub-phase the reorientation into the planar alignment has been

Figure 4. The textures obtained with AC aligning field in: (a) SmA* phase, (b) SmC;
sub-phase, and (c) SmC}, phase. (Figure appears in color online.)
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observed and as the result the mono-domain of the SmC,, ferroelectric SmC* and
antiferroelectric SmC} phases, as well as SmCy and SmC] sub-phases between them,
have been obtained. As examples the planar textures of mono-domains are presented
for the SmC], sub-phase and SmC} phase in Figures 4b,c.

3.3. Spontaneous Polarization Measurements

Measurements of the spontaneous polarization Pg have been done by reversal cur-
rent method versus temperature for different frequencies of the triangular wave
applied. Temperature dependence of spontaneous polarization taken at frequency
v=10Hz is shown, as an example, in Figure 5. As one can see the SmA* — SmC*
phase transition is continuous one and the mean field function Pg=Py(Tc— T)*
[23] fitted to the experimental points gives f§ parameter equal to 0.31. For all other
frequencies of the triangular wave applied the temperature behaviour is similar and
the f parameter is in range from 0.26 to 0.3. Therefore one can conclude that a
tri-critical point has been observed at the transition SmA* — SmC; — SmC*. The
maximum value of Pg is equal to ca. 90 nC/cm? for all frequencies of driving voltage
used. It is a medium value of spontaneous polarization which may mean that perma-
nent dipole moments of two thioester groups are compensated. Four permanent
dipole moments in the molecule facilitate reach polymorphism.

3.4. Dielectric Measurements

The aim of the dielectric studies was to find the dielectric permittivity of molecular
relaxation processes appearing in the liquid crystalline phases and sub-phases.
Therefore the dielectric spectra during cooling, in whole liquid crystalline

C
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P,=282%36
T, =1242£04
p=0.31£0.08
0 g L] L L} :
60 80 100 120
T/°C

Figure 5. Temperature dependence of spontaneous polarization obtained for frequency of
triangular wave applied equal to 5 Hz. The red line has been obtained by fitting the mean field
function to the experimental data close to the critical temperature.
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temperature range have been taken and Cole—Cole formula with conductivity and
electrode polarization terms [24] has been fitted to the experimental data:

ey £(0) — &(00) id B
#(v) = e(00) + (2 +—5 (1)

where, &(o0) is dielectric permittivity at high frequency, ¢(0) dielectric permittivity at
low frequencies, v — frequency, t — relaxation time, o — distribution parameter of
relaxation process and 4, B — constant. The third part is related to ionic conductivity
o =2Amney while the last term is connected with electrode polarization. This model
has been chosen to compute the contribution of conductivity and electrode polariza-
tion to the dielectric spectra. It is worth to point out here that the effect of high
frequency losses related to low conductivity of ITO layer [25] can be neglected
because the cell with golden electrodes have been used for the dielectric measure-
ments. The critical frequency, the dielectric increment and the distribution parameter
o have been obtained as fitting parameters. As examples the dielectric spectra and
Cole—Cole diagrams taken in each liquid crystalline phase and sub-phase are pre-
sented in Figures 6-9. One relaxation process has been revealed in the paraelectric
SmA* phase (Fig. 6) with strongly temperature dependent relaxation frequency as

(a)
[} s N
€ SmA’ (120°C) | ¢ "
44
[:
-9
A =1,8210
44 B =135
M =079 IR
N =087 A= 1,46
g(=x) = 4,94 v =629957 Hz
24 a=0,15
SM
' o T T 0
3 5
10 viHz 1°
e " (b}
10}
05}k
SM
0,0 L 1 L
45 50 55 6,0 '
€

Figure 6. Dielectric spectrum (a) and Cole—Cole diagram (b) for SmA* phase. The solid line is
a result of fitting Cole—Cole formula to the experimental data.
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Figure 7. Dielectric spectrum (a) and Cole—Cole diagram (b) for SmC* phase. The solid line is a
result of fitting Cole—Cole formula to the experimental data.

well as dielectric increment. One relaxation process has been also observed in the
ferroelectric SmC* phase (Fig. 7) but this process, being almost temperature inde-
pendent, appears in the low frequency range (critical frequency is equal to ca.
2 kHz) and it exhibits a large dielectric strength, ca. 130. Figure § presents the dielec-
tric spectrum taken in the SmC.'*, sub-phase with three processes visible. During
further cooling, the antiferroelectric SmC), phase has been revealed with character-
istic dielectric spectrum consisting of two processes (Fig. 9). To identify these relax-
ation processes the critical frequency has been plotted versus temperature, as it is
shown in Figure 10. Based on the temperature behaviour of critical frequency and
dielectric increment one can interpret, according to predictions by the mean field
model [26], the dielectric process registered in paraelectric SmA* phase as the soft
mode (SM) and the low frequency, temperature independent, dielectric mode
observed in the ferroelectric SmC* phase as the Goldstone mode (GM).

As found in literature, when the SmC;, sub-phase is in the temperature range of
several degrees, the slope variation of temperature dependence of the relaxation
frequency is slightly different in this sub-phase than in the SmA* phase and this pro-
cess is called as a ferroelectric soft mode [27-30]. Such situation seems to take place
in the case of 10.OPOSMH studied (see Fig. 10).

In the antiferroelectric SmC), phase there are possible four different relaxation
modes connected with four various collective stochastic movements of molecules
[31]: two amplitudons and two phasons. Concerning amplitudons, one can find
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Figure 8. Dielectric spectrum (a) and Cole—Cole diagram (b) for Sme,f phase. The solid line is
a result of fitting Cole—Cole formula to the experimental data.

ferroelectric amplitudon connected with in-phase fluctuation of the tilt of molecules in
adjacent layers and anti-phase fluctuation of the tilt of molecules in neighbouring
layers called antiferroelectric amplitudon. Two phasons are as follows: antiferroelec-
tric mode which is connecting with in-phase fluctuations of the director’s phase in
adjacent layers and ferroelectric one connected with anti-phase fluctuations of the
director’s phase in neighbouring layers. The antiferroelectric phason is sometimes
called as antiferroelectric Goldstone mode because in-phase fluctuations in the same
direction cost no energy, like in the case of Goldstone mode in the ferroelectric phase.
On the other hand the ferroelectric phason is also called as non-cancellation mode
(NCM)[32]. The ferroelectric amplitudon is also known as the soft mode in the anti-
ferroelectric SmC), phase by Yu. Panarin et al. [33]. From these four processes only
two are polar and can be active in dielectric spectroscopy, namely ferroelectric ampli-
tudon and ferroelectric phason [31]. Additionally, the boundary conditions, e.g. the
geometry of a cell used for dielectric measurements have influence on which of the
relaxation processes can be observed in the antiferroelectric SmC), phase [34].
Further interpretation of the dielectric processes registered in the lower tenElpera-
ture phases and sub-phases could be made based on Arrhenius plot f¢c = foe ™" and
calculation of activation energy. The relaxation times versus inverse of absolute
temperature are shown in Figure 11. As one can see, Process 2 with activation energy
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Figure 9. Dielectric spectrum (a) and Cole—Cole diagram (b) for SmC}, phase. The solid line is
a result of fitting Cole—Cole formula to the experimental data.
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Figure 10. Temperature dependences of critical frequencies for processes revealed in all liquid
crystalline phases.
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Figure 11. Arrhenius plot for all relaxation processes revealed in the SmC), phase and SmC;‘,
and SmC; sub-phases.

equal to 88kJ/mole is visible in the SmCj;, SmC] sub-phases as well as in SmCj,
phase and doesn’t change at the phase transition. The value of activation energy
of this process suggests that it could be connected with the reorientation of molecule
around the short axis (s-process), as it was observed by different authors [32,35,36].
On the other hand, the process denoted as Process 3 in Figure 11, registered in fre-
quencies close to 1 MHz, with activation energy equal to E, =37kJ/mole, could be
interpreted as a non-cancelation mode (NCM) in antiferroelectric SmC}, what is in
good agreement with the results obtained by other authors [32,37,38] This process is
resulting from incomplete compensation of polarization in the neighboring layers
[39]. The Process 1 registered in low frequency range in the SmCj; and SmC]
sub-phases, is comparable with the Goldstone mode in ferroelectric phase but is
slightly temperature dependent. Some authors interpreted such process in the
SmC;f sub-phase as a ferrielectric Goldstone mode [40-42]. On the other hand Cepic
et al. interpreted this low frequency process as to be related to the movements of
domain boundaries [43]. From another point of view the process registered in the
SmCZ sub-phase was interpreted as anti-phase reorientation of the director with
constant tilt [42]. Summarizing, in this study a proper interpretation of this low
frequency process seems to be as follows: it is connected with in-phase fluctuation
of phase, which looks a little bit different in the SmC] and SmCj; sub-phases because
the structure of them exhibits three-layer and four layer periodicity, respectively.

4. Conclusions

e Rich polymorphism, phase transition temperatures as well as stability of
10.0POSMH substance have been found by DSC measurements and texture
observations.

o The spontaneous polarization measurements in the vicinity of the critical tem-
perature show that the paraelectric—ferroelectric phase transition is neither a
second nor a first order. It seems to be a tri-critical point.
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¢ Using dielectric spectroscopy measurements and data analyzing the relaxation
processes have been revealed in the liquid crystalline phases, namely: soft
mode (SM) in the paraelectric SmA* phase as well as in the SmC;, sub-phase
and Goldstone Mode (GM) in the whole temperature range of the ferroelec-
tric SmC* phase. Three processes have been observed in the sub-phases SmC;}
and Sme; and two in the SmC} phase. One of them has been interpreted as
molecular process S and the second one as non-cancelation mode (NCM) in
all these phases mentioned above. The third process in the SmC}} and SmC;f
sub-phases seems to be connected with in-phase fluctuation of azimuthal
angle, which slightly differ in these sub-phases because they differ in the
structure.
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