1. Introduction

Liquid crystals built of banana-shaped molecules are new interesting and original liquid
crystals class. Investigations of this group provide us with new interesting results and give a
contribution to liquid crystals science. Smectic B phases of banana-shaped systems differ
from typical ferroelectric and antiferroelectric smectic phases studied so far. They form new
kinds of smectics and two-dimensional phases, so unlike to those obtained for calamitic LCs.
These new materials attract our attention because of unexpected electrooptic properties.

The aim of present PhD Thesis was to investigate electrooptic and dielectric properties and
conductivity of B phases of banana-shaped homologues nOSOR (n =9, 12, 14) and a mixture
of 120SOR and MHPSBO9 (in short 12R9AF). nOSOR compounds are built of achiral
banana-shaped molecules, however MHPSBO® is built of chiral calamitic molecules. 9OSOR
compound shows banana-shaped ferroelectric B; phase, however 120SOR, 140OSOR and
12RIAF mixture show antiferroelectric B, phase. All materials studied were synthesized by
Mrs. Dr. hab. Mirostawa Ossowska-Chrusciel from Institute of Chemistry, University of
Podlasie.

To determine temperatures, enthalpy and entropy changes of phase transitions differential
scanning calorimetry (DSC) was used (section 3.2.). To identify phases polarization
microscopy was used described in section 3.1.1.

Spontaneous polarization versus temperature measurements were performed using reversal
current method (section 3.1.3.). Using this method, polarization dependence on electric field
was also investigated.

In present dissertation dielectric relaxation processes and ionic conductivity were
measured in frequency range from 40 Hz to 10 MHz for B; and B, phases. Dielectric
investigations were performed using Frequency Domain Dielectric Spectroscopy method (in
short FDDS) (section 3.4.).

All measurements were done in New Materials Engineering Department, Institute of

Physics, Jagiellonian University in Cracow.



2. Theory

2.1. Basic Information About Banana-Shaped Liquid Crystals

For a long time polar ordering was associated with chiral symmetry breaking [1]. In 1996
Niori and his co-workers found ferroelectric switching of polar smectic phase for a compound
built of banana-shaped achiral molecules. Dipolar ordering was a result of rotational
restrictions due to steric interactions between the molecules. Polar order phenomena and
chiral properties of B phases allow one to observe ferro- or antiferroelectric behavior as well
as electroopitc switching despite the lack of chirality of the molecules [2, 3, 4].

Liquid crystals built of banana-shaped molecules are very good materials to apply in large
flat displays for computers and color TV’s — they characterize with fast antiferroelectric
switching. Thin liquid crystal layers having banana-shaped molecules in tilted smectic layer
show electrooptic switching after applying electric voltage without earlier polarization and
without highlight, the order of magnitude of switching time is 100 microseconds. One of the
promising features to apply these materials is their non-linear optical response, they are the
most efficient liquid crystal materials to non-linear optic application. Large spontaneous
polarization made them interesting as ferroelectrics and pyro- and piezoelectric materials.
Displays built of banana-shaped liquid crystals has better angle of view and what is more
important, they are energy-saving.

In 1997 the first conference devoted to these phases took place in Berlin. During this
conference different structures of them were named from B, to B.

The B, phase structure is a fluid-like smectic giving a mosaic texture. This phase has been
observed in higher temperatures than B, phase, but lower than B¢ phase [5].

Also the B; phase is a fluid smectic like. This phase shows usually antiferroelectric switching
behavior and its texture can be focal-conic-like, but also fan-like [5].

The Bj; phase is a higher ordered smectic or soft crystal phase and usually is observed below
the B, phase but its nature and structure is not quite known yet [5].

The B4 phase belongs to soft crystal phases and it is observed below B, and Bj; phase. Its
texture has characteristic features - weak birefringence and intensive blue color. The B4 phase
different domains show optical activity of opposite sign [5]. The most seldom observed B

phase is Bs phase appearing below B, phase and is very difficult to recognize because the



changes in texture are very subtle. The electrooptic behavior of this phase is analogous to that
of B, phase, but the viscosity is higher for Bs phase [5].

The B¢ phase is an intercalated tilted smectic phase. The intercalation can be a result of core-
chain interaction smaller than for B; phase but with larger entropy [6]. The B¢ phase does not
have any order in-plane and exhibits a fan-shaped texture [5].

The B; phase is very easy to identify because of its complex texture, it forms a helical
superstructure. Its spiral and double spiral lancets can be left- or right-handed. The steric
packing of the molecules causes a polar order in smectic layer. The B; phase has the ability to
switch just like the B, phase, but at larger electric field applied [5].

The B phases are formed when the bending angle between molecule branches is 120 —
130°. For this phases there are three independent order parameters: density modulation, tilt
angle and layer polarization. These phases show at least one-dimensional positional order.
Rotational restriction of banana-shaped molecules results from the long range order of their
transverse axes and in consequence — the dipole moments (Fig. 2.1) [7, 8]. Ferro- or

antiferroelectric switching show B, and Bs phases and also two-dimensional B phases.

Fig. 2.1. Rotational restriction around the long molecular axis

2.2. Structure and Properties of B; and B, Phase

The structure of By phase is shown in Fig. 2.2. The rectangular lattice is described by two
parameters: a - describes the in-plane periodicity of the modulated phase and C - corresponds
to the layer thickness. Side chains of the molecule in one layer overlap the cores of molecules
in neighboring layers. The structure is stabilized by the core-core attraction and the core-chain

segregation at these interfaces [7, 9].



Fig. 2.2. Alignment of molecules in B; phase

The most intensively investigated is B, phase, in which the molecular long axes is tilted

with respect to the layer normal.

The most attractive aspect of tilted smectic phases built of bent-core molecules is their

mezoscopic chirality of the layer despite the lack of chiral centers of molecules [2, 3]. This is

connected with polar packaging of molecules and the tilt of optical axis 7 with respect to the

smectic layer normal. These layers are biaxial and acquire second optical axis parallel to the

smectic layer to describe their electrooptic and dielectric properties. Molecular reorientation

of bent-core molecules in the B; phase is strongly restricted due to high molecule packaging

density in the smectic layer. Thanks to this, the order parameter is almost temperature

independent, which stands for good stability of these phases, unlike liquid crystals built of

rod-like and discotic molecules [10, 11].
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Fig. 2.3. (a) and (b) Coordinate systems and structures built on them



In order to describe the orientation of banana-shaped molecule in a single smectic layer of
B, phase three unit vectors are introduced: normal to the layer (z), polarization vector (p) and

projection of the n director on the smectic layer (C). In tilted smectics these vectors can form
two coordinate systems: (Z,¢,p) or (¢,z, p) — right- or left-handed, respectively. Smectic

structures [8] built on them bear opposite chiralities (Fig. 2.3.(a) and (b)).

SmCsPA Sl’IlCAPA Sl’IlePF SmCAPF

Fig. 2.4. Theoretically predicted structures of B, phase

These chiral layers can be arranged in different ways. The B, phase can have four possible
structures (Fig. 2.4.) from the left: synclinic — antiferroelectric, antyclinic — antiferroelectric,
synclinic — ferroelectric and antyclinic — ferroelectric [12]. Two antiferroelectric states
usually appear as ground state and two ferroelectric states can be obtained by applying an
external electric field [13]. Different types of B, phases can be distinguished by using

complimentary methods: texture observation, electrooptic response and X-ray diffraction.

2.3. The Switching Mechanism in Anticlinic - Antiferroelectric B, Phase (SmCaPa)

As it was mentioned before, polar order phenomena and chiral properties of B phases
allow one to observe ferro- or antiferroelectric behavior as well as electroopitc switching
despite the lack of chirality of the molecules [2, 3]. In banana-shaped liquid crystals there is
no correlations between the direction of the tilt and the direction of the polarization in

difference to ordinary chiral ferroelectric SmC and chiral antiferroelectric SmCa.



The switching process of SmCxP4 phase is tristable because there are three distinct states:
SmCsPr, SmCaPA and SmCgsPr. This switching process between antiferro- and ferroelectric
states occurs by fast rotation of molecules around a tilt cone (Fig. 2.5. (a)), during rotation

polar direction reverses as well as tilt direction.
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Fig.2.5. (a) Rotation of molecules around a tilt cone and (b) tristable switching process of
SmCaP4 phase



Change of the tilt direction can be seen by the rotation of the dark extinction brushes
occurring in circular domains. In this domains the molecules lay predominantly parallel to the
surfaces and the layers are rolled up (see Fig. 2.5. (b)). The dark brushes occur due to the tilt
of the molecules and are parallel and perpendicular to the molecular long axes. In SmCaPa
state (when E = 0) the average optical axes is parallel to polarizers that is why the dark

brushes occur parallel to the direction of the polarizers [14].

2.4. Dielectric Relaxation

External electric field applied to the dielectric material causes slow increase of its
orientational polarization to a specific value, the removal of this electric field leads to
disappearance of orientation but it is not sudden effect, it is very slow. The phenomena of
slow increasing and disappearance of polarization is called a dielectric relaxation. The speed

of polarization disappearance is characterized by a relaxation function [15, 16]:
t
$(6) = poexp (%), @)

where 7 constant is the dielectric relaxation time correlated with critical frequency: T = Tnf
c

Complex electric permittivity for dielectric material has a form [16]:
e*(w) = ¢'(w) —ic' (W), (2.2)

where: €'(w) is dispersion and & () is absorption.

The dielectric spectrum can be presented by the Debye’a — Pellat equation [15]:

£ (w) = £(o0) +£0=2 23)

1+iwt

One can split this equation to real and imaginary part and get an expression of dispersion and

absorption [16]:
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When: w — 0: £(0) = £(0), €(0) =0, w = «: £(0) = g(x), €(0) = 0. The difference:
€(0) — &(0) = A¢ is called a dielectric increment. Theoretical dispersion and absorption

curves are presented in Fig. 2.6. From these curves one can determine a critical frequency

[15].
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Fig. 2.6. Theoretical dispersion and absorption curves [17]

To describe the relaxation processes of liquid crystals more general form of 2.3 function is

used [15]:

£(0)—&(0)

1+(i2mvTy)1—®

£*(v) = e(o0) + (2.5)

where (o) is a high frequency electric permittivity, £(0) — static electric permittivity, T —
relaxation time, a — distribution parameter of relaxation times (0 < @ < 1), v is a frequency.
This function is called Cole — Cole function. Theoretical Cole — Cole graph for pure Debye

process (a = 0) is presented in Fig. 2.7.
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Fig. 2.7. Cole — Cole graph for @ = 0. Debye type relaxation [17]

When a # 0 the relaxation process is not Debye type and the shape of Cole — Cole graph is

not a semicircle but a circle arc centre of which lies below the " axis [16] (Fig. 2.8.).
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Fig. 2.8. Cole — Cole graph for a« # 0. Complex relaxation process [17]

For banana-shaped liquid crystals at low frequencies the dispersion behaves rather unusual
— it is linear on the logarithmic scale for the investigated compound there is an electrode
polarization contribution to the dielectric permittivity. For the dielectric loss however, at low
frequencies there is the electrical ionic conductivity contribution. The best fitting function

occurred to be a Cole — Cole function with extra parameters [13, 18]:

£(0)—&(0) iA
1+(i2mvr)i-@  ggvM  YyN?

e*(v) = e(o0) + (2.6)

where €(0) is a high frequency electric permittivity, €, — electric permittivity of the free

space, €(0) — static electric permittivity, T — relaxation time, a — distribution parameter of



relaxation times (0 < a < 1), g(v) — ionic conductivity, v is a frequency and A, B, M,N —

o(v)
emM’

phenomenological fitting parameters, where A =

10



3. Experimental Methods

In present PhD Thesis to determine phase diagrams for investigated materials, Differential
Scanning Calorimetry was used. Polarization microscopy allowed to identify these phases. To
measure spontaneous polarization reversal current method was used. Dielectric measurements

with FDDS method were also performed.
3.1. Electrooptic Methods in Investigating Liquid Crystals
3.1.1. Polarization microscopy

Birefringence or double refraction is a feature of liquid crystals that allows investigating
them by polarization microscopy. Double refraction is a phenomenon of the splitting of a ray
of light into two rays when it passes through certain types of materials — the ordinary ray and
the extraordinary ray. This effect can occur only if the structure of the material is anisotropic
and liquid crystals fulfill this condition. The birefringence magnitude is: An = n, —n,,
where n, is the extraordinary ray and n, is the ordinary ray.

To electrooptic measurements and texture observations Nikon Eclipse Polarizing
Microscope LVI00POL and INSTEC temperature controller were used. Texture observations
and studies of electrooptic switching between the planar and homeotropic textures for
120SOR were done at LEMCEL using Olympus Polarizing Microscope BX60 and LINCAM
temperature controller. Both microscopes have accessory allowing doing pictures. The
principle of operation of polarizing microscope and a picture of Nikon Eclipse Polarizing
Microscope are presented in fig. 3.1. Polarizer and analyzer in polarizing microscope are
identical polarizers giving linearly polarized light. Polarizer and analyzer are crossed; their
polarization planes form an angle of 90 degrees. If there is no substance showing double
refraction between polarizer and analyzer the image observed will be black because the ray of
light will not get to the eyepiece, it will be extinguished. Otherwise, if we put birefringence
substance between polarizers we will see brightening of the image (Fig. 3.1.).

The image of observed liquid crystal under polarizing microscope is called the texture. It
arises due to interaction between the polarized light and liquid crystal order [19]. An
appearance of the texture is influenced by a few factors like: quality of the surface of glass

plates, which delimit liquid crystal, defects appearing in the liquid crystal structure, and also
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the influence of electric and magnetic fields, temperature gradients and the mechanical

stresses.

‘ +— Eyepiece

« Light rays after
interference

“6. +— Analyzer
. +— Objective

- Extraordinary ray

Ordinary ray

Liquid crystal

"‘"""ﬁ +— Polarized light

Polarizer — é
g( )‘é.
™ Source of light

Fig. 3.1. The principle of operation of polarization microscopy [20] and a picture of Nikon
Eclipse Polarizing Microscope

These factors cause local changes of ¢ angle and also birefringence, what leads to changes in
the texture. Intensity of the light going through the liquid crystal layer can be introduced by

Fresnel equation [21]:

mdAn

I(}) = Iysin?(2¢)sin?(——), (3.1)

where: I — intensity of the polarized light entering the liquid crystal,
¢ — the angle between the director and the polarization plane of the polarizer,
d — the sample thickness,
An — optical anisotropy (An = n, —n,),

A — the wavelength of light passing through.

For every liquid crystal phase there are characteristic textures. Texture observations during
temperature changes allow determining phase diagram and identifying single phases
comparing observed images with adequate texture models. Sometimes it can be difficult

because not always observed image is identical with the model.
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3.1.2. Electrooptic measurements

To observe textures of liquid crystals it can be put on a glass plate, but then we will have
thick layer with not known thickness. It is more convenient to put the liquid crystal into the
electrooptic cell, which allows observing thin layer of liquid crystal with constant thickness as
a function of temperature and electric field. Electrooptic cell is built of two glass plates with
properly prepared surfaces, plates are separated by spacers and glued together so that the cell
and what comes next — liquid crystal — has strictly fixed thickness (from few to few dozen
micrometers). To the inner surfaces of glass plates electrodes with indium — tin oxide (ITO)
are put. ITO is light transparent. This type of electrooptic cells are called in short ITO cells.
Electric wires are stacked to the electrodes by silver paste. Scheme of this kind of electrooptic

cell is presented in Fig. 3.2.

spacers liquid crystal

)f\ 7
electrode with = 7 o
1o ?’v
\M electric wires

Fig. 3.2. Electrooptic cell

glass plates

Liquid crystal is put into the electrooptic cell by means of capillary effect. To do this the
electrooptic cell has to be heated to the temperature of isotropic phase of the substance
investigated. Small amount of the sample is put near capillary slot between the glass plates,
after heating to the clarification point temperature the sample fills entire cell due to capillary
effect [17]. Electrooptic cells allow controlling order of samples putted into them by polymer
layer placed on electrodes surfaces. This properly prepared polymer layer makes easier to
orientate long molecule axes parallel to this layer [21].
In present dissertation electrooptic measurements were done using HG electrooptic cells
(giving homogeneous orientation) with ITO electrodes made by AWAT Company. Dielectric
measurements were done also using HG electrooptic cells made by AWAT Company but with
gold electrodes.

Texture observations and electrooptic measurements were done using Nikon Eclipse

Polarizing Microscope LV100POL. Electrooptic cell was put in heating accessory controlled
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by INSTEC temperature controller. To observe textures in electrooptic field high voltage was
put to the electrooptic cell from Agilent 33120A wave form generator amplified by F20A

amplifier.

3.1.3. Spontaneous polarization measurements by reversal current method

Reversal current method is also known as triangular wave method. The measurements of
spontaneous polarization were done using Agilent 33120A wave form generator and F20A
amplifier. Both the driving voltage and the response current spectra of the samples were
recorded on the Agilent DSO6102A digital scope and transferred by LAN connection to the
computer. Temperature of the sample was controlled by means of INSTEC hot stage driven

by the computer. Scheme of measurement equipment is presented in Fig. 3.3. [17].
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Fig. 3.3. Scheme of spontaneous polarization measurements equipment

Electrooptic cell with liquid crystal is connected with model resistor R, by series connection.
Measuring voltage drop on R, resistor one can determine response current [(t) flowing
through the sample. Electrooptic cell with liquid crystal can be treated as parallel connection
of resistor R, capacity C and current source P, then response current of the sample consist of

three contributions [22]:

Ut au(t d t
1) = Ig(6) + Ic(t) + [ (1) = 22 + ¢ B2 4 220, (32)

14



where: Iz (t) — ionic flow current,
I-(t) — charging capacitor current,
Ip(t) — polarization reorientation current,
Qp(t) — electric charge quantity, induced by reorientation of macroscopic polarization

of the sample.
If one take Ip(t) contribution from total signal than it will be possible to calculate

spontaneous polarization by integrating area under the peak. Spontaneous polarization is

connected with area under the peak [23, 24]:

P == (3.3)

dt),

b U,(t
where: A — area under the current peak (A = fa 3}; ®
0

R — resistance,

S — area of electrodes of measuring cell.

Exemplary response of the sample on the electric voltage with triangular wave shape is

presented in Fig. 3.4.
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Fig. 3.4. Triangular driving voltage (right-hand side scale) applied and reversal current
spectrum (left-hand side scale) for antiferroelectric B, phase in 120SOR
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3.2. DSC Scanning Calorimetry

Thermal properties of investigated materials have been studied by Pyris] DSC scanning
calorimeter made by Perkin Elmer Company. Transition temperatures, enthalpies and
entropies of the transitions have been computed based on DSC heating and cooling runs.

Calorimeter head chart is presented in Fig. 3.5 [25]:

sample (S) reference (R)

resistance
7 thermometers T

————

i heating elements |

Fig. 3.5. Calorimeter head chart

The calorimeter is composed of two identical heating systems equipped with platinum
resistance thermometer and heater. The container on the left — hand side contains an
aluminum vessel filled with investigated sample (S), the right — hand side however contains
empty aluminum vessel named the reference sample (R). Both containers are heated by their
individual heater and kept in the same temperature during entire scanning. Heat capacity
versus temperature for the investigated sample is different than for the reference sample, and
then heating power supplied to both heaters is different. Now the DSC curve — the difference
in power AP versus temperature can be plotted. Until the phase transition occurs in the
investigated sample (S) there is no difference in power taken by this sample and by the
reference sample (R). When the phase transition occurs, the power taken by the investigated
sample will be different from the power taken by the reference sample. This difference in
power supplied to both heaters is registered by the computer. In endothermic process the heat
is taken by the sample (S) so it is heated stronger than the reference sample (R): AT = Tg —
Tk < 0, in exothermic process the sample (S) is giving back the heat thus it is less heated than
the reference sample (R): AT = Tg — Tz > 0. The reference sample is assorted so it does not
show any phase transition, in the vicinity of the phase transition of the investigated sample the
difference in power shows as an anomaly of the curve — as maximum in endothermic
processes and as minimum in exothermic processes [15, 25]. The Exemplary DSC curve is

presented in Fig. 3.6.
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Fig. 3.6. DSC results obtained for 120SOR compound on cooling and heating by using
Pyris1 DSC scanning calorimeter

Using this method one can obtain the transition temperatures, enthalpies and entropies of
the transitions but it is not possible to determine the kind of the phase transition because
anomalies look the same for phase transitions of the first kind as well as for the second kind.
Also it is not possible to specify what kind of phases one is dealing with, that is why the

electrooptic measurements are important.

3.3. Dielectric Spectroscopy, FDDS Method

Every ordering gives a restriction of the dynamics and dielectric methods allow to see it.
FDDS method (Frequency Domain Dielectric Spectroscopy) consists in measuring complex
dielectric permittivity in frequency domain applying various kinds of impedance analyzers
[16].

Dielectric studies have been performed by using a dielectric spectrometer based on Agilent
4294A impedance analyzer controlled by PC. The sample was put into the capacitor
consisting of two glass plates covered with gold layer separated by 5 um mica spacers
(AWAT HG cells). The cell was calibrated by using standard liquids. The substances being in

isotropic phase were introduced into cells by means of capillary effect. This electrooptic cell
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filled with liquid crystal is put between two metal plates and placed into metal heating block
(see Fig. 3.7).

liquid crystal

glass plates

spacers

Fig. 3.7. Dielectric measurement cell with gold electrodes put between metal plates [17, 21]

This metal heating block is connected with temperature regulator Euroterm 2604 which
allows to change the temperature of liquid crystal. The scheme of measurements equipment is
presented in Fig. 3.8. Thermocouple and 197A multimeter made by Keithley Company are

used to measure the temperature inside the sample.

cell filled with LC impedance analyzer

heating block

(o] 2%

— -

E L] 1 f@
temperature thermocouple  multimeter

—_
controller temperature measurement system

Fig. 3.8. Scheme of dielectric spectrometer [17]

Complex dielectric permittivity measurements can be done for two orientations of the
molecules in electrooptic cell: homeotropic — when the transverse optical axes of molecules is
parallel to the measuring electric field fn) and planar — when the optical axes of molecules is
perpendicular to the measuring electric field. In the first case parallel component of complex

dielectric permittivity is measured & and in second case — perpendicular component is
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measured €] [23]. The B, is a biaxial phase having the dielectric permittivity tensor of the

form:
e11(v) 0 0
gw)y=1 0 L 0 | (3.4)
0 0 g )

In this study it was possible to measure two principal components of this tensor, namely
e11(v) and e1,(v).
Exemplary dielectric spectrum of B, phase and Cole — Cole plot of dielectric spectrum

received by FDDS method is presented in Fig. 3.9. (a) and (b).
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Fig. 3.9. (a) Exemplary dielectric spectrum of B, phase and (b) Cole — Cole plot of dielectric
spectrum
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The following complex function was fit to the experimental points measured without bias

field:

e*(v) = e(o0) + —=El@) 1A B 3.5)

1+(i2mvr)1—@ ggvM  YN?

where €(o0) is a high frequency electric permittivity, €, — electric permittivity of the free
space, €(0) — static electric permittivity, T — relaxation time, a — distribution parameter of
relaxation times (0 < a < 1), g(v) — ionic conductivity, v is a frequency and A, B, M,N —

o(v)
mM’

are theoretical fit curves of Eq. (3.5) to the experimental points.

phenomenological fitting parameters, where A = Solid lines in Fig. 3.9. (a) and (b)
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Fig. 3.10. (a) Exemplary dielectric spectrum of B, phase and (b) Cole — Cole plot of dielectric
spectrum with bias voltage Ug =15V
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To the experimental points obtained under the bias field Fig. 3.10. (a) and (b) the following

complex fitting function was used:

€1(0)—¢&() £(0)—&4(0)
1+(i2nvt)1~%1  1+(i2mvt,)1-a2’

e*(v) = g(o0) +

(3.6)

where £(o0) is a high frequency electric permittivity, €, — electric permittivity of the free
space, £(0) — static electric permittivity, &, (0) — quasi-static electric permittivity, 7, and -
are relaxation times, a; and a, — distribution parameters of relaxation times (0 < a; < 1) and
v is a frequency.

The dielectric spectra were acquired in the frequency range from 40 Hz to 10 MHz. The

dielectric spectra acquired incorporate about 80 points pear decade.
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4. Experimental Results and Discussion

4.1. Investigated Materials — Molecular Structure and Phase Diagrams

Like it was mentioned ealier, in present dissertation the measurements were done for B
phases of three banana-shaped homologues nOSOR (n =9, 12, 14) and a mixture of 120SOR
and MHPSBOO (in short 12R9AF).

nOSOR compounds are built of achiral banana-shaped molecules. The core of nOSOR
molecule consists of five phenyl rings interconnected by either ester or thiobenzoate groups as
illustrated in Fig. 4.1. [9]. The alkoxy OC;H;,s end chains play an important role in smectic

polymorphism. nOSOR molecules are polar having effective dipole moment ({) along the

m
0 0
0 /@Ao/@oj\@ 0
S S/LO\
oC,H

Hzr, €0 nOSOR (n =9, 12, 14) Mz

symmetry axis.

Fig. 4.1. Molecular structure of nOSOR compounds

90SOR compound shows banana-shaped ferroelectric B; phase, however 120SOR,
140SOR and 12R9AF mixture show antiferroelectric B, phase. Names and phase diagrams of

individual nOSOR compounds are shown below.

1. 90SOR
1,3-phenylene bis{4-[(4-nonyloxybenzoyl)sulfanyl]benzoate

# Heating: Cr 103.4[°C] > X 112.5[°C] > B, 123[°C] > 1
# Cooling: 1 123.4[°C] » B, 82.6[°C] - Cr

2. 120SOR
1,3-phenylene bis {4-[(4-dodecyloxybenzoyl)sulfanyl|benzoate
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# Heating: Cr2 88.9 [°C] - Crl 107.1 [°C] - B, 113.4[°C] > 1
#  Cooling: I 112.6 [°C] — B, 88.6 [°C] — Crl

3. 140SOR
1,3-phenylene bis{4-[(4-tetradecyloxybenzoyl)sulfanyl]benzoate

# Heating: Cr 102.3°C > X 104.8°C > B; 1145°C > 1
#  Cooling: 1 114.6°C > B, 87.2°C > Cr

12R9AF is a mixture of 120SOR and MHPSB0O9. MHPSBO® is built of chiral calamitic

molecules (see Fig. 4.2.).

CsHyeO COS @— COO =~ C*H(CH,)C4Hyy

MHPSBOS
Fig. 4.2. Molecular structure of MHPSBO9

Phase diagram of 12R9AF:

# Heating: Cr2 91 °C — Cr1 106.1 °C — B; 109.8°C -1
#  Cooling: T 105.6 °C - B, 82.5°C — Crl

4.2. Phase Transitions Measurements by DSC Method

DSC measurements were carried out during heating (ENDO) and cooling (EXO) with the
rate of 10 °C/min for all investigated materials. Comparing DSC results with texture
observations it was possible to identify almost all phases occurring in studied materials. DSC
curves for 9OSOR, 120SOR, 12R9AF and 140SOR are introduced below.

DSC results and texture observations of 9OSOR compound show that during heating apart
from B, phase there are four more phases: probably glassy phase, crystal, a phase that is not

identified yet (X) and the isotropic phase. The B; phase is enantiotropic one and shows up
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during heating in the temperature range of ten degrees however during cooling it lasts for

forty degrees (see Fig. 4.3.).

AP 121 ——heating 90SOR
[mW] {——cooling m = 3.84 mg
8 1 rate 10 °C/min

0.
A CTV B, |
8.
-12 - . . : | - ; . . ,
40 60 80 100 1201 °C] 140

Fig. 4.3. DSC heating and cooling runs for 9OSOR

AP 40| —heating 120S0OR
[mW] | — cooling m =3.82 mg

rate 10 °C/min

30+ ——heating
rate 20 °C/min

20

] B,
10
I

2
_ Cr1—\/ B, |
104
70 80 90 100 110 120

T[°C]

Fig. 4.4. DSC heating and cooling runs for 120SOR

DSC curve for 120SOR compound (Fig. 4.4.) shows four phases during the first heating
run. Texture observations using polarization microscope allowed to identify them as Cr1, Cr2,

B, phase and isotropic phase. During the second heating run only one crystalline phase was
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observed. The B, phase is enantiotropic one and shows up during heating in the short

temperature range however during cooling it is the range of twenty degrees.

15
AP |—heating 12R9AF
[mW] |— cooling m = 3.37 mg
10 Jrate 10 °C/min
54
Cr2 Cr1 B, |
0 .
Cr1 B, I
-5
70 80 90 100 110 120
T[°C]

Fig. 4.5. DSC heating and cooling runs for 12R9AF

DSC results for 12R9AF mixture (Fig. 4.5.) shows also four phases during the heating run.
Texture observations using polarization microscope allowed to identify them — Cr2, Crl, B,
phase and isotropic phase. Smectic B, phase of the mixture is enantiotropic one and its
temperature range spans over twenty degrees just like for the pure 120SOR compound but it

is shifted to lower temperatures by about ten degrees.

20
AP  |—heating 140SOR
[mW] 1——cooling m=4.2mg
rate 10 °C/min
10
04
Cr
10
'20 T 4 T T T ¥ T T y T v
70 80 90 100 110 120 130
T[Cl]

Fig. 4.6. DSC heating and cooling runs for 14OSOR
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One more DSC curve is presented for 14OSOR compound (Fig. 4.6.) for which, during

heating one observe four phases: crystal, phase which is not identified yet (X) and which do

not shows up during cooling, B, phase and isotropic phase. The B, also for this compound is

an enantiotropic one and during cooling shows up in the temperature range of twenty degrees.

DSC measurements allow also to obtain the transition temperatures, enthalpies and

entropies of the transitions which are gathered in tables below for each material (Tab. 4.1.,

4.2.,4.3., 44.). There are also presented phase diagrams (onset temperatures) for 9OSOR,
120SOR, 12R9AF and 140SOR.

90SOR

Mmol = 747.94 g/mol

Table 4.1. DSC results for 9OSOR

Rate [ °C/min] Parameters | Glassy phase — Cr-X X-B; Bi—1
T, [°C] 74.5C£ 0.1 104.6+0.1 | 114.0+0.1 124.4 +£ 0.1
ENDO | AH [kJ/mol] -23.1+0.1 21.1+0.1 13.6 £0.1 142 £0.1
10 AS[/mol/K]| -664+02 | 550+02 | 35002 | 356=02
T, ['C] 81.0+ 0.1 122.7=0.1
EXO | AH [kJ/mol] 13.9+0.1 16.0+0.1
AS[J/mol/K] -39.1+0.2 -40.4+0.2
B:-Cr | - B

Onset temperatures for phase transitions of 9OSOR compound:

Heating: Glassy phase 56.1 °C — Cr 103.4°C - X 112.5°C —» B; 123.0°C — 1
Cooling: 1123.4°C — B; 82.6 °C — Cr
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120SOR Mot = 790.03 g/mol

Table 4.2. DSC results for 120SOR

Rate [ °C/min] Parameters Cr2-Crl Crl-B; B,-1
T, [°C] 90.0 £ 0.1 108.4 £ 0.1 1143 +£0.1
ENDO | AH [kJ/mol] 21.7+0.1 39.7+0.1 182+ 0.1
10 AS[/mol/K]|  59.7+0.2 1041202 | 469+02
T, [°C] 87.0+0.1 111.7 £ 0.1
EXO | AH [kJ/mol] -387+0.1 | -185+0.1
AS[J/mol/K] -107.4+£0.2 -48.1+£0.2
B,-Crl 1-B;
Onset temperatures for phase transitions of 120OSOR compound:
Heating: Cr2 88.1 °C — Cr1 107.1°C - B, 113.4°C — 1
Cooling: 1112.6 °C — B, 88.6 °C — Crl
12R9AF Mol = 779.91 g/mol
Table 4.3. DSC results for 12R9AF
Rate [ °C/min] Parameters| Cr2-Crl Crl-B; B,-1
T, [°C] 93.4+0.1 107.3 £ 0.1 112.9+0.1
ENDO | AH [kJ/mol] 1.5+0.1 334+0.1 1.3+0.1
10 AS[/molK]| 41+02 | 87.9%02 | 3.4+02
T, [°C] 79.9 + 0.1 104.1£0.1
EXO | AH [kJ/mol] -323+0.1 -11.3+0.1
AS[J/mol/K] -91.5+0.2 -30.0+£0.2
B,-Crl | -B>
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Onset temperatures for phase transitions of 12R9AF compound:

Heating: Cr2 91.0 °C — Crl 106.1 °C — B, 109.8 °C — I

Cooling: 1105.6 °C — B, 82.5°C — Crl

140SOR Mmol = 818.09 g/mol

Table 4.4. DSC results for 140SOR

Rate [ °C/min] Parameters Cr-X X-B: B, -1
T,[°C] | 103.7+0.1 | 1064+0.1 | 116.1+0.1
ENDO [AH [k//mof]| 111+01 | 91+01 | 168=0.1
10 ASL/mol/K]| 294+02 | 241+02 | 43.1+02
T, [°C] 852+0.1 1132+0.1
EXO | AH [kJ/mol] 257.6+0.1 174=0.1
AS[J/mol/K] 2160.8+0.2 45.1+02
B,—Cr |- B,

Onset temperatures for phase transitions of 140SOR compound:

Heating: Cr 102.4°C - X 104.9°C > B, 114.7°C — 1
Cooling: 1114.6 °C — B, 87.2°C — Cr

For all phase transitions enthalpies and entropies are very large because these transitions

are accompanied with large changes in the structure.

4.3. Texture Observations

Texture observations and pictures of them were made during heating and cooling for all
materials. First investigated liquid crystals were put into the electrooptic cells. For 9OSOR,

12R9AF and 140SOR the thickness of the electrooptic cell was 3.2 um, for 120SOR it was
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1.7 pm. For all materials AWAT HG electrooptic cells (see section 3.1.2.) with ITO

electrodes were used.

90SOR

Heating

Photo 4.2. 9OSOR. Texture of crystal phase (T = 80.5 °C)
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Photo 4.4. 9OSOR. Texture of the B; phase (T =115.3 °C)
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Cooling

Photo 4.5. 9OSOR. Texture of the B; phase (T = 105 °C)

Photo 4.6. 9OSOR. Texture of the B; phase (T = 105 °C) with bias field of 25 V,,/um

In Fig. 4.6. the black line indicates the border line of the electrodes. After applying electric
field an electrooptic switching is not observed for this phase. Fig. 4.7. illustrates the structure
of B phase. Side chains of the molecule overlap the cores of molecules in neighboring layers

and there is a compensation of macroscopic polarization.
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Fig. 4.7. Alignment of molecules in B; phase [6]

120SOR
Heating

Photo 4.8. 120SOR. Texture of the B, phase (T =110 °C)
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Cooling
Polarizing microscopy measurements allowed to observe on thin layers (1.7 um) a quasi-
planar inhomogeneous (Photo 4.9.) and quasi-homeotropic (Photo 4.10) texture of B, phase in
120SOR. The quasi-homeotropic texture with the polar director perpendicular to the
electrodes was observed after applying an electric bias field equal to 13 V,,/um. This effect
occurs to be reversible. Figs. 4.8. and 4.9. present a molecular arrangement of quasi-planar

and quasi-homeotropic textures, respectively.

Photo 4.9. 120SOR. Quasi-planar texture of the B, phase in thin 1.7 pm AWAT cell (X, Y
plane is parallel to the electrodes) (T = 112 °C)
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’/,‘
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l/‘
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\\\
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X

Fig. 4.8. Alignment of molecules in quasi-planar B, phase
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Photo 4.10. 120SOR. Quasi-homeotropic texture of B, phase under electric
field of 13 V,.,/um parallel to z-axis (T = 112 °C)

Fig. 4.9. Alignment of molecules in quasi-homeotropic B, phase

Textures of 120SOR compound during cooling were made in Calais at LEMCEL using

Olympus Polarizing Microscope BX60 and LINCAM temperature controller.
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12R9AF

Heating

Photo 4.12. 12R9AF. Texture of the crystal 1 (T = 100 °C). Yellow bar scale — 100 pm
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Photo 4.13. 12R9AF. Texture of the B, phase (T = 107 °C). Yellow bar scale — 100 um

Cooling

Photo 4.11. 12R9AF. Texture of the B, phase (T = 104 °C)
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Photo 4.12. 12R9AF. Texture of the B, phase (T = 104 °C) with bias field of 25 V,.,/um

There is a line indicating the border of the electrodes. On the left-hand side one can see the

texture between the electrodes.

140SOR

Photo 4.13. 140SOR. Texture of the crystal (T = 87.5°C)
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Photo 4.14. 140SOR. Texture of the B, phase (T = 112.2°C)
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Photo 4.16. 140SOR. Quasi-homeotropic texture of the B, phase (T = 110 °C) with bias field
of 25 Vyp/um

One can see the border line of the electrodes. On the right-hand side one can see a quasi-

homeotropic texture between the electrodes.
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4.4. Spontaneous Polarization Measurements

Spontaneous polarization measurements have been performed by reversal current method
during cooling using for 9OSOR and 120SOR 1.7 um and for 120SOR, 12R9AF and
140SOR 3.2 um AWAT ITO electrooptic cells. For 120SOR, 140SOR compounds and
12R9AF mixture measurements have been done on partially aligned (planar inhomogeneous)
B» phase.

The current response to applied field showed the B; phase of 9OSOR to be a ferroelectric
one — a broad peak was observed (Fig. 4.17.). Usually B, phases do not show spontaneous
polarization, although for this compound an apparent polarization is observed. This
polarization is rather small and it’s temperature dependence is unusual as for ferroelectric
liquid crystals — it increases with temperature (Fig. 4.18.) [26]. Mechanism of it is not quite
clear. It may originate either from space charge polarization or from non-compensated part of
polarization which decreases with temperature lowering due to negative correlations.
Measurements were done using triangular electric field having frequency of 5 Hz and

amplitude equal to 47.1 V,.,/um for which polarization is saturated (see Fig.4.19.).

0.6 3
90SOR _ o;
. E=471V_jum| ,S
= f=5Hz
2 0.2- a=lfym g
T T=100°C
D
@ 0.0- L0
(3]
w
C
3 -0.2- |1
(2]
[O)
x
-0.4 - --2
1 P,= 79.4 nClcm®
‘06 T T T T T T T T '3
-0.05 0.00 0.05 0.10 g 0.1

Fig. 4.17. Triangular driving voltage (right-hand side scale) applied vs. time and reversal current
spectrum (left-hand side scale) of 9OSOR B phase for E =47.1 V,,/Jum, f=5Hz, d = 1.7 pm and
T=100"°C
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Fig. 4.18. Spontaneous polarization of 9OSOR ferroelectric B; phase vs. temperature
measured for E=42.4 V, ,/Jum, f=5Hz, d=1.7 pm
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Fig. 4.19. Polarization vs. electric field for 9OSOR B; phase (T = 100 °C)
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The B, phase of 120SOR compound seems to be antyclinic — antiferroelectric (SmCaP,),

after applying to the electrodes triangular electric wave two well separated peaks were

observed as a response current (Fig. 4.20.) for the sample.

Response signal [a.u.]
o

4
120SOR =
E=375V_fum | 2
f=20Hz 5
d=3.2um
T=101.5°C
-0
-2
P_= 601.3 nC/cm’
' . -4

-0.02

0.00

0.02

t[s] 0.04

Fig. 4.20. Triangular driving voltage (right-hand side scale) applied vs. time and reversal current
spectrum (left-hand side scale) of 1220SOR B; phase for E =37.5 V,,/Jum, f=20 Hz,d = 3.2 um

and T=101.5°C

i= | |
O ! :
= i
a°  Jcrt B, eoN |
: o) :
| o, |
500 4 S
§ 120SOR i};
E=375V_/um
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300{ ¢
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Fig. 4.21. Spontaneous polarization of 120SOR B, phase vs. temperature acquired for
E =375 V,/um, f=20Hz,d=3.2 um
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Measurements were carried out using driving electric field of 37.5 V,,,/um, high enough for
polarization to be saturated (see Fig. 4.22.), and signal frequency of 20 Hz in temperature of
101.5 °C that is, according to DSC measurements, more less in the middle of B, phase. Fig.
4.20. shows spontaneous polarization dependence on temperature for electric field of 37.5 V,,.
o/um and signal frequency of 20 Hz. For B, phase of 120OSOR the spontaneous polarization is
very high, it is close to 600 nC/cm* [9]. Non-linear dependence of polarization vs. electric
field applied is demonstrated in Figs. 4.22. (110 °C), 4.23. (105 °C) and 4.25. (100 °C). One
can see that the saturation electric field is rather high — about 30 V,,/um for entire
temperature range of B, phase. Very large critical electric field can indicate to anticlinicity of

B» phase in this compound.

g .
P.(110°C
&5 600+ s ¢ ) s ©
= o
o
O
500 4 120S0OR
T=110°C
= f=20Hz
d=3.2um
400 |
O
@]
@]
300 -
T T T T T ¥ T " T
20 24 28 32 36
E [V/um]

Fig. 4.22. Polarization vs. electric field for 120SOR B, phase (T = 110 °C)
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Fig. 4.23. Polarization vs. electric field for 1220SOR B, phase (T = 105 °C)
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Fig. 4.24. shows two peaks of antiferroelectric B, phase for four different electric fields
(21.25 Vpp/um, 25 Vy.,/pm, 28.75 Vp../um and 35 V,,,/um) in the temperature of 105 °C. As
one can see, peaks are growing when the value of the electric field is rising. Along with the

increase of the electric field — the spontaneous polarization increases.

120SOR
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5 4- 0012 -0006 0000 0006 0012 0018
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jo R
a ]
& 0 T T v T y T v T v ! v T
- 0.012 -0.006 0000 0006 0012  0.018
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Fig. 4.24. The reversal current peaks vs. time for B, phase of 120SOR for different values of
the electric field (f= 20 Hz,d =3.2 um and T = 101.5 °C)
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Fig. 4.25. Polarization vs. electric field for 1220SOR B, phase (T = 100 °C)
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Spontaneous polarization vs. temperature measurements of B, phase of 120SOR for

different frequencies of the signal were also performed. In Fig. 4.26. one can see reversal

current peaks for 37.5 V,,/um in 100 °C for three values of frequency — 15 Hz, 25 Hz and 35

Hz. Reversal current peaks grows higher and become narrower with increase of frequency of

the signal. Spontaneous polarization also increases along with increase of frequency.

~ 120SOR T =100°C
6 E=375V_/um
44 f=15Hz d=32um P.=515.1 nClem’
21 M
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T 6
% 1 2
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3 2
C 4
8_ 0 T T T ¥ T Y T ¥ T T T
@ 3390 3.396 3.402 3.408 3.414 3.420 4
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3.390 3.396 3.402 3.408 3.414 3.420
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Fig. 4.26. The reversal current peaks vs. time for B, phase of 120SOR for different values of
frequency of the signal (E = 37.5 V,,/Jum, d=3.2 um and T = 100 °C)
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Fig. 4.27. Spontaneous polarization of 120SOR B, phase vs. temperature obtained for

E=37.5 Vpp/um, f= 15 Hz, d =32 um
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Fig. 4.28. Spontaneous polarization of 120OSOR B; phase vs. temperature acquired for

E =375 Vpp/um, f=25Hz,d=3.2 um
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Fig. 4.29. Spontaneous polarization of 120SOR B, phase vs. temperature measured for

E =37.5 Vpp/um, f=35Hz, d=3.2 um

46



Ng 500 S O
=S | 5 B
ﬂ_w400_ Cr1 Oj 2 X |
1 o °
300 - | 120SOR 2
| o E=375V_/um
200 f=15Hz !
| f d=1.7 um o |
o !
100 - ; O
o ]
0 T I| T T T T T T T I T
90 95 100 105 110
T[°C]

Fig. 4.30. Spontaneous polarization of 120SOR B, phase vs. temperature obtained for
E=37.5V,p/um, f=15Hz, d=1.7 um
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Fig. 4.31. Spontaneous polarization of 120SOR B, phase vs. temperature obtained for
E=37.5Vp/um, f=25Hz, d= 1.7 pm
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Figs. 4.27., 4.28. and 4.29. show spontaneous polarization vs. temperature dependence for
driving electric field of 37.5 V,,/um and frequency of the signal of 15 Hz, 25 Hz and 35 Hz
respectively for the electrooptic cell thickness equal to 3.2 um. The following figures (4.30.,
4.31. and 4.32.) show also spontaneous polarization vs. temperature dependence for the
electric field of 37.5 V,,/um and frequency of the signal of 15 Hz, 25 Hz and 35 Hz

respectively, but for the electrooptic cell thickness equal to 1.7 um.
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Fig. 4.32. Spontaneous polarization of 120SOR B, phase vs. temperature acquired for
E=37.5V,/um, f=35Hz,d=1.7 pm

The B, phase of 12R9AF mixture is also antiferroelectric one — after applying to the
electrodes triangular electric voltage, two well separated current peaks were also observed as
a response current (Fig. 4.33.). Fig. 4.34. shows polarization dependence on electric field
applied to the sample in temperature of 102 °C and frequency of the signal of 20 Hz. As seen
for B, phase of the mixture electric field of 25 V,,/um is high enough for polarization to be
saturated while for the B, phase of 120SOR it has to be higher — up to about 30 V,_,/um.

In Fig. 4.35. spontaneous polarization for B, phase of 12R9AF mixture is shown. It is about
500 nC/cm’, by 20% smaller in comparison to pure compound and it is shifted to lower

temperatures by about 10 °C. At low temperatures in the vicinity of isotropic — B, phase
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transition there is some kind of electroclinic effect in isotropic phase (see Fig. 4.35.).

Measurements were done for field of 25 V,,,/um and signal frequency of 30 Hz.
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Fig. 4.33. Triangular driving voltage (right-hand side scale) applied vs. time and reversal current
spectrum (left-hand side scale) of 12R9AF B, phase for E =25 V,,/um, f =30 Hz, d = 3.2 um and
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Fig. 4.34. Polarization vs. electric field for I2R9AF B, phase (T = 102 °C)
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Fig. 4.35. Spontaneous polarization of 12R9AF B, phase vs. temperature obtained for
E=25V,,/um, f=30Hz,d=3.2 um

The B, phase of 140SOR is antiferroelectric one as for 120SOR and 12R9AF mixture
(Fig. 4.36.).
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Fig. 4.36. Triangular driving voltage (right-hand side scale) applied vs. time and reversal current
spectrum (left-hand side scale) of 140OSOR B, phase for E =25 V,,/um, f=35Hz,d=3.2 pm
and T =102.5°C
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Measurements of polarization dependence on electric field applied to the sample were done in
the temperature of 97 °C and 107 °C and frequency of the signal of 15 Hz. The electric field
needed for polarization to be saturated, in both cases, is about 25 V,,/um as for 12R9AF

mixture (Fig. 4.37. and 4.38.).

_S 500 Ps (97 °C) pp
o 400 ©
O
300 - 2
O 140SOR
200_ T=97 c)C
o) f=15Hz
o d=3.2 um
100 - Lo
00O
O ' T Ll T ' | L |

14 16 18 20 22 24 26
E [V/um]

Fig. 4.37. Polarization vs. electric field for I4OSOR B, phase (T =97 °C)
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Fig. 4.38. Polarization vs. electric field for 140OSOR B, phase (T = 107 °C)

51



Spontaneous polarization of B, phase of 140SOR is about 550 nC/cm?, it is higher than for
12R9AF mixture (500 nC/cm?) and lower than for 120SOR compound (600 nC/cm?).
Measurements were performed for the electric field of 25 V,.,/Jum (when the polarization is

saturated) and for signal frequency of 15 Hz (Fig. 4.39.).

cr 600 T T
E . b%mww
Q 500 -
o’ 1 '
400 - ? |
;- 140SOR |
3004 o E=25V_/um 0!
' f=15 Hz |
200+ d=3.2um

o !

100 - |
o | .
04— "

85 90 95 100 105 110 115
T[°C]

Fig. 4.39. Spontaneous polarization of 14OSOR B, phase vs. temperature measured for
E=25V,,/um, f=15Hz,d=3.2 um

4.5. Dielectric Measurements
4.5.1. Dielectric relaxation processes

As it was mentioned before, (see section 3.4.) using frequency domain dielectric
spectroscopy (FDDS) it was possible to measure two principal components — £}, (v) and
€1,(v) of the dielectric permittivity. There were some difficulties with choosing the right
fitting function for the low frequency part of the spectrum, where conductivity contribution to
the dielectric loss plays an important role. At low frequencies the dispersion behaves rather
unusual — it is linear on the logarithmic scale for all investigated materials. The best fitting

function occurred to be a function with extra parameters (Eq. 2.6).
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Dielectric measurements were carried out using AWAT HG electrooptic cells with gold
electrodes and thickness of 5 um for all materials. Figs. 4.40. — 4.47. show 3D graphs of

dielectric permittivity (a) and dielectric loss (b) vs. frequency for 9OSOR, 120SOR, 12R9AF
and 140SOR, respectively.

90SOR

logv[Hz] 7
Fig. 4.40. (b) Dielectric loss vs. frequency for 9OSOR
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Upee= 011

110
6 120 T [°C]

Fig. 4.41. (a) Dielectric permittivity vs. frequency measured under the bias voltage of
Ug=35V for 9OSOR

Upeo= 0.1V

“““““

6 T[C
log v [Hz] 7 120 TC]

Fig. 4.41. (b) Dielectric loss vs. frequency obtained under the bias voltage of Ug= 5 V for
90SOR
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120SOR
U_..=0.1[V]

______

104 T ['C]
6 108
log v [Hz] /

Fig. 4.42. (a) Dielectric permittivity vs. frequency for 120SOR

________

100
104 T [*C]

6 108

log v[Hz] 7
Fig. 4.42. (b) Dielectric loss vs. frequency for 120SOR
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Fig. 4.43. (a) Dielectric permittivity vs. frequency acquired under the bias voltage of
U= 15V for 120SOR

________________

5 & 110 T ['C]
7
log v [HZ]
Fig. 4.43. (b) Dielectric loss vs. frequency measured under the bias voltage of Ug= 15V for
120SOR
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Fig. 4.44. (b) Dielectric loss vs. frequency for 12R9AF
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Upge = 0.1[V]

_______

Fig. 4.45. (a) Dielectric permittivity vs. frequency obtained under the bias voltage of
Up=5V for 12R9AF
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Vo= o 1V] bl

;;;;;;;
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Fig. 4.45. (b) Dielectric loss vs. frequency acquired under the bias voltage of Ug= 5V for
12R9AF
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140SOR

110 T [°’C]
115

6
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Fig. 4.46. (b) Dielectric loss vs. frequency for 14OSOR
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110T ['C]
115

logv[Hz] 7

Fig. 4.47. (a) Dielectric permittivity vs. frequency measured under the bias voltage of
Ug=10V for 140SOR

Fig. 4.47. (b) Dielectric loss vs. frequency obtained under the bias voltage of Ug= 10 V for
140SOR
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Dielectric spectra measured for B; phase of 9OSOR without and with bias voltage shows, that
this phase in both cases exhibits only one Debye-type dielectric relaxation process connected
with molecule reorientation around the short axes.
As for B, phase of 120SOR, 12R9AF and 140OSOR dielectric spectra measured with bias
voltage shows two well separated relaxation processes. In the low frequency range the
relaxation process is connected with fluctuations of ferroelectric domains revealing in
homeotropic structure of B, phase. The relaxation process in the high frequency range
appearing also without bias field for B, phase of 12R9AF and 140OSOR is connected with
molecular reorientation around the long axis. For 120SOR this process is complex: in the
high temperature range of B, phase it is connected with reorientation of molecules around the
short axis (process | in Fig. 4.42. (b)), whereas in the low temperature range — around the long
axis (process Il in Fig. 4.42. (b)) [27]. Dielectric measurements showed that at low
frequencies there is electrode polarization contribution to the dielectric permittivity and the
electrical ionic conductivity contribution to the dielectric loss for all materials studied.

In Figs. 4.48. — 4.51. (a) and (b) one can see an exemplary dielectric spectra and Cole —
Cole plots for 90SOR, 120SOR and 12R9AF, respectively, with and without bias voltage.
Tables I — IV show fitting parameters for relaxation processes observed in investigated phases

with and without bias field.

TTTIT T T T T T T T T T T T T T T T T

0 10
! v [HZ]

Fig. 4.48. (a) Exemplary dielectric spectrum of 9OSOR B, phase measured with and without
bias voltage in the temperature of 105.42 °C
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3.5 4.0 4.5 5.0 5.5 6.0 ¢

Fig. 4.48. (b) Cole — Cole plot of the dielectric spectrum for 9OSOR B, phase obtained with
and without bias voltage in the temperature of 105.42 °C

90SOR T=105.42°C
U [V] Process £(0) T [s] o () G [S/m] M
Ug=5 | commoev 5.7 43 E-6 0.003 3.6 29E-9 0.9
Ug=0 | oo 59 4.7 E-6 0.021 3.7 9.8 E-8 0.98

Table I. Fitting parameters for two relaxation processes shown in Fig. 4.47. (a) and (b) for B,

phase of 9OSOR
., 35 ‘
¢¢[v] {120SOR e [V, Uz=0V
sl e [v],U=0V
254 e [V, U=15V
a5, e [v,U=15V
15-
= T =101.25°C
5+ 1
7 3 4 5 6 i
10 10 10 10 107, 11710

Fig. 4.49. (a) Exemplary dielectric spectrum of 120SOR B, phase studied with and without
bias voltage in the temperature of 101.25 °C
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5 | E
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; : ; : . ;
4 8 12 16 20 ¢ 24
Fig. 4.49. (b) Cole — Cole plot of the dielectric spectrum for 120SOR B, phase obtained with
and without bias voltage in the temperature of 101.25 °C

120SOR T=101.25°C
Us [V] Proces | &(0) | t[s] a |&wx) | o[Sm] | M
Ug=15 | _______ 1235 | 1E-4 | 042 18 0 1

_______ 7| 18 4E-7 | 0.01 | 4.1 6 E-11 1
_________ 134 [ 4E-7 | 0.12 | 3.7 39E-9 | 0.6

UBZO

Table Il. Fitting parameters for three relaxation processes shown in Fig. 4.48. (a) and (b) for
B, phase of 120SOR

ngL[V]

o5 |, 12R9AF - & M, U=0V

o g M, U=0V
4 e M, U=5V
« e VM, U=5V

B

20

15+

10

Fig. 4.50. (a) Exemplary dielectric spectrum of B, phase of 12R9AF with and without bias
voltage in the temperature of 95 °C
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; ; T ; | ; ; —
4 8 12 16 20 24 28 ¢
Fig. 4.50. (b) Cole — Cole plot of the dielectric spectrum for 12R9AF B, phase measured with
and without bias voltage in the temperature of 95 °C

12R9AF T=95°C
Us [V] Proces | £(0) T [s] o g(©) | 6[S/m] | M
Ug=15 | c___ 1| 30 1.2 E-4 0.5 14.5 0 1

_______ 7| 145 | 5.6 E-7 0.1 4 6.3E-10 | 1
_________ 13 56 E-7 | 0.09 3.8 78E-9 | 0.7

UB=0

Table I11. Fitting parameters for three relaxation processes shown in Fig. 4.49. (a) and (b) for
B, phase of 12R9AF

5 e [V, U;=0V
0 a;l[v], U,=0V
& e [V, U=10V
o [V, U=10V

Fig. 4.51. (a) Exemplary dielectric spectrum of 14OSOR B, phase obtained with and without
bias voltage in the temperature of 100 °C
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Fig. 4.51. (b) Cole — Cole plot of the dielectric spectrum for 14OSOR B, phase acquired with
and without bias voltage in the temperature of 100 °C

140SOR T=100°C
Ug [V] | Proces | g0) | 1[s] o [&wx | c[Sm] | M
Ug=10 | o___ 11293 | 1.3E4 | 048 19.4 0 1
_______ 7| 194 6 E-7 0.06 3.9 3 E-8 1
Ug=0 |- 157 | 59E-7 | 0.07 3.9 3.8E-9 | 0.6

Table I11. Fitting parameters for three relaxation processes shown in Fig. 4.50. (a) and (b) for
B, phase of 140SOR

As seen M parameters obtained for all materials without bias field are smaller than 1. One
should notice that for calamitic LCs M = 1 as well as for the systems studied in this work
under bias voltage. For all materials (o) with and without bias field is distinctly greater than

nZ

, S0 one can assume that there is another molecular process in gigahertz range, maybe
connected with intramolecular reorientations of polar groups and reorientation of mesogenic
units.

Figs. 4.52. (a) and (b) show Arrhenius plots for B; phase of 90SOR with (a) and without
bias voltage (b). Like it was mentioned before, with as well as without bias voltage the
process is connected with reorientation of molecules around the short axes and its activation
energy in both cases is equal to 112 kJ/mol.

For B, phase of 120SOR activation energy of the process connected with fluctuations of
domains is equal to 62 kJ/mol with bias voltage (Fig. 4.53. (a)), whereas for the process
connected with reorientation around the long molecular axis it is of about 45 kJ/mol with and

without bias voltage (Figs. 4.53. (a) and (b)). Activation energy for reorientation around the

short axis process — observed in the pretransition region — is equal to 102 kJ/mol (Fig. 4.53.
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(b)). One should explain, that low frequency relaxation process (fluctuations of domains)
exhibits a distribution of the relaxation times (o = 0.48), so the adequate activation energy has

not a simple interpretation.

Int
104 90SOR
AE =111.8 £ 0.4 kJ/mol

T T T T T

2.5 2.6 2.7 2.8
1000/T [K]

Fig. 4.52. (a) Arrhenius plot for the dielectric relaxation process for 9OSOR B, phase
observed with bias voltage equal to 5 V

Int
10 90SOR

AE = 112.0 + 0.5 kJ/mol

lu=0vV

_11 o
_12_
15
A4 4

25 26 27 28

1000/T [K]

Fig. 4.52. (b) Arrhenius plot for the dielectric relaxation process for 9OSOR B, phase
observed without bias voltage
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Fig. 4.53. (a) Arrhenius plot for the dielectric relaxation process for 120SOR B, phase
observed with bias voltage equal to 15 V

lnT i T T T r
14.2 4 120SOR i

Ju=o0vV =
-14 .4 - AE = 46.5 + 0.3 kJ/mol -
-14.6 1

-14.8 -

15.0- '

1 AE =101.7 + 2.2 kd/mol
-15.2 - .

A5 4L : : : . : :
2.64 2.68 2.72 2.76
1000/T [K ]

Fig. 4.53. (b) Arrhenius plot for the dielectric relaxation process for I20SOR B; phase
observed without bias voltage
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For B; phase of the mixture, the activation energy for the process connected with fluctuations

of domains is equal 61 kJ/mol (Fig. 4.54. (a)) just like for pure compound.

-8 1

Int -

£

-10 4 OO AE =61.0 + 2.8 kJ/mol

A9
| 12R9AF

A U.=5V

A3

14 AE=44.3¢0.4kJimohl - 2
' G Epa— e

-15q0 05

2.64 2.68 272 2.76 1
1000/T [K]

Fig. 4.54. (a) Arrhenius plot for the dielectric relaxation process for 12R9AF B, phase
observed with bias voltage equal to 5 V

-13.8
Int | 12R9AF

- o
-14.0{U;=0V

-14.21
-14.4 1
-14.6 -
_ AE = 49.4 + 0.5 kJ/mol
14.8-

-15.04 ©

2.64 2.68 2.72 2.76 2.80
1000/T [K ]

Fig. 4.54. (b) Arrhenius plot for the dielectric relaxation process for I2R9AF B, phase
observed without bias voltage
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For process connected with the reorientation around the long axis it is about 48 kJ/mol with

and without bias field (Figs. 4.54. (a) and (b)).

Int M 1
-9- @)

AE =551 + 2.4 kJ/mol

210 -
17 140SOR
o U=10V
134

AE = 36.0 + 0.3 kJ/mol
-14 'M 2
_1 5 4 | T ] T 1 v 1 T 1
2.60 2.64 2.68 272 2.76
1000/T [K

Fig. 4.55. (a) Arrhenius plot for the dielectric relaxation process for 14OSOR B, phase
observed with bias voltage equal to 10 V

-14.0

e 140SOR 5

V=0V
-14.24

AE = 37.1 + 0.6 kJ/mol
14.4 -

-14.6 1

-14.8 4

2.56 2.60 2 .64 2.68 2.72
1000/T [K ]

Fig. 4.55. (b) Arrhenius plot for the dielectric relaxation process for 140OSOR B, phase
observed without bias voltage
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Activation energy of the process connected with fluctuations of domains for B, phase of
140SOR is equal to 55 kJ/mol with bias voltage (Fig. 4.55. (a)), whereas for the process
connected with reorientation around the long molecular axis it is of about 36.5 kJ/mol with
and without bias voltage (Figs. 4.55. (a) and (b)).

Dispersion and absorption dependence on bias voltage measurements were done for B,
phase of 120SOR (in 100 °C), 12R9AF (in 95 °C) and 140SOR (in 111.4 °C). Figs. 4.56. (a)
and (b) show 3D graphs of dispersion and absorption vs. bias field for B, phase of 120SOR.
Figs. 4.57. present absorption spectrum for positive values of bias electric voltage: 10 and 20
V (a) and for negative values: -10 and -20 V ((b)). For positive as well as for negative
voltages maximum of absorption for both processes rises. In the first case maximum of
absorption for process connected with fluctuations of domains rises more than for

reorientation around the long axes process. In the second case it is other way round.

Uoee = 0.1[V] e (v.1)
T=100[°C] 30
25
20
15
10
5

0
2,107 U; V]

logv[Hz] 7

Fig. 4.56. (a) Influence of bias field on dispersion for B, phase of 120OSOR in the
temperature of 100 °C
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Fig. 4.56. (b) Influence of bias field on absorption for B, phase of 1220SOR in the
temperature of 100 °C

Fig. 4.57. (a) Bias field dependences of absorption spectrum measured for B, phase of
120SOR for positive voltages in the temperature of 100 °C
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Fig. 4.57. (b) Bias field dependences of absorption spectrum measured for B, phase of
120SOR for negative voltages in the temperature of 100 °C

28
e, (v, 1) {R! i o U=0V
PP, T=95°C ?

d=5um

10° 10° 10* 10° 10° 107
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Fig. 4.58. (a) Bias field dependences of dispersion spectrum measured for B, phase of
12R9AF for positive voltages in the temperature of 95 °C
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Fig. 4.58. (b) Bias field dependences of dispersion spectrum measured for B, phase of
12R9AF for positive voltages in the temperature of 95 °C

For B, phase of 12R9AF one can see from Figs. 4.58. only at low frequencies electrode
polarization contribution to the dielectric permittivity (a) and the electrical ionic conductivity

contribution to the dielectric loss (b) decreases with increase of the electric bias voltage.

e (v, 1)
30+ 3 140SOR
. T=111.4°C
25 d=5um
20 -
15
104
5_
0 LERAL | L L AL | LI LA RLL | LR L | LR B SR REL | LA S R LAk |
2 3 4 5 ] 7
10 10 10 10 10v[HZ]10

Fig. 4.59. (a) Bias field dependences of dispersion spectrum measured for B, phase of
140SOR for positive voltages in the temperature of 111.4 °C
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Fig. 4.59. (b) Bias field dependences of dispersion spectrum measured for B, phase of
140SOR for positive voltages in the temperature of 111.4 °C

In 140SOR compound dielectric dispersion and absorption are growing with electric bias
voltage (Figs. 4.59 (a) and (b) but at low frequencies electrode polarization contribution to
the dielectric permittivity (a) and the electrical ionic conductivity contribution to the

dielectric loss (b) decreases with increase of the electric bias voltage.

4.5.2. Conductivity

Banana shaped thioesters studied in this work show distinctly lower conductivity in B,
phase, than other similar compounds [28, 29, 30] studied up to now. Conductivity
contribution to the dielectric spectrum of B, phase is complex and the M parameter shows a
considerable difference between calamitic LCs and B phases.

Electric conductivity was calculated using A fitting parameter from 3.5 equation:

_ o)
T emM
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Figs. 4.60. — 4.63 show electric conductivity vs. temperature for 9OSOR, 120SOR, 12R9AF

and 140SOR, respectively, measured in case when the electric bias field was turned off.

3 1.8x107
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L) lu=ov O
b 15x1074 ° 0
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1.2x107 - ©
O
9.0x102- 9
O
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@]
1 O
3.0x10%{ o °
80 88 96 104 112 ° C]120
Fig. 4.60. Electric conductivity vs. temperature for B; phase of 9OSOR
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Fig. 4.61. Electric conductivity vs. temperature for B, phase of 120SOR
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Fig. 4.62. Electric conductivity vs. temperature for B, phase of 12R9AF
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Fig. 4.63. Electric conductivity vs. temperature for B, phase of 140OSOR
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For all materials electric conductivity increases with increasing temperature. In case of
120SOR conductivity increases more for relaxation process connected with molecular

reorientation around the short axes, than for molecular reorientation around the long axes.
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5. Conclusions

The aim of present PhD Thesis was to investigate the electrooptic and dielectric properties
and conductivity of B phases of banana-shaped homologues 90SOR, 120SOR, 140SOR and
a mixture 12R9AF.

DSC measurements and texture observations allowed to determine the transition
temperatures and to identify phases appearing in materials investigated. 90SOR compound
shows banana-shaped ferroelectric B; phase, however 120SOR, 14OSOR and 12R9AF
mixture show antiferroelectric B, phase. Using thin AWAT cells with ITO electrodes it was
possible to observe electro-optic switching between quasi-planar and quasi-homeotropic
textures for B, phase of 120OSOR compound.

Spontaneous polarization measurements confirmed, that the B; phase of 9OSOR is a
ferroelectric one — one broad peak was observed — and B, phase of 120SOR, 12R9AF and
140SOR is an antiferroelectric one — two well separated peaks were observed as a response
current. Polarization for phase B; of 90SOR is rather small and it’s temperature dependence
is unusual for ferroelectric liquid crystals — it increases with temperature. For B, phase of
120SOR spontaneous polarization is very high, it is close to 600 nC/cm?, it is larger than for
140SOR (about 550 nC/cm?) and for 12R9AF (about 500 nC/cm?). The B, phase of 12R9AF
is shifted to lower temperatures by about 10 °C in comparison to the pure compound.

The dielectric spectra measured for B; phase of 9OSOR with and without bias voltage
showed only one dielectric relaxation process connected with molecular reorientation around
the short axis. However, for B, phase of 120SOR, 12R9AF and 140SOR the dielectric
spectra measured with bias voltage show two well separated relaxation processes. In low
frequency range the relaxation process is connected with fluctuations of domains. In high
frequency range — it is connected with reorientation around the long axis and it is also
observed without bias field. For 120SOR the dielectric relaxation process observed without
bias field is complex: in the high temperature range of B, phase it is connected with molecular
reorientation around the short molecular axis, whereas in the low temperature range — around
the long axis.

Dielectric measurements showed also that at low frequencies there is an electrode
polarization contribution to the dielectric permittivity and the electrical ionic conductivity

contribution to the dielectric loss for all materials studied. The electric conductivity of these
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banana-shaped thioesters is distinctly lower than for other similar compounds. The M

parameter for all materials studied shows the difference between calamitic LCs and B phases.
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