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This Thesis is dedicated to my daughter Diana and my husband Fedir 

 

 

 

 

Dear friend, let's ask, what are this liquid crystals?  

Mythical beasts with heads and tails, not blood or gristle.  

In flocks they fly with lashing tail and flashing eye,  

in Heat of day they fade away as they die.  

What a mystery we see,  

smectic A, smectic B.  

What's the pattern, what's the key?  

Smectic E, smectic C.  

How diverse the combination  

of distortions, of rotations.  

No, it is not clear at all.  

 

International Liquid Crystal Song 
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1. Introduction 

Liquid crystals were first found by botanist Reinitzer in 1988 in the German 

University in Prague while studying a new organic material cholesteryl benzoate [1]. 

He discovered that the material melts in two stages: first it becomes muddy and on 

further heating clear isotropic liquid appears. He sent the material to the German 

physicist Lehmann, who concluded that the muddy liquid is a new state of matter and 

called it liquid crystal (LC). Later on a range of organic materials with intermediate 

phases between crystal and liquid was found. These phases became also called 

mesophases. The classification of different liquid crystal phases was proposed by 

George Friedel in 1922 [2] and since then such names as nematics, cholesterics and 

smectics have been being widely used up to nowadays. Straight after their discovery 

liquid crystals were just a matter of curiosity and seemed to be useless from the 

practical point of view. The situation changed in the beginning of 1960ies, when 

liquid crystals became used in technology. Since that time renewed interest arose 

from the physical and engineering point of view. 

The ferroelectricity in liquid crystals was predicted by Meyer in 1974 and 

found by Meyer et al in 1975 [3]. Since then and since the discovery of the 

antiferroelectric (AF) phase in 1989 [4] a new era of liquid crystals study began as 

these materials are promising in a great variety of applications: in displays, TV screens, 

optical processing, computing, controlling and measuring devices, etc. The mentioned 

above types of polar ordering are frequently observed in the smectic C* (SmC*) 

liquid crystalline phase in compounds composed of rod-like chiral molecules [5]. In 

the SmC* phases the ferroelectricity, accompanied with a strong bistable electro-

optical effect, represents the main potentiality for their technical application, 

including fast flat panel displays, displays with memory, spatial light modulators, 

etc., which stimulated wide interest in the synthesis and studies of these materials. 

1.1. Objectives of the thesis 

 Investigation of new series of chiral rod-like liquid crystalline materials, 

synthesised at the Department of Chemistry of the Institute of Physics, in order to 

contribute to better understanding of the structure-property relation as well as to find 
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materials with physical properties suitable for technical applications. Lactate unit 

(one or more) is mainly utilized as a chiral centre. Lactic acid derivatives have their 

advantages as they are very stable (remain their physical properties at least a few 

years), relatively cheap and reveal strong chiral properties. The mesomorphic 

properties of new liquid crystalline materials and their mixtures are investigated by 

the texture observations under the polarizing microscope and by the differential 

scanning calorimetry studies. X-ray diffraction studies are conducted to confirm the 

phase structure and to find out the layer thickness in the smectic phases. Spontaneous 

quantities such as polarization and tilt angle are measured in the ferroelectric phase 

of the studied materials. Also the helical pitch is studied in the SmC* phase of 

certain materials. Dielectric spectroscopy measurements are carried out to investigate 

the soft mode and the Goldstone mode in the paraelectric and ferroelectric phases. 

 Investigation of the role of the chiral centres, namely the lactate unit number, 

the influence of the non-chiral chain length or the effect of the lateral substitutions on 

the physical properties of the materials. 

 In certain compounds such useful for applications phenomena as the orthoconic 

behaviour, de Vries properties, antiferroelectric, TGB or hexatic phase appearance, 

re-entrancy in the LC phase sequence are found and studied. 

1.2. Layout of the thesis 

Chapter 2 is devoted to a brief classification of liquid crystal phases, their 

description and physical properties. A simplified chemical formula of the LC 

compounds is presented together with a short sketch of the structure-properties 

relation and the role of chirality on the material’s properties. Also information about 

the order and the phase sequence with temperature is provided. Additionally, the 

types of the surface anchoring and cell geometries are presented. 

In Chapter 3 physical properties of polar liquid crystals are described, namely 

relaxation processes in the paraelectric and ferroelectric phases and the behaviour of 

the system in the phase transition region, explained also using the Landau theory. 

Also some types of materials regarding their specific properties near the SmA*-

SmC* transition, such as de Vries and orthoconic materials, are mentioned. 



 3 

 

Chapter 4 describes the experimental methods and equipments, used for the 

properties determination. A description of the cells used in experiments is also given 

in this Chapter. 

In Chapter 5 the results are presented. Six homologue series and binary 

mixtures of selected compounds are investigated. The comparison of certain 

compounds has been done. Orthoconic and de Vries properties, which can be used 

for practical applications, found for some representatives of the studied compounds, 

have been discussed. The appearance of antiferroelectric, TGB and hexatic phases is 

reported in certain of the studied homologue series. At last, such fascinating 

phenomenon as the phase re-entrancy is found in some compounds, and binary 

mixtures with the neighbouring homologues are studied for one of them. 

In Chapter 6 the summary is presented. 
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2. LC phases’ variety 

2.1. What are liquid crystals 

Liquid crystalline phases possess intermediate properties between liquids and 

crystals [6]. Together with fluidity, they have some degree of order. Also they are 

anisotropic in their physical properties (optical, electrical etc.). The anisotropy can be 

due to the anisotropic nature of constituent molecules or their organization. Liquid 

crystal phases may occur in a certain temperature range – in this case they are called 

thermotropic liquid crystals. The transition temperature from the crystalline to LC 

phase is named the melting point and the temperature from LC to isotropic liquid 

phase is the clearing point. Also LC phases can exist at certain concentrations of 

molecules in a solvent – such liquid crystals are called lyotropic LCs. Liquid crystals 

appear when constituent molecules have anisotropic form: they can be rod-like, disc-

like, banana- shaped etc (Fig. 1). 

   

Fig. 1. Nematic liquid crystalline phases created by molecules of different types: a) 

rod-like; b) disc-like; c) banana-shaped. 

In this Thesis we are dealing with thermotropic LCs of rod-like molecular 

shape. 

2.2. Liquid crystal phases of non-chiral molecules 

2.2.1. Nematic phase 

Nematic (N) is the less ordered LC phase, which appears on cooling below 

the isotropic liquid phase (Fig. 2a). Molecular arrangement for this phase is shown in 

Fig. 2b. Prevailing molecules orientation direction ( n


 vector in Fig. 2b) is called the 

director and can be used for the LC description. Director is a non-polar unit vector, 
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thus n


 and n


  describe the same state. Polar LC molecules tend to re-arrange in a 

manner to cancel the total dipole moment and form a non-polar nematic phase due to 

the energetic reasons. The nematic phase has some degree of orientational order, but 

no positional order of the molecular centres. The degree of orientational order can be 

characterized by a so-called nematic order parameter, or orientational order 

parameter, S. Tsvetkov [7] proposed to take it as an average of the second Legendre 

polynomial: 

2/1cos2/3 2  S  (1) 

The orientational order parameter describes an average deviation of the 

molecular tilt angle, θ, from the director. In the isotropic liquid phase the nematic 

order parameter is equal to zero as all molecules are chaotically oriented. In the 

perfectly aligned case, when all molecules are oriented in the same direction, the 

nematic order parameter is equal to 1. In usual nematics it has values somewhere in 

between as always some degree of disorder takes place in the system due to the 

thermal fluctuations. Molecules can freely move and rotate around their short and 

long axes. Physical properties in directions parallel and perpendicular to the director 

are different. Thus, the nematic phase is uniaxial. 

 

Fig. 2. Molecular arrangements in LC phases. Sequence of phases as they appear on 

cooling in non-chiral materials: a) isotropic liquid; b) nematic; c) smectic A; d) 

smectic C. 

2.2.2. Smectic phases 

On further cooling smectic phases may appear below the nematic one. Smectics 

are layered phases with a well-defined distance between layers, d (Fig. 2c) and they 

are more ordered than nematics. Except the orientational, they possess also a 

translational order in one dimension. First a translational order parameter, , was 
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proposed by Kirkwood and Monroe [8] for simple molecular crystals. Later it was 

adapted to liquid crystal systems by Kobayashi [9] to describe the nematic – 

crystalline state phase transition and adapted by McMillan [10] for the SmA 

description: 











d

z


2
cos

2

1cos3 2

 (2) 

with z being a position of the molecule along the layer normal.  

Regarding the orientation of molecules within the layers, there are different 

types of smectics. The Smectic A (SmA) phase may be observed below the nematic 

phase on cooling with molecules in average oriented perpendicular to the layers (Fig. 

2c). Director coincides with the layer normal. The smectic A is a uniaxial phase with 

a full rotational symmetry around the director and the layer normal. In the Smectic C 

(SmC) phase, which could be found below the smectic A, the molecules in average 

(and the optical axis, which coincides with the director) are inclined with respect to 

the layer normal (Fig. 2d). The angle between the layer normal and the director is 

called the tilt angle, θ. The full rotational symmetry around the layer normal is 

broken by the molecular tilt. The smectic C phase is biaxial and is more ordered than 

the smectic A due to the symmetry reasons. 

2.2.3. Hexatics 

There are also more ordered smectics, which have an order within the layers – 

hexatic smectics (Smectic B, I etc.). Hexatic smectic B phase has a short-range 

hexagonal ordering within the layers and the molecules are oriented perpendicular to 

the layers. Optical axis coincides with the layer normal. There are two tilted hexatic 

phases: in the Smectic I phase molecules are inclined towards the hexagon apex and 

in the Smectic F towards the side. Bond orientational order parameter (BOO) is used 

to describe the six-fold symmetry within the layers in hexatics [11]: 

   iI 6expRe  (3) 

where I is complex amplitude, φ is the azimuthal angle between the “bonds” and the 

layer normal. 
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There are also crystalline smectic phases, which are very close to three-

dimensional crystals. 

2.3. Re-entrancy phenomena 

Usually the order increases in a system with decreasing temperature and the 

more ordered phase appears below the less ordered one. In LCs due to different 

competing interactions (such as competing order parameters and their fluctuations 

and temperature dependent molecular conformations) it sometimes may happen that 

the less ordered phase re-appears below the more ordered one. Such unusual 

behaviour is called re-entrancy (For review, see [12]). A re-entrant nematic phase 

was first discovered in binary mixtures of strongly polar materials [13]. For other 

rod-like materials with strong longitudinal dipole moments a re-entrant SmA phase 

was observed in multiple re-entrancy with the nematic phase [14,15]. In those cases 

the association of molecules to dimers occurred and the degree of dimerization was 

different in higher temperature and re-entrant SmA phases. The dimerization or 

interdigitation of molecules causes the layer spacing values to be different in higher 

and lower temperature phases. Also the formation of bilayers was observed [12,14–

16]. 

2.4. Structure of the LC molecules 

Physical and mesomorphic properties of LC materials depend on the molecular 

structure, which could be designed to satisfy requirements. The structural units and 

their combinations determine physical properties of LC phases, exhibited by a 

compound. 

A rod-like liquid crystalline molecule consists of a rigid core and flexible 

terminal chains [17]. Core units are sometimes connected by a linking group, but 

more often a direct link is used. The terminal chains could be connected with the 

core through linking groups or directly. Lateral substitutions are often used to modify 

the mesomorphic properties [18-23]. Schematic structure of the molecule is 

presented in Fig. 3. 
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Fig. 3. Schematic rod-like LC molecule structure (after [17]). 

A certain rigidity of the core is necessary to provide the anisotropy. The 

flexibility is provided through the terminal chains. Occasionally, the terminal chains 

could be branched. This is used to introduce chirality into the molecule. Lateral 

substituents are necessary to modify physical properties. Usually they reduce liquid 

crystal phase stability. Lamellar packing is disrupted by increased size, but enhanced 

by increased polarity of the substituent. 

2.5. Cell geometries 

When the LC material is confined in a cell (usually consisting of glass plates), 

different types of geometries are possible with respect to the glass surface treatment. 

The most frequently used are the planar cells with the molecules parallel to the 

surface (Fig. 4a) and the homeotropic cells with the molecules being perpendicular to 

the surface (Fig. 4b). 

 

 

Fig. 4. Different types of LC cell geometries: a) planar and b) homeotropic. 
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Fig. 5. “Bookshelf geometry”. 

The planar anchoring on the surface assigns the molecules to be in the 

“bookshelf geometry” in the smectic phases, meaning the layers are arranged 

perpendicular to the surfaces (Fig. 5). In this state in the SmC phase the molecules 

can be in either side of the open smectic tilt cone due to the surface influence. 

2.6. Chirality in the LC system 

Chiral LCs could be built up from chiral (different from their mirror images) 

molecules or contain chiral non-mesogenic dopants in a non-chiral LC matrix [24] 

Both R and S variants of chiral centre may exist. Macroscopic properties of chiral LC 

phases differ from their non-chiral analogues due to the lack of the mirror symmetry. 

Chirality in the system is often expressed through the asterisk (*) near the 

corresponding phase designation. Appearance of the helical structure and optical 

activity is the main consequence of chirality in LCs. Non-chiral LC can be also 

achieved as a 50:50% mixture of R and S variants (racemic mixture). 

2.6.1. Cholesteric 

Chiral nematic phase (N*), cholesteric, was the first discovered LC phase and it 

obtained its name after the cholesteryl benzoate [1]. Locally the cholesterics are very 

similar to the nematics. However, the director is not constant in space: it rotates by a 

small angle from layer to layer and forms a spiral with the axis perpendicular to the 

director (see Fig. 6a). The pitch, p, is quite large on the molecular scale, from a few 

hundred nm to several μm, and depends on temperature. 
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Fig. 6. Director profile in a) cholesteric (N*) and b) chiral smectic C (SmC*) phase 

with the helical pitch p. n


 is the director, z


 is the layer normal, θ is the tilt angle, 

SP


is the direction of the spontaneous polarization in the layer. 

2.6.2. Chiral smectic A 

The structure of the chiral Smectic A phase (SmA*) is the same as of the non-

chiral one. In the SmA* phase due to free rotations around the long axis the dipole 

moments are oriented chaotically in all directions and the net polarization is zero. 

The SmA* phase shows paraelectric properties (Fig. 7a).  

2.6.3. Chiral smectic C 

In chiral smectic C phase (SmC*) the director precesses from layer to layer, 

forming a helical structure (Fig. 6b) with the helix axis parallel to the layer normal. 

Azimuthal angle slightly differs in adjacent layers. Right-handed and left-handed 

helices could be distinguished for R and S chirality of molecules. One helical pitch 

corresponds to several hundred of smectic layers. The helical structure of the SmC* 

phase exhibits both spontaneous twist and bend deformations. Different phases are 

distinguished depending on the arrangement of the molecules in adjacent layers; 

these phases show different response to the applied electric field and, hence, possess 

different dielectric properties (see below). 

Ferroelectric SmC* phase 

Another consequence of chirality in the SmC* phase is the existence of a 

spontaneous polarization in each smectic layer, which results from the transversal 

components of molecular dipoles. Thus, such a layer has ferroelectric properties [3] 

(Fig. 7b). The spontaneous polarization, PS, is directed at a tangent to a cone formed 
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by precessing molecules, tilt cone, and points along either nz


  or –( nz


 ) direction 

perpendicular to the tilt plane ( z


 is the layer normal, see Fig. 6b). If vectors SPnz


,,  

form a right-handed system, the plus sign is assigned to the polarization; in the case 

of the left-handed system the minus sign is designated [25]. The direction of 

polarization is determined by the molecular chemical structure. Polarization and the 

tilt angle values are temperature dependent; they possess zero value in the upper-

temperature (SmA) phase and grow on cooling in the SmC* phase. The growth can 

be continuous or discontinuous depending on the character of the phase transition; 

deeper in the SmC* phase the saturation of both spontaneous quantities is usually 

observed. 

In the bulk sample the net polarization is cancelled out due to the helix 

formation. The term helielectric is used to describe the dielectric properties of such a 

structure [5]. As the net polarization is zero in the absence of field, helielectrics are a 

subclass of antiferroelectrics. 

The truly ferroelectric behaviour can be found in relatively thin samples in the 

“bookshelf geometry” (Fig. 5). In such geometry the helical structure is suppressed 

by the surface interactions. The molecules could be in one of the open tilt cone 

positions, which are characterized by the opposite polarization directions (up and 

down) (Fig. 5) and could be switched with the opposite electric fields. The optical 

axis, which coincides with the director in the unwound state, reorients in the plane of 

the surfaces during such a switching (in-plane switching).This structure was first 

introduced by Clark and Lagerwall [26] and the term surface stabilized ferroelectric 

liquid crystals (SSFLCs) was coined [27]. 

Antiferroelectric SmCA* phase 

If the molecules prefer an anti-clinic molecular arrangement with the 

alternating tilt angle in neighbouring layers, the spontaneous polarization points out 

in opposite directions in adjacent layers. The alternating smectic layers form two 

sublattices of opposite polarizations and possess the opposite tilt. In this case the 

system shows antiferroelectric behaviour (Fig. 7c) and the corresponding smectic 

phase is denoted as antiferroelectric smectic C phase (SmCA
*
). Due to chirality the 
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helical structure is also present in the system and a small deviation from the 180 deg 

alternation in the tilt between the adjacent layers is observed. 

Subphases 

Some chiral materials except the paraelectric, ferroelectric and antiferroelectric 

phases possess a rich smectic polymorphism [28]. Additional smectic phases are 

called subphases. Between the SmA* and SmC* phases the SmC
*
, which is 

characterized by a very small tilt angle and a short pitch of the helical structure, takes 

place. Between the synclinic SmC* and anticlinic SmCA
*
 phases additional phases 

with higher periodicity may exist. Among them there are the antiferroelectric SmC
*
 

phase with the four-layer periodicity and the ferrielectric three-layer periodic SmC
*
 

phase (Fig. 7d). First they were predicted theoretically and later were proved 

experimentally from the resonant X-ray scattering [29] and other techniques. 

Nowadays even higher periodic structures (five to nine) have been predicted; 

however, they have not been proved experimentally to date. 

  

  

Fig. 7. The dipole orientation and response of polar dielectrics to an applied electric 

field: a) paraelectric, b) ferroelectric, c) antiferroelectric, d) ferrielectric. To the right 

of each picture the molecular orientation in the corresponding LC phase is shown. 

2.6.4. Blue phases 

Blue phases (BPs) are called blue due to their colour appearance in early 

investigations. Blue colour originates from the selective reflection because of the 

presence of a short pitch cholesteric helical structure. Blue phases appear in a narrow 

temperature range in highly chiral liquid crystals [24]. In the absence of electric 
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fields three blue phases can occur (in the sequence they appear on heating between 

the cholesteric and the isotropic phases): BPI and BPII having a cubic symmetry, and 

BPIII possessing a 3D lattice of linear defects with isotropic cores and the double-

twist configuration of the director field [30]. 

2.6.5. TGB phases 

In highly chiral compounds a competition between a cholesteric-like director 

field and a tendency to form a smectic layered structure may cause the appearance of 

frustrated structures called twist grain boundary phases (TGB phases) [24]. They 

usually appear between a short pitch cholesteric phase and a smectic phase (SmA* or 

SmC*). TGB phase was first predicted theoretically and coined by Renn and 

Lubensky in analogy to the Abrikosov phase in superconductors on the basis of the 

mean-field theory [31]. Later a TGBA phase was found experimentally by Goodby et 

al [32,33]. 

TGBA phase consists of smectic A slabs, separated by defect walls. 

Neighbouring slabs are tilted with respect to each other, forming a helical structure. 

The grain boundaries between the slabs are defect walls consisting of parallel twist 

dislocations. The helical axis of the structure is perpendicular to the director. In 

TGBC phase the director is tilted with respect to the layer normal within the slabs 

(SmC slabs, separated by the defect walls). In TGBC* phase an additional helical 

structure of the director profile along the layer normal is observed within each 

smectic slab. Schematically a TGB structure is presented in Fig. 8. 

 

Fig. 8. Structure of TGB phases. Smectic slabs are twisted with respect to each other 

and separated by the defect walls. 
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3. Theory overview 

3.1. Dielectric response 

When an electric field is applied to a dielectric material, it induces a dipole 

moment. The main effect of a weak electric field is distorting, and, hence, breaking 

the symmetry of dipole distribution, thus inducing a macroscopic polarization, indP


. 

There are electronic, ionic and dipolar contributions. The permittivity, describes 

the magnitude of the electric field influence on each process. 

In the low-frequency field all processes could be in phase with the field and full 

contributions from each process are present. If the frequency is increased, slower 

processes are not able to follow the field instantaneously, and their contribution to ε 

will decrease. The induced polarization is out of phase with the field and the phase 

difference can be expressed through the imaginary part of a complex permittivity: 

'''*  i  (4) 

The imaginary part    is called the dielectric losses, or the dielectric absorption. 

For a single relaxation process Debye introduced an equation for the complex 

permittivity: 

   





i




1
 (5) 

where ∆ = (0)- (∞) is called the dielectric strength; ω=2 f is the angular 

frequency and τ =1/2 fR is the relaxation time. The dielectric strength is related to 

the absorption maximum. The real and imaginary parts could be written as: 
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From K.S.Cole and R.H.Cole graphical representation [34] it can be inferred 

whether the single relaxation process is suitable for the experimental data description 

or not. In the Cole-Cole plot the imaginary part, ’’, is plotted versus the real part, ’. 
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For the Debye-type process the Cole-Cole plot is a semicircle with the centre on the 

’ axis. The relaxation process may show a deviation from the single relaxation 

behaviour. The generalization for this case was given in the same paper [34] with the 

relaxation distribution parameter, β. In fitting of the experimental results it is useful 

to add the low-frequency contribution due to DC conductivity, σ, and the high-

frequency contribution due to limited conductivity of the ITO electrodes to the 

imaginary part of permittivity: 
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where fr is the relaxation frequency of the mode, ∆ε is the dielectric strength, ε0 is the 

permittivity of vacuum,   is the high frequency permittivity, and n, m, and A are 

the parameters of fitting. 

3.2. Phase transitions 

3.2.1. Smectic A – Smectic C phase transition 

The simplest picture of the non-tilted SmA to the tilted SmC phase transition 

[28] is based on geometric considerations. In the SmA phase it assumes the rod-

shaped molecules being along the layer normal and setting the layer spacing dA equal 

to the molecular length. In the SmC phase the molecules become inclined by an 

angle θ with respect to the layer normal. The layer spacing in the SmC phase 

becomes reduced to: 

cosAC dd   (9) 

for a simple geometric reason (see Fig. 9a). 

At the same time in the bookshelf geometry, in which layers are packed 

perpendicularly to the surfaces (Fig. 9b), the molecules are translationally anchored 

along the surfaces with the periodicity of the layer spacing dA. At the SmA-SmC 

transition the layers shrink due to the tilt, but at the surfaces the anchoring is 

preserved. As a result the layers form the chevron configuration with the opposite 

chevrons being separated by zig-zag defects (Fig. 9b). This phenomenon seriously 

reduces the quality of any FLC-based electro-optic device. The solution is to use the 
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materials with small layer contraction at the transition, such as predicted by Adriaan 

de Vries. 

 

Fig. 9. a) A simplified picture of the SmA-SmC phase transition of rod-like 

molecules; b) Chevron configuration and zig-zag defects appearance in the SmC 

phase. 

De Vries materials 

As from the X-ray experimental data on the SmA phase it was confirmed that 

the layer spacing is generally smaller than the molecular length, different theories on 

the molecular arrangements appeared. A. de Vries proposed models [35,36] which 

consider the SmA-SmC transitions with nearly constant layer spacing and with the 

increase of orientational order at the phase transition temperature. 

According to the de Vries models, the molecules in the SmA phase possess 

quite high tilt angles with azimuthally random distributions. All tilt directions are 

equally probable, that is why the phase is macroscopically uniaxial with the optical 

axis along the layer normal. The orientational order in such a SmA phase is lower 

than in usual SmA phases. At the SmA-SmC transition the azimuthal ordering of the 

molecules takes place with practically absent layer contraction and with the increase 

in orientational order. This transition could be considered as a disorder-order phase 

transition in the azimuthal direction of the molecular tilt. 

Such de Vries type materials can help avoiding zig-zag defects and chevrons 

appearance. In practice, compounds with layer shrinkage around 1% could be 

considered as de Vries. From the recent studies the other differences between the de 
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Vries-type and ordinary smectics were found. In ordinary smectics the tilt angle 

measured optically is only somewhat higher than the tilt angle extracted from the 

layer spacing measurements by X-ray diffraction (9), whereas in the de Vries 

smectics these two tilts differ to a great extend. Another difference is a considerable 

growth in birefringence approaching the SmA - (non-helical) SmC transition, 

connected with the increase in orientational order. In regular smectics the 

birefringence of both phases is almost equal. Further difference was found in the 

soft-mode fluctuations: they were found to be remarkably strong in de Vries 

materials [37]. The electroclinic effect, related to the soft-mode fluctuations, was 

also found to be large. Smectic order of de Vries materials should be rather high at 

the SmA-SmC transition comparing to the regular materials. 

Orthoconic materials 

Usually at the SmA-SmC phase transition the tilt angle grows on cooling and 

then saturates. The saturated value of the tilt angle is typically about 20-30 deg. But 

for some compounds higher values could be found. The compounds, in which the tilt 

angle is 45 deg, are called orthoconic materials, as the smectic tilt-cone angle 

becomes 90 deg. For applications mainly the anticlinic arrangement is highly 

appreciated [38]. In such materials the dark state problem is solved because in the 

antiferroelectric phase they become uniaxial instead of biaxial. In the bookshelf 

geometry in the absence of field the molecules are in the anticlinic state forming 90 

deg angle between adjacent layers. Due to this the optical axis is perpendicular to the 

cell glasses and the material becomes uniaxial. It means that the state of polarization 

and the direction of perpendicular light beam maintains unchangeable. After the field 

switching the molecules turn into the synclinic (birefringent) state and the optical 

axis is parallel to the glasses, thus the material becomes biaxial. So the contrast 

between the switched and unswitched states is very high. Tri-state switching is 

observed. 

3.2.2. Landau theory for the phase transitions in LCs 

Landau theory could be applied for the phase transitions description in liquid 

crystals. The proper choice of an order parameter has to be done. Thus, for the 

description of the first order isotropic – nematic phase transition the nematic order 
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parameter S (see Eq. (1)) is used. Molecular-statistical model for this transition is the 

Maier-Saupe theory. The theory based on the mean field theory similar to the Landau 

approach has been proposed by de Gennes [39]. The nematic – smectic A phase 

transition can be either first or second order. As an order parameter the smectic order 

parameter (Eq. (2)) is used. Several different theories have been proposed (see, for 

example, [9,10]) to explain the behaviour of the system during this transition. 

Smectic A – Smectic C transition 

For the SmA-SmC phase transition the tilt angle of molecules from the smectic 

layer normal is used as an order parameter, as these two phases differ just in the 

existence of molecular inclination. The tilt is 2-dimensional having a magnitude, 

and a tilt direction expressed through the azimuthal angle φ [e.g. 40,41]. Free 

energy of the system does not depend on the actual value of φ, only on the gradient 

terms φ. In the uniform non-chiral structure only the magnitude of the tilt is 

considered as an order parameter [42]. The Landau expansion for the SmA-SmC 

phase transition thus has a form: 

  ...
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1 642

0   cbTTGG c  (10) 

Chiral SmA*-SmC* phase transition, homogeneous state 

To describe the SmA*-SmC* phase transition, the additional terms describing 

helicity and ferroelectricity of the SmC* phase ought to be added. Helicity is very 

often considered as a perturbation to a homogeneous structure. For simplicity, a 

uniform helix-free case (which is found, for example, in SSFLCs [28]) could be 

considered. Additional, secondary order parameter in this system is polarization. The 

effective molecular polarization in liquid crystals is relatively small. This means that 

dipole-dipole interactions could not lead to the paraelectric-ferroelectric phase 

transition. Polarization appears only due to the symmetry reasons as a secondary 

effect. Thus, chiral liquid crystals could be referred to the improper ferroelectrics 

(or, to be more correct, to pseudoproper ferroelectrics [43,44]). As the spontaneous 

polarization does not determine the phase transition, like in ordinary ferroelectrics, 

but appears as a consequence of bilinear polarization-tilt coupling. The direction and 
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the magnitude of the spontaneous polarization depend on the direction and the 

magnitude of the tilt. In the first approximation one can assume linear dependence: 

   000 sin PPknPPs 


 (11) 

with the polarization-tilt coupling constant P0. This approximation is mainly valid 

near the phase transition, where the tilt angle is small. 

The classical Landau expansion for the uniform case including the secondary 

order parameter and the coupling term reads [42]: 
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where C is the bilinear coupling constant; the last term in (12) has entropic nature 

and describes the entropy decrease due to the polar ordering in ferroelectric 

materials;   is a high frequency electric susceptibility and is called a generalized 

susceptibility; 0 is the susceptibility of vacuum. 

From Eq. (12) the polarization-tilt coupling constant could be found: 

 CP 0  (13) 

If the value of polarization in (12) is substituted with (13), the next equation is 

obtained: 
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resulting in the effective increase in the transition temperature due to the appearance 

of the spontaneous polarization 



 2

0* C
TT cc

  (15) 

Experimentally found temperature shifts are small and even for the material 

with high polarization-tilt coupling it is about 0.8 K [45]. Small difference between 

the transition temperature values in racemic and chiral analogues confirms that the 

chirality could be considered as a small disturbance of the non-chiral case. 
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Chiral SmA*-SmC* phase transition, helical state 

In the bulk sample, when the helical superstructure is present in the system, the 

two-component tilt vector  
yx  ,


 and spontaneous polarization  

yx PPP ,


 

should be considered. As the director rotates by an angle qz  along the layer 

normal z in the helical structure, the two-component tilt and polarization could be 

written as: 

   qzqz yx sin,cos    (16) 

   qzPPqzPP yx cos,sin   (17) 

The free energy potential for the helical state reads: 
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where q describes the helical wave vector, the 5
th

 term corresponds to the 

flexoelectric contribution; the 6
th

 term is Lifshitz invariant in the limit of small , 

responsible for modulation. The last two terms represent the elasticity of the helix. 

Minimizing Eq. (18) with respect to the tilt angle, , polarization, P, and the 

helical wave vector, q, consequently, the wave vector dependence on the tilt angle 

could be derived as: 
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The helical pitch is equal to 
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and, hence, should diverge at the SmC*-SmA* phase transition, when  0. 

However, in reality the helical pitch first rapidly grows at the SmA*-SmC* 

transition, then, after reaching a maximum, it shows a tendency to saturation (See 

Chapter 5). 
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To derive an additional temperature shift due to the helical ordering, the high-

tilt limit could be considered to simplify the computations. In this case one arrives 

with the equation: 

0)( 2**   bTT c  (21) 

where 
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The first term of Eq. (22) corresponds to Eq. (15) and describes the temperature shift 

caused by chirality in the absence of helix. The second term describes the additional 

temperature change due to the helix formation. This last contribution is also expected 

to be small. In reality it is hidden in experimental errors as no definite difference in 

the phase transition temperatures can be established when studying the helical and 

homogeneous samples. 

3.2.3. Dielectric properties of liquid crystals and electroclinic effect (ECE) 

Chiral LC systems interact with an external electric field through the coupling 

between the polarization and the field. To describe the behaviour of the system in an 

applied electric field, the term reflecting the polarization-field interaction should be 

added to Eq. (12) (we consider the free-energy expression for the helix-free case as 

the helix is unwound under applied field): 

  PEPCPcbTTGG c 
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The electric field, applied parallel to the smectic layers, biases the free 

molecular rotations around the long axis in the SmA* phase and, therefore, induces a 

non-zero average transverse component of polarization. A molecular tilt occurs in the 

plane perpendicular to the induced polarization through the polarization-tilt coupling. 

This effect was found by Garoff and Meyer in 1977 [46] and was called an 

electroclinic effect (ECE).  
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For small fields the induced polarization is proportional to the field. As the 

polarization-tilt coupling is also linear, the relationship between the induced tilt,  , 

and the field, E, will be linear as well: 

Eecc  (24) 

From Eq. (23) the polarization-tilt dependence could be obtained: 
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Minimizing Eq. (23) with respect to polarization and inserting (25), one can 

obtain: 
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The induced tilt angle is linear in field, but strongly temperature-dependent. 

From the comparison of Eq. (24) and (26) the electroclinic coefficient, ecc, could be 

found: 
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It is zero for non-chiral systems and is an intrinsic chiral property. The 

electroclinic coefficient diverges when approaching the transition temperature. The 

electroclinic effect is also called the soft-mode effect. 

Different modes, both collective and non-collective, are characteristic for the 

dielectric behaviour of LCs [47]. In chiral and non-chiral liquid crystals two non-

collective absorptions are observed: one in homeotropic geometry, connected with 

molecular reorientation around the short axis (in kHz and low MHz region); and the 

second in planar geometry, assigned to molecular reorientation around the long axis 

(in high MHz and GHz region). In chiral smectics, additionally to non-collective 

modes, two collective modes connected with director fluctuations are observed in 

dielectric spectrum: the soft mode and the Goldstone mode. Both modes could be 

found in planar geometry. In the SmA* phase the only collective mode is the soft 

mode (tilt angle fluctuations when approaching the ferroelectric phase). It is usually 

observed in the kHz range and is strongly temperature-dependent. In the SmC* phase 
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the collective excitations are the soft mode (amplitudon) and the Goldstone mode 

(phason), or the cone mode. The frequency of the Goldstone mode varies between 10 

Hz – 1 kHz. This mode is weakly temperature-dependent. 

The soft mode (amplitudon) 

The term ‘soft mode’ arose from the fact that the binding forces or the 

corresponding elastic constant get soft against a certain type of excitations when 

approaching the transition temperature. In the SmA* phase the molecules are in 

average aligned parallel to the layer normal. But due to the thermal vibrations the 

instant tilt angle of each molecule is not zero. When approaching the SmA*-SmC* 

transition temperature, Tc, the elastic constant controlling the tilt fluctuations gets 

soft. The fluctuation amplitude, and hence its susceptibility, increases drastically, and 

the frequency falls to zero. The softening of the elastic constant means that the phase 

gradually loses its stability and becomes unstable at Tc. In the SmC* phase the 

molecules also fluctuate collectively around the equilibrium spontaneous tilt angle. 

The system becomes more stable against the tilt fluctuations and the susceptibility 

falls and the frequency of the soft mode increases on decreasing temperature below 

Tc. 

The Goldstone mode (phason) 

In the SmC* phase the director makes an angle with the smectic layer normal 

and precesses from one layer to another resulting in a helical structure with the 

helical axes parallel to the layer normal. If the director in a certain layer fluctuates 

locally as a result of thermal excitations, this disturbance will propagate along the 

helical axis as a long-length wave. Such distortions of the phase angle are called the 

Goldstone mode. The dielectric strength of the Goldstone mode is much larger than 

that of the soft mode in the whole SmC* phase except the very close vicinity of the 

phase transition from the SmA* phase. This makes some difficulties in studying the 

soft mode in the SmC* phase. To overcome these obstacles the bias field, applied 

parallel to the smectic layers, is used to unwind the helical structure and, thus, to 

suppress the Goldstone mode. 
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In the SmC*A phase 4 modes are expected [48]: two amplitudon modes 

(corresponding to in-phase and anti-phase director motions in neighbouring layers), 

and two phason modes, also in-phase and anti-phase. The slowest process is the in-

phase phason mode (the Goldstone mode of the SmC*A phase); this mode is non-

polar. The out-of-phase phason mode has higher relaxation frequency and is a polar 

mode. Even faster process is the out-of-phase amplitudon, which is a non-polar 

mode, and the fastest one is the in-phase amplitudon mode (polar mode). Non-polar 

modes could not be observed in dielectric spectroscopy, only polar modes can couple 

linearly to the measuring electric field. That is why only two dielectric relaxation 

processes are usually observed in the SmC*A phase. They are characterized with 

relatively low dielectric strength and slightly depend on temperature [49]. 

By minimizing the free energy density in the presence of electric field with 

respect to polarization, substituting the obtained polarization value into expansion 

(23) and using the definition of susceptibility
dE

dP
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  , one gets the expressions 

for the dielectric contributions. In the SmA* phase the soft mode dielectric 

contribution ∆S can be written [47]: 
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In the SmC* phase the permittivity consists of the soft mode and the Goldstone 

mode contributions: 

  















  2

033

2

033

22

0 ~
1

~
2

1

2

1

qKqKTT
C

C

GS


  (29) 

The first term corresponds to the soft mode contribution and the second one is 

the Goldstone mode contribution, which is temperature independent. The schematic 

plot of dielectric strength versus temperature is shown in Fig. 10 in accordance with 

Eqs. (29) and (30). 



 25 

 

 

Fig. 10. Schematic plot of the temperature dependence of dielectric strength near the 

SmA*-SmC* phase transition. 

Molecular process, which accounts for the flip-flop reorientation around the 

short molecular axis, could also be observed at high frequencies. Molecular 

processes are thermally activated and the relaxation frequency exhibits the 

Arrhenius-type behaviour with temperature: 

 RTEff ar /exp0   (30) 

where Ea is the activation energy and R is the gas constant R=8.314 Jmol
-1

K
-1

. 
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4. Experimental techniques 

Wide range of experimental techniques has been used to study physical 

properties of newly prepared liquid crystalline materials. Surface treatment of the 

cells allows us to reach either planar or homeotropic orientation. Planar cells and 

free-standing films are used for the texture studies in the phase characterization. 

Spontaneous polarization, tilt angle measurements and dielectric spectroscopy are 

also carried out on planar cells. 

4.1. Cells preparation 

Planar commercial cells (5, 7 or 12 μm thick) and home-made cells are used for 

the mentioned above studies. The home-made cells consist of transparent glasses 

with 55 mm
2
 ITO electrodes. The spacing between glasses is given by mylar sheets 

of known thickness (12, 25 or 50 μm). Silver wires are fixed to the cell by Degussa 

silver paste to be able to perform measurements under electric field. Both 

commercial and home-made cells are filled in the isotropic phase by means of the 

capillary action (Fig. 11). To assure a good alignment of the molecules, samples are 

cooled slowly through the isotropic – nematic – smectic phase transitions. A low 

frequency electric field might be applied to get even better alignment in the smectic 

phases. 

 

Fig. 11. Cell filling by means of capillary action on a heated surface.  

4.2. Polarizing optical microscopy (POM) 

The optical properties of LCs reflect their symmetry, structure and alignment. 

Observation under the polarizing microscope often enables the determination of 

liquid crystalline phases, their sequence and temperatures. The NIKON Eclipse 
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E600Pol microscope equipped with the Nikon Coolpix 4500 digital camera is used. 

The sample is closed into the Linkam LTSE350 heating stage, placed on the 

microscope table. The heating stage enables us to control the temperature of the 

sample with the accuracy of 0.1 K. The textures of the phases could be compared 

with the typical textures [50]. 

4.3. Differential scanning calorimetry (DSC) 

Differential scanning calorimetry is an analytical method for the precise 

transition temperatures and enthalpies evaluation. Thermal changes are monitored on 

cooling and heating and exo- or endothermic effects are detected. Perkin-Elmer 7 

calorimeter is used. The temperature and enthalpy change values were calibrated on 

the extrapolated onset temperatures and the enthalpy changes of melting points of 

water, indium and zinc. The material under study of 3-6 mg is hermetically sealed 

into the aluminium pan and placed into the nitrogen medium. Usually two 

subsequent heating and cooling runs are performed with the 5 K min
-1

 rate. The 

phase transition temperatures are evaluated from the thermograph peaks. Exothermic 

processes appear as positive peaks on a heating curve; endothermic processes 

become apparent as negative peaks, usually on a cooling curve, but may appear on 

the subsequent heating run if the low temperature phase was overcooled. The 

enthalpy of the phase transition is evaluated by the corresponding peak integration. 

4.4. Spontaneous tilt angle measurements 

4.4.1. Determination from the extinction positions 

Tilt angle could be determined optically from the extinction positions of the 

sample placed between crossed polarizers under the opposite d.c. electric fields. The 

angle between extinctions is equal to the full tilt cone angle, i.e. 2. It should be 

mentioned that the tilt measured optically represents the inclination of the molecular 

core, which is usually more tilted than the tails. Thus the optical tilt is usually larger 

than the tilt obtained from the X-ray diffraction (Fig. 12). 
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Fig. 12. Difference between the optical tilt, θOpt, and the tilt obtained from the X-ray 

diffraction measurements, θXRD. 

4.5. Spontaneous polarization measurements 

4.5.1. Sawyer-Tower bridge method 

Sawyer-Tower bridge was first used by C.B. Sawyer and C.H. Tower for the 

measurements on Rochelle salt [51]. For the spontaneous polarization measurements 

on the chiral liquid crystal this method was first used by Ostrovskii et al [52]. The 

main limit of the method is a relatively high conductivity of LC materials (10
7
 – 10

10
 

 m
-1

), which causes the deformation of the hysteresis loop. The current 

compensation is achieved through the applying of a combination of variable resistor 

RV and capacitance CV to solve this problem [53] (Fig. 13a). 

A low-frequency (50-100 Hz) sine or triangular a.c. electric field high enough 

to unwind the helical structure is applied to a sample under study. A hysteresis loop 

of the output signal versus applied field is obtained on the oscilloscope screen (Fig. 

13b). The value of the spontaneous polarization can be calculated from the output 

amplitude at zero field: 

S

UC
P P

s

0  (31) 

where C0 is the capacitor; UP is the output amplitude at zero field; S is the active 

electrodes area of the cell. 
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Fig. 13 a) Sawyer-Tower compensation circuit; b) hysteresis loop. 

4.5.2. Integration of polarization current 

Another method to determine the spontaneous polarization is the integration of 

the current, which passes through the sample during switching [54,55]. Triangular 

a.c. electric field is applied to the sample. The obtained output profile is shown in 

Fig. 14. 

The current passing through the sample is composed of the contributions from 

the induced polarization, Pi, the spontaneous polarization, PS, and from the 

conductivity, : 

 
E

dt

dP
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Ed
E

dt

PPEd
I SSi 










)( 0  (32) 

At E = ± Emax small jumps proportional to changes of Pi, i.e. to the dielectric 

constant , take place (See Fig. 14). The second term, which represents the 

ferroelectric switching, appears as peaks on the switching current profile. The last 

term, connected with conductivity, is responsible for the inclination of the 

background. The spontaneous polarization value can be extracted by integrating the 

switching current under the polarization peak: 
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1
2

1
t

t

S dttI
S

P  (33) 

where S is the active electrode area of the cell; t1 and t2 are the times of the start and 

the end of the peak, respectively (see Fig. 14). 
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Fig. 14. The input (black curve) triangular electric field and the output (red curve) 

signal obtained on the oscilloscope screen. 

4.6. Dielectric spectroscopy 

Dielectric spectroscopy technique is used to study the relaxation processes in 

LC materials. Schlumberger SI 1260 impedance analyzer has been used for these 

studies. An electric field of frequency 10
1
 – 10

6
 Hz is applied to a sample. The set-up 

is shown in Fig. 15.  

Commercial planar cells 5 or 12 μm thick are used for the studies. Cells with 

golden electrodes, which have highly conductive electrodes compared to ITO ones, 

are used for high frequency studies up to 10 MHz. A sample under study is placed 

into the temperature chamber of the Linkam LTSE350 heating stage. The 

temperature and the frequency are controlled by computer during the frequency 

sweeps. The real and imaginary parts of dielectric permittivity are obtained as 

functions of frequency and temperature from the measurements of the resistance and 

the capacity of the sample: 

S

Cd

0

'


   (34) 

RS

d

f02

1
''


   (35) 

here ε0 is the permittivity of vacuum (ε0=8.8510
-12

 F m
-1

), d is the sample thickness, 

S is an active area of the sample electrodes, R and C are the sample resistance and 

capacity, respectively. 
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Fig. 15. The block-scheme of the dielectric spectroscopy measurements set-up. 

Obtained experimental data are fitted to the Cole-Cole formula (8) using the 

software MacroMath Scientist to extract the relaxation frequency and the dielectric 

strength values. 

4.7. Helical pitch measurements 

4.7.1. Diffraction on dechiralization lines 

The characteristic texture of the chiral SmC* phase in a thick (much more than 

the helical pitch length) planar sample reveals equidistant defects, which are 2π 

disclination (dechiralization) lines parallel to the smectic layers. These lines arise 

near the sample surface and are spaced just by the pitch length [56]. Helical pitch in 

the SmC* phase is determined by the light diffraction on these dechiralization lines. 

In thin cells the surface effects suppress the helix; that is why thick planar cells (25-

50 m) are used. The He-Ne laser light beam (=632.8 nm) falls on the sample and 

the diffracted circle is observed on the screen (Fig. 16). The helical pitch could be 

calculated from the Bragg reflection relation: 

 np sin  (36) 

where p is the helical pitch;  is the scattering angle; n is the order of the diffraction 

maximum and  is the laser light wavelength. By this method helical pitches about 

0.8-4 m could be measured. 
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Fig. 16. Block-scheme of the experimental set-up used for the helical pitch 

determination. 

4.7.2. Selective reflection measurements 

In order to measure the helical pitch in the TGB phase, the selective reflection 

measurements were performed in a transmission mode with the Perkin Elmer 

Lambda 1050 high-performance spectrophotometer in the wavelength range 250–

3200 nm. For these measurements the geometry with the helical axis perpendicular to 

the surfaces should be used (parallel to the transmitting light). The incident beam of 

the spectrophotometer is almost non-polarized. When non-polarized light 

propagating in the direction of the helix axis with the wavelength equal to the pitch 

reaches the sample, it is split into two orthogonal circular beams, one of which, with 

the same handedness as the helix, undergoes the Bragg-reflection, and the other 

transmits through the sample. In the transmission spectrum the dip is found for the 

wavelength λ‘, passing through the medium, equal to the pitch of the helix, p 

np /'    (37) 

where λ is the value obtained from the spectrometer; n is the effective refractive 

index, which is assumed to be approximately n ≈ 1.5. 

4.8. X-ray diffraction measurements study 

X-ray diffraction (XRD) experiments are performed to study the layer spacing 

behaviour in smectic phases (small angle regime). It can also reveal or exclude the 

order within the smectic layers (wide angles). 

The XRD measurements have been performed in the Chemistry Department in 

Warsaw University, Poland. For the small angle regime measurements the Bruker D8 
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Discover diffractometer (Cu K radiation, =1.54 Å, Goebel mirror monochromator, 

scintillation counter), equipped with Anton Paar DCS350 heating stage, working in 

the reflection mode, has been used. During the measurements the temperature 

stability is assured to be within ± 0.1 K. Samples are prepared on a silicon substrate 

as thin films with one-free surface. In this geometry in the smectic phases layers are 

parallel to the substrate. The smectic layer spacing, d, is calculated from the position 

of the first peak in the diffraction pattern according to Bragg’s law: 

 sin2dn   (38) 

where  is the X-ray wave-length and θ is the diffraction angle. 

For the wide angle XRD studies the Bruker D8 GADDS diffractometer (Cu K 

radiation, Goebel mirrors, point beam collimator, HiStar area detector) is used. The 

samples for these measurements are prepared as droplets on a heated plate. 
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5. Results and discussions 

This chapter is devoted to the studies of new series of polar liquid crystals, 

which have been synthesised in the Department of Chemistry, Institute of Physics 

ASCR. During the PhD studies about 100 new LC materials and mixtures have been 

studied. The aim is to characterize, confirm the LC ordering and study the physical 

properties. The materials are investigated by the methods described in the previous 

chapter. 

5.1. Orthoconic materials, BFR series 

In this section a series of four-ring smectogens laterally substituted by bromine 

atom is studied. Compounds having four-ring molecular core usually reveal very 

high clearing temperatures, which might be higher than the decomposition 

temperature of molecules [57]. Lateral substitutions are often used to reduce the 

clearing temperatures (see Chapter 2.4). 

A new homologue series of lactic acid derivatives laterally substituted with 

bromine atom, BFR n/6, has been studied with respect to the mesomorphic 

properties in dependence on the terminal non-chiral chain length, n. A chemical 

formula of the studied compounds is presented in Fig. 17. The compounds are 

denoted BFR n/6, where n = 6–8, 10. The compounds contain lateral bromine 

substituent in the molecular core and a lactic acid unit in the terminal chiral chain. 

 

Fig. 17. The chemical formula of the studied series BFR n/6 

All BFR n/6 compounds exhibit Iso – SmA* – SmC* phase sequence on 

cooling. Typical fan-shaped and broken fan-shaped textures have been observed 

under the polarizing microscope in the SmA* and SmC* phases, respectively. 

Dechiralization lines, typical for the helical superstructure, have been seen in the 

SmC* phase. The precise phase transition temperatures and enthalpies are obtained 
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from the DSC measurements and are presented in Table 1. Melting and clearing 

temperatures are lower for longer homologues and the SmA*-SmC* transition 

temperatures are higher, resulting in the paraelectric phase narrowing and the 

ferroelectric phase broadening with the non-chiral chain length. 

A DSC thermograph for BFR 8/6 is presented in Fig. 18. The cooling and 

subsequent heating runs are presented as blue and red curves, respectively. The 

SmA*-SmC* transition peak is enlarged in the inset of the figure. No crystallization 

is observed on cooling up to -20°C. It appears as an opposite peak during the 

subsequent heating. 

Table 1. Phase transition temperatures, T (°C) and enthalpies, ∆H (kJ mol
-1

), taken 

from the second cooling, for BFR n/6 series. 

 

Material 
M. p. 

[∆H] 

TCr 

[∆H] 
SmC* 

Ttr 

[∆H]  
SmA* 

Ttr 

[∆H] 
Iso 

BFR6/6 
87 

[+22.7] 

56 

[-20.9] 
● 

109 

[-0.03] 
● 

213 

[-3.61] 
● 

BFR7/6 
84 

[+31.7] 

22 

[-13.2] 
● 

129 

[-0.12] 
● 

205 

[-4.76] 
● 

BFR8/6 
76 

[+22.9] 

37 

[-15.9] 
● 

141 

[-0.06] 
● 

203 

[-3.16] 
● 

BFR10/6 
74 

[+22.3] 

40 

[-17.0] 
● 

154 

[-0.12] 
● 

193 

[-2.84] 
● 

 

 

Fig. 18. DSC thermograph for BFR 8/6, taken on the second cooling and subsequent 

heating runs. In the inset the SmA*-SmC* transition peak is enlarged. 
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Fig. 19. a) Spontaneous tilt angle and b) spontaneous polarization values as a 

function of temperature in a reduced temperature scale for BFR n/6 series 

Spontaneous polarization and tilt angle values are presented in Fig. 19 for the 

whole series. The values of the tilt angle first rapidly increase on cooling at the 

SmA*-SmC* transition and then show a tendency to saturation. All the compounds 

of the series exhibit high saturation values of the tilt angle, the values being higher 

for longer homologues. The longest one, BFR 10/6, shows as high saturation tilt 

angle as 45 deg, and thus can be considered to be an orthoconic smectic (see section 

3.2.1). On the contrary, spontaneous polarization values do not reach saturation and 

continue growing almost linearly through the whole SmC* phase temperature range 

on cooling. The slope of the P(T) curve is larger for the compounds with shorter non-

chiral chain. The non-linear polarization-tilt dependence was described by Gleeson et 

al [58] adding a cubic term into the polarization-tilt coupling. Physically it can be 

partially explained by the increase of material density on cooling. 
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Fig. 20. Temperature dependence of the helical pitch for BFR n/6 series. The 

accuracy of the measurements is shown with the accuracy bar. 

Helical pitches are presented in Fig. 20 for BFR n/6 series. The values of the 

pitch first rapidly increase at the SmA*-SmC* transition, and then, after reaching a 

sharp maximum, swiftly decrease and, finally, saturate. The pitch is longer for the 

compounds with longer non-chiral chain. For BFR 10/6 the saturated value of the 

pitch is approximately 1.9 μm; for BFR 8/6 it is 1.8 μm. For BFR 7/6 and BFR 6/6 it 

is estimated to be less than 1.6 μm, being below the resolution of the method. For the 

last two homologues the diffraction circle is clearly visible only in the vicinity of the 

phase transition. 

The relaxation frequency and dielectric strength, obtained from the dielectric 

spectroscopy measurements, are presented in Fig. 21 for BFR 7/6. The relaxation 

frequency decreases linearly on cooling in the SmA* phase when approaching the 

phase transition temperature. A pronounced minimum is observed (see the inset in 

Fig. 21). In the SmC* phase a slightly temperature dependent Goldstone mode is 

observed, which is characterised with high values of dielectric strength and low 

frequency. Crystallization is seen as a decrease in the dielectric strength. It is 

observed at higher temperature than the crystallization obtained from DSC 

measurements because of the long duration of dielectric measurements, but still 

below the melting point. 
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Fig. 21. Dielectric strength and relaxation frequency for BFR 7/6, derived from the 

dielectric spectroscopy data. The relaxation frequency behaviour near the phase 

transition temperature is shown in the inset in an enlarged scale. 

In conclusion, all the compounds of the series exhibit paraelectric SmA* and 

ferroelectric SmC* phases over a broad temperature range on cooling (see Table 1). 

Melting and clearing temperatures are lower for longer homologues (higher n value) 

and the SmA*-SmC* transition temperature increases with increasing n, resulting in 

broadening of the temperature range of the ferroelectric SmC* phase and narrowing 

of the paraelectric SmA* phase range. The spontaneous polarization does not 

saturate with decreasing temperature, whereas the spontaneous tilt angle does (Fig. 

19). The helical pitch is longer for compounds with higher n (Fig. 20). The saturated 

values of the spontaneous tilt angle are also higher for the homologues with longer 

chains; the value for the longest homologue, BFR 10/6, reaches up to 45 deg and 

thus this material exhibits orthoconic properties (see section 3.2.1). As orthoconic 

materials with anticlinic arrangement are promising for applications, BFR 10/6 could 

be potentially useful for the preparation of mixtures with desirable AF orthoconic 

structure. The anticlinic arrangement can be induced, for example, by admixing a 

small amount of bent-core molecules into the high tilt FLC host [59]. 
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5.2. De Vries behaviour in nAHL series 

In the previous research [60] the homologue series of one-lactate azo-group-

containing compounds, denoted nAHL (n being a number of carbon atoms in the 

non-chiral chain), was studied with respect to their photosensitive properties. It was 

found that all materials of the series exhibit isotropic-SmA*-SmC*-crystal phase 

sequence. It was also established that some homologues exhibit de Vries behaviour 

(see section 3.2.1). Within the PhD studies physical properties of several 

representatives (n = 7-9, 11) are studied with respect to their de Vries behaviour. The 

chemical formula of the studied series is shown in Fig. 22. The synthesis of the series 

is described in [61].  

 

Fig. 22. Chemical formula of the studied nAHL compounds. 

The relative layer spacing, d/dAC, (dAC being the layer spacing at the SmA*-

SmC* phase transition) for the compounds under study, obtained from the XRD 

measurements, is shown in Fig. 23. The layer spacing values grow on cooling in the 

SmA* phase, which is explained by the stretching of the lateral molecular chains. For 

7AHL the layer spacing continues growing also in the SmC* phase, only with the 

smaller thermal expansion coefficient. 7AHL has been established to be a typical de 

Vries material. For other compounds a drop down is observed at the SmA* - SmC* 

transition, connected with the molecular tilt. For the neighbouring homologue 8AHL 

the layer shrinkage is found to be less than 4%, and it exhibits properties which are in 

the border between the de Vries and regular smectic behaviour. For the rest of 

compounds the drop in d is larger for longer chain length. The aim of the study is to 

investigate the physical properties and to compare de Vries material 7AHL with 

other homologues. 
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Fig. 23. Relative layer spacing behaviour for the studied materials nAHL. 

The comparison of the tilt angles measured optically and calculated from the 

layer spacing using Eq. (9) is shown in Fig. 24 for selected compounds. The layer 

spacing values, evaluated from XRD, are denoted dC; and those linearly extrapolated 

from the SmA* phase values as dA. For de Vries compound 7AHL a great difference 

is found between the measured and calculated values of the tilt angle, which is 

typical for de Vries materials. For near-de Vries 8AHL this difference is still large. 

Note a large induced optical tilt angle, S, in the SmA* phase above the phase 

transition point for 7AHL and 8AHL, whereas for non-de Vries 11AHL it shows 

almost discontinuous jump at the phase transition. This induced optical tilt angle in 

the SmA* phase is connected with a large electroclinic effect (see section 3.2.3). 

The imaginary part of dielectric permittivity is presented in Fig. 25 for two 

compounds: 7AHL as an example of de Vries compounds and 11AHL as a regular 

smectic. For 7AHL a large soft-mode is observed in the vicinity of the phase 

transition, which even prevails the Goldstone mode. This is connected with huge 

fluctuations of the tilt angle. For 11AHL only the Goldstone mode is visible. 
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Fig. 24. Comparison of the tilt angles measured optically, S, and extracted from the 

layer spacing measurements, X, for a) 7AHL; b) 8AHL and c) 11AHL. On the 

right scale the layer spacing values are shown. 

  

Fig. 25. The imaginary part of dielectric permittivity, ’’, for a) 7AHL and b) 

11AHL. 
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Fig. 26. Temperature dependence of the dielectric strength, ∆, for nAHL 

compounds. The peaks for 7AHL and 8AHL correspond to the soft mode. 

From the fitted real and imaginary parts of dielectric permittivity to Eq. (8), the 

dielectric strength, ∆, and relaxation frequency, fr, have been extracted. The 

temperature dependence of the dielectric strength is shown in Fig. 26. For all 

compounds under study the Goldstone mode is observed in the SmC* phase. A 

prominent soft mode is found for 7AHL and 8AHL in the vicinity of the phase 

transition. The soft mode frequency in the SmA* phase is shown in Fig. 27 for 

studied nAHL compounds in the vicinity of the phase transition in a reduced 

temperature scale. One can see that the frequency slope is higher for the compounds 

with longer chain. The low Goldstone mode frequency in the SmC* phase is almost 

temperature-independent. 

 

Fig. 27. Temperature dependence of the relaxation frequency, fr, for nAHL series in 

a reduced temperature scale. 



 43 

 

 

Fig. 28. Temperature dependence of dielectric strength, ∆, under a bias electric field 

about 1 V μm
-1

, for nAHL compounds. 

To study the soft mode behaviour in the SmC* phase near the phase transition 

temperature, a low bias field is applied to unwind the helix. The dielectric strength 

dependence on temperature is shown in Fig. 28 for all studied compounds. The 

temperature dependence of the soft mode relaxation frequency is shown in Fig. 29 in 

a reduced temperature scale. The longer chain length, the higher the slope of the 

frequency-temperature dependence in both the SmA* and SmC* phases. 

 

Fig. 29. Temperature dependence of relaxation frequency, fr, in a reduced 

temperature scale for nAHL compounds. 
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Fig. 30. Spontaneous polarization values, PS, in a reduced temperature scale for 

nAHL series. 

Spontaneous polarization, PS, has been measured for the compounds under 

study. The results are presented in Fig. 30 in a reduced temperature scale. One can 

see that the spontaneous polarization values are higher for longer homologues and 

continue growing through the whole range of the SmC* phase without saturation. 

Experimental data have been analyzed according to Eq. (23), leaving only the 

quadratic term and omitting higher order θ terms. Taking into account the 

polarization-tilt coupling dependence (13), the coupling constant C could be derived 

from the slope Pm of the linear part of the measured PS(θ) dependence: 

0




 Pm
C  (39) 

The dielectric susceptibility of the soft mode in the paraelectric SmA* phase is 

calculated as: 

 c

A
TT
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0
*  (40) 

The slope m of the temperature dependence of 1/∆ in the SmA* phase could 

be obtained as: 
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It is taken from the Curie-Weiss plot of the dielectric measurements carried out 

without the bias field. The soft-mode susceptibility α could be obtained, inserting C 

from (39) into (41): 

0

2




 Pmm
  (42) 

Coefficients of the Landau expansion are summarized in Table 2. 

Table 2. Landau coefficients for nAHL compounds. 

compound 
mpθ 

(10
-5

 C m
-2

) 

mχ 

(K
-1

) 

C 

(10
6
 V m

-1
) 

 

(10
3
 J m

-3
 K

-1
) 

7AHL 35.9 0.022 11.6 0.33 

8AHL 39 0.026 21.5 0.45 

9AHL 70.8 0.062 48.4 3.49 

11AHL 150.7 0.13 58.7 33.36 

  

The α coefficient, which represents the soft-mode susceptibility, is found to be 

the smallest for 7AHL, which exhibits the de Vries behaviour. For near-de Vries 

8AHL it possesses a little bit higher value. The soft-mode susceptibility, as well as 

the polarization-tilt coupling coefficient, grows with the length of the non-chiral 

chain (n). The values of α are found to be in a direct relation with the slope of the 

Curie-Weiss plot, 1/∆, and of the fr(T), for the studied series. 

In summary, selected representatives of nAHL series have been studied with 

respect to de Vries behaviour. The shortest homologue, 7AHL, exhibits no layer 

contraction at the SmA*-SmC* phase transition; the layer shrinkage is more 

pronounced with the prolongation of the non-chiral chain length, n. 8AHL 

homologue is admitted to be near-de Vries with the layer shrinkage about 4% (Fig. 

23). The spontaneous quantities, polarization and tilt angle, grow with increasing n 

(Fig. 30). When comparing the optically measured tilt angle values with the values, 

derived from the layer spacing, one can see that the optically measured tilt exceeds 
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the one, derived from the X-ray measurements (Fig. 24). For the de Vries compounds 

these values differ to a great extend; with the length of the non-chiral chain this 

difference becomes smaller. The soft mode has been studied. In the de Vries 

compounds the soft mode is so pronounced that it exceeds the Goldstone mode in the 

vicinity of the SmA*-SmC* phase transition (Fig. 25). Such a high soft mode could 

be explained by weak coupling between the tilt and the layer spacing in de Vries 

materials. Deeper in the SmC* phase the Goldstone mode is practically equal for all 

the compounds under study (Fig. 26). Coefficients of the Landau expansion of the 

free energy have been derived from the mentioned above experiments for the studied 

compounds (Table 2). The soft mode susceptibility, , and the polarization-tilt 

coupling constant, C, have been found to be lower for de Vries compounds than for 

ordinary smectics and increase with the layer shrinkage growth. In fact, the simple 

Landau expansion is not really applicable to de Vries materials; the tilt angle is not 

small at the SmA*-SmC* phase transition for these materials and higher order  

terms should be included for the accurate description. 

5.3. Antiferroelectric SmCA* phase in nAHLL series 

In this section a homologue series of compounds with two lactate units in the 

chiral chain has been studied. An additional lactate unit has been added with the aim 

to increase the chirality. In the studied series, nAHLL, having the same molecular 

core as studied in the previous section nAHL series, but with an additional lactate 

unit in the lateral chain, longer homologues (n ≥ 10) exhibit a monotropic 

antiferroelectric phase (see section 2.6.3) in addition to the paraelectric and 

ferroelectric ones [62]. The chemical formula of the series is shown in Fig. 31 and 

the phase diagram of the series in Fig. 32. 

 

Fig. 31. Chemical formula of nAHLL homologue series. 
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Fig. 32. Phase diagram for nAHLL series. Empty symbols denote melting points. n 

is the number of carbon atoms in the non-chiral chain. 

The temperature range of the SmA* phase decreases with n increasing and 

completely disappears for the longest homologue 12AHLL. A broad ferroelectric 

phase is observed for all the compounds. 

Typical fan-shaped textures have been observed for all the compounds in the 

SmA* phase, which transform into broken fan-shaped textures in the SmC* phase. 

The SmC*-SmC*A transition has appeared to be of the first order in all the 

compounds and has been observed as a step-like change in birefringence. In free-

standing films both the tilted phases, SmC* and SmC*A, have shown a typical 

Schlieren texture. 

Spontaneous polarization and tilt angle values are shown in Fig. 33. Higher 

values are found for longer homologues. For the longest one, 12AHLL, a significant 

jump is observed at the first-order Iso-SmC* transition. Neither compound shows 

any anomaly at the SmC*-SmC*A transition as the measurements are carried out 

under the electric field. Under high enough electric field the antiferroelectric phase is 

transformed into the ferroelectric one. 
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Fig. 33. Spontaneous a) polarization and b) tilt angle values for the nAHLL series. 

Dielectric spectra of the studied compounds reveal one mode in the SmA* (soft 

mode) and SmC* (Goldstone mode) phases. For the compounds with the SmC*A 

phase two modes with low dielectric strength have been observed in this phase (Fig. 

34 for 10AHLL). These modes are attributed to the anti-phase and in-phase 

azimuthal motions of the molecules in neighbouring layers, the lower frequency 

mode being associated with the in-phase rotation of the c-director in adjacent layers, 

and the higher frequency mode with the anti-phase motion. Relaxation frequency of 

the high-frequency mode is almost temperature independent. The low-frequency 

mode relaxation frequency, on contrary, is temperature dependent and decreases on 

cooling. 
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Fig. 34. Imaginary part of dielectric permittivity versus frequency for 10AHLL at 

indicated temperatures in the SmC*A phase. 

Layer spacing values are shown in Fig. 35 for all the compounds of nAHLL 

series. A slight increase in d is observed on cooling in the SmA* phase. At the 

SmA*-SmC* transition a significant decrease is observed, connected with the 

molecular tilt. For 10AHLL no anomaly is observed at the SmC*-SmC*A transition. 

On further cooling d starts to increase due to the stretching of the aliphatic chains. 

For 11AHLL and 12AHLL a change in d values at the SmC*-SmC*A transition 

temperature is negligible. 

 

Fig. 35. Layer spacing values for nAHLL compounds. 
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To summarize on this series, a newly synthesized homologue series nAHLL 

containing the azo-group in the molecular core and two lactic acid units in the 

terminal chiral chain has been studied. The compounds of the series possess SmA*, 

SmC* and/or SmC*A phases (Fig. 32). With the prolongation of the non-chiral chain 

length, n, the SmA* phase becomes narrower and for the longest homologue, 

12AHLL, a direct isotropic – SmC* phase transition takes place. The SmC* phase 

exists over a broad temperature range for all the compounds of the series. For longer 

homologues n ≥10 a monotropic antiferroelectric SmC*A phase has been observed 

below the SmC* one on cooling. The spontaneous polarization and tilt angle values 

are higher for longer homologues (Fig. 33). The dielectric spectroscopy reveals two 

modes in the SmC*A phase (Fig. 34). We suggest that the lower frequency mode is 

the anti-phase collective mode and the higher frequency mode corresponds to the 

molecular rotations around the short axes. The layer spacing is established from the 

X-ray diffraction (Fig. 35). The length of the molecules, calculated from the energy 

minimization using program Chem3D, is at least by 2Å higher than the value 

obtained from X-ray measurements in the SmA* phase. Folding of the terminal 

molecular chains might explain this difference. Stretching of the chains on cooling is 

consistent with a slight increase in d in the SmA* phase. 

5.4. Comparison of analogous azo-compounds with different lactate 

unit number (8AHL, 8AHLL and 8AHLLL) 

One-lactate compound 8AHL and two-lactate one 8AHLL, studied in the 

previous two sections, are compared with a three-lactate analogue 8AHLLL. 

Synthesis of three-lactate series nAHLLL is described in Ref. [63]. Chemical 

formula of 8AHLLL is shown in Fig. 36. Besides the SmA* and SmC* phases 

occurring in 8AHL and 8AHLL, the antiferroelectric SmC*A phase appears below 

the ferroelectric SmC* phase for 8AHLLL. 

 

Fig. 36. Chemical formula of three-lactate compound 8AHLLL. 
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Fig. 37. Phase diagram for 8AHL, 8AHLL and 8AHLLL. 

The phase diagram for compounds 8AHL, 8AHLL and 8AHLLL is presented 

in Fig. 37. The isotropic-SmA* transition temperature decreases with the lactate unit 

number. At the same time the SmA*-SmC* transition temperatures and 

crystallization temperatures increase. As a result, the ranges of the SmA* and SmC* 

phases become narrower for higher number of lactate units. Three-lactate compound, 

8AHLLL, exhibits a monotropic antiferroelectric phase below the ferroelectric one, 

besides the paraelectric and ferroelectric phases. The thermograph for 8AHLLL is 

presented in Fig. 38. The SmA*-SmC* and SmC*-SmC*A transition peaks are 

enlarged in the inset. 

For 8AHLLL a typical fan-shaped texture is observed in the planar cell in the 

paraelectric SmA* phase. Broken-fan-shaped texture is observed in both SmC* and 

SmC*A phases with a great birefringence change at the transition temperature, which 

is seen as a change in colour from orange to green. 

Spontaneous polarization, PS, and tilt angle, S, are presented in Fig. 39 for 

8AHL, 8AHLL and 8AHLLL for comparison. Both are higher for larger lactate unit 

number. Study of the switching processes is difficult in the monotropic SmC*A phase 

as crystallization occurs during the measurements. 
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Fig. 38. Thermograph of the second heating (red curve) and cooling (blue curve) runs 

for 8AHLLL. The SmA*-SmC* and SmC*-SmC*A transition peaks are enlarged in 

the inset. 

 

Fig. 39. a) Spontaneous polarization and b) tilt angle values for 8AHL, 8AHLL and 

8AHLLL. 
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Fig. 40. Relative layer spacing, d/dAC, where dAC is the layer spacing value at the 

SmA*-SmC* transition, for 8AHL, 8AHLL and 8AHLLL in a reduced temperature 

scale. 

Only one distinct mode has been found in each SmA* and SmC* phases for 

8AHLLL, which attributes to the soft mode and the Goldstone mode, respectively. 

In the AF phase of this compound only one mode has been observed in dielectric 

spectrum. Usually two collective modes are detected in this phase, which use to be 

attributed to the in-phase amplitudon and anti-phase phason motions of the molecules 

in neighbouring layers (see section 3.2.3.). It was proved that the in-phase mode can 

not be detected without applying a bias field [64]. Taking into account this finding, 

the detected mode is suggested to be the anti-phase phason mode. 

Relative layer spacing is presented in a reduced temperature scale in Fig. 40 for 

8AHL, 8AHLL and 8AHLLL. For all the compounds the layer spacing slightly 

increases in the SmA* phase, the maximal thermal expansion coefficient being 

observed for 8AHLLL. At the SmA*-SmC* transition temperature a pronounced 

decrease in the layer spacing, reflecting the molecular tilt, is observed. The layer 

contraction is larger for larger lactate unit number. 

Landau coefficients, calculated according to the procedure described in section 

5.2, are presented in Table 3. The polarization-tilt coupling coefficient, C, and the 

soft-mode susceptibility, α, become higher with the higher number of lactate units. 
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Table 3. Landau coefficients for 8AHL, 8AHLL and 8AHLLL. 

 
mpθ 

(10
-5

 C m
-2

) 

mχ  

(K
-1

) 

C 

(10
6
 V m

-1
) 

 

(10
3
 J m

-3
 K

-1
) 

8AHL 39 0.026 21.5 0.45 

8AHLL 78 0.052 37 3.5 

8AHLLL 95 0.047 44 3.7 

  

To sum up, the mesomorphic properties of one-, two- and three-lactate azo-

compounds (8AHL, 8AHLL and 8AHLLL) have been compared. 8AHL and 

8AHLL exhibit the SmA* and SmC* phases, whereas three-lactate compound 

8AHLLL additionally has a monotropic antiferroelectric SmC*A phase below the 

ferroelectric one (Fig. 37). This is the first example of a compound with three-lactate 

units in the chiral chain exhibiting the AF phase. The isotropic-SmA* transition 

temperature decreases and the SmA*-SmC* phase transition temperature increases 

with the lactate unit number, resulting in the SmA* phase narrowing. Spontaneous 

polarization and tilt angle values are higher for higher number of lactate units (Fig. 

39). The layer shrinkage at the SmA*-SmC* phase transition is also higher for the 

compounds with higher lactate unit number (Fig. 40). In the dielectric spectrum of 

8AHLLL the soft mode has been detected at the SmA*-SmC* phase transition and 

the Goldstone mode has been found in the SmC* phase. In the SmC*A phase only 

one mode has been detected, which is attributed to the anti-phase phason mode. 

Landau coefficients have been calculated for all the compounds under study (Table 

3). The polarization-tilt coupling constant, C, and the soft mode susceptibility, , are 

higher for higher lactate unit number; however, the data for near-de-Vries compound 

8AHL are not reliable as higher order  terms should be included into the Landau 

expansion for the correct phase transition description of this compound (see the 

explanation in conclusions of section 5.2). 

5.5. TGB phases in nBBLL series 

In this section a homologue series of the compounds with three chiral centres, 

two lactate units and one methylbutyl chain, all having S configuration, is studied. 

The molecular core is rather rigid, consisting of two biphenyls connected with an 

ester group. Both biphenyls are laterally substituted by chlorine atoms with the aim 
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to reduce the phase transition temperatures. The compounds are denoted nBBLL, 

where n is the carbon number in the non-chiral chain (n=5,7-10). The chemical 

formula is presented in Fig. 41. 

 

Fig. 41. Chemical formula of nBBLL series. 

The phase transition temperatures and enthalpies, obtained from the DSC 

measurements, are summarized in Table 4. In some cases the phase transition peaks 

were below the resolution of the calorimeter. In such cases the phase transition 

temperatures are obtained from other experimental techniques and an asterisk is 

placed instead of an enthalpy value. 

Table 4. Phase transition temperatures, T (°C) and enthalpies, ∆H (kJmol
-1

) for the 

series nBBLL. 

 

 

 

M.p. 

[∆H] 
SmCA* 

TCr 

[∆H] 
SmC* 

TTr 

[∆H ] 
TGBC 

TTr 

[∆H ] 
TGBA 

TTr 

[∆H ] 
Iso 

5BBLL 
76 

[+25.7] 
• 

56 

[-0.07] 
−  −  • 

115 

[-2.12] 
• 

7BBLL 
72 

[+26.4] 
• 

60 

[-0.06] 
−  • 

69 

[-0.03] 
• 

99 

[-0.21] 
• 

8BBLL 
57 

[+13.8] 
• 

60 

[*] 
• 

63 

[-0.14] 
• 

71 

[-0.04] 
• 

95 

[-0.14] 
• 

9BBLL 
58 

[+15.3] 
• 

65 

[-0.05] 
• 

75 

[-0.12] 
• 

82 

[*] 
• 

88 

[-0.23] 
• 

10BBLL 
55 

[+15.0] 
• 

62 

[-0.02] 
• 

74 

[-0.04] 
• 

83 

[*] 
• 

85 

[-0.02] 
• 
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Fig. 42. Phase diagram for nBBLL series. Melting points are shown with dashed red 

lines. 

The phase diagram is presented in Fig. 42. All the compounds of nBBLL series 

exhibit the SmC*A phase and TGBA phases and, except the shortest 5BBLL one, the 

TGBC phase (see section 2.6.5). Longer homologues 8BBLL, 9BBLL and 10BBLL 

reveal the ferroelectric SmC* phase. The clearing temperature decreases with the 

length of the non-chiral chain length (n number), the difference between the shortest 

(n = 5) and the longest homologues (n = 10) being more than 30 K. Other transition 

temperatures increase with increasing n, resulting in the TGBA phase contraction for 

longer homologues. 

Planar textures of 7BBLL are presented in Fig. 43. Paramorphic features of 

TGBC phase [65] remain also in the SmC* and/or SmC*A phases, but under applied 

electric field the texture changes into a regular broken-fan-shaped one (Fig. 43c). In 

the TGBA phase the electric field has no effect on the texture. Under the applied 

electric field the TGBC phase is changes into the SmC* phase with a broken-fan-

shaped texture, and quickly transforms back into the TGBC one after the field is 

switched off. 
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Fig. 43. Planar textures of 7BBLL in the a) TGBA at T =80°C; b) TGBC at T =67°C 

and c) SmC*A phase at T =58°C. The width of the photos is 150 μm. 

 

Fig. 44. Planar textures of 9BBLL in a) TGBA and b) TGBC phases. The width of 

the photos is 200 μm. 

An oily-streak-type of textures is observed for compound 9BBLL (Fig. 44). In 

the TGBA phase the filaments are observed on the black background (Fig. 44a), and 

in the TGBC phase the background colour continuously changes from violet to green 

on cooling (Fig. 44b). 

Free-standing film texture is shown in Fig. 45 for 9BBLL in the TGBA phase. 

The texture exhibits very low birefringence and a weak contrast. In the TGBC and 

SmC* phases Schlieren textures are observed. At the SmC*-SmC*A phase transition 

an abrupt change in colour is observed, changing from black to a brighter colour, 

often blue or green-blue. The colour reflects the pitch length, being rather short in the 

SmC*A phase. 
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Fig. 45. Free-standing film texture in the TGBA phase for 9BBLL. The width of the 

photo corresponds to 200 μm. 

Switching properties under different electric fields have been studied. Under a 

sufficiently high electric field (≥ 10 Vμm
-1

) the switching has been reached in the 

TGBC phase, which is transformed into a regular SmC*. The temperature 

dependence of PS is presented in Fig. 46 for 9BBLL under the measuring fields of 

different values. For high electric field (≥ 30 Vμm
-1

) the temperature dependence of 

PS shows a step-like increase at the TGBA-TGBC phase transition and no anomaly at 

the TGBC-SmC* and SmC*-SmC*A phase transitions as the TGBC and SmC*A 

phases become completely transformed into the regular SmC* by such high field. For 

the intermediate field 20 Vμm
-1

 the polarisation detected in the TGBC phase is lower 

due to a non-complete switching. An anomaly in PS(T) behaviour is observed within 

the TGBC phase when the measuring field (10 Vμm
-1

) is not high enough to ensure 

the complete switching. In this case a double-peak current profile is observed (Fig. 

47 for 10BBLL at 74°C), evidencing the coexistence of TGBC and SmC* phases. 

Higher switching time peak corresponds to the TGBC phase and a lower switching 

time peak is connected with the SmC* phase and appears when approaching the 

TGBC-SmC* phase transition on cooling. The lower-time peak grows quickly on 

further cooling, whereas the peak corresponding to TGBC phase gradually 

disappears. 
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Fig. 46. Ps(T) behaviour for 9BBLL under different measuring AC voltages. Phases 

existing at E=0 are indicated. 

 

Fig. 47. Switching current profile under a triangular electric field 10 Vμm
-1

 at a 

temperature T =74°C for 10BBLL. 

During the measurements of the tilt angle a DC electric field has been applied. 

When observing under the polarizing microscope, a coexistence of TGBC and SmC* 

textures in a form of separated regions is observed in the temperature range of the 

TGBC phase. When a sufficiently high electric field (≥ 30 Vμm
-1

) is applied, a fan-

shaped-like texture appears and it is possible to measure the value of the tilt angle. 

The temperature dependence of the tilt angle in the SmC* and SmC*A phases has 

similar behaviour to PS(T) under the high applied electric field. The tilt angle values 
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grow on cooling without anomalies at the SmC*-SmC*A phase transition and 

saturate at about 25-30 deg. 

A three-dimensional plot of the imaginary part of permittivity, ‘‘, in 

dependence on frequency and temperature, obtained from the dielectric spectroscopy 

measurements, is presented in Fig. 48 for 9BBLL. The vicinity of the TGBA-TGBC 

phase transition is shown in Fig. 49 for 9BBLL, where a soft mode with typical 

linear behaviour of the relaxation frequency has been found. The soft mode in TGBA 

phases for all the compounds studied does not differ from the soft mode, usually 

detected in the SmA* phase. However, the mode found in the TGBC phase is rather 

weak and possesses high relaxation frequency values (5-10 kHz) in comparison with 

a typical Goldstone mode. At the transition to the ferroelectric SmC* phase the mode 

becomes much stronger, showing a jump up to hundreds in the dielectric strength 

values. The relaxation frequency of the Goldstone mode is low in the SmC* phase 

(10-200 Hz, depending on the compound), which is typical behaviour. 

 

Fig. 48. 3D plot of the imaginary part of permittivity, ‘‘, versus temperature and 

frequency for 9BBLL. Phases are indicated. 
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Fig. 49. Relaxation frequency (empty symbols) and dielectric strength (full symbols) 

in dependence on temperature near the TGBA-TGBC phase transition for 9BBLL. 

Typical soft-mode behaviour is observed in the TGBA phase. 

The temperature dependence of the dielectric strength and relaxation frequency 

for 5BBLL with the direct TGBA-SmCA* phase transition is presented in Fig. 50. In 

the antiferroelectric SmCA* phase two weak modes have been found for all studied 

compounds, both exhibiting the continuous decrease in ∆ and fr values through the 

whole SmCA* phase range on cooling. The higher-frequency one might correspond 

to the molecular rotations around the short axis. The mode with lower frequency, 

presented in Fig. 50, is a collective mode attributed to the anti-phase azimuthal 

motions of molecules in neighbouring layers. 

The layer spacing, d, obtained from the X-ray diffraction measurements, is 

presented in Fig. 51 together with the diffracted intensity, int., for selected 

compounds. The layer thickness smoothly changes with temperature in the TGBA 

phase. At the TGBA-TGBC phase transition a pronounced decrease on cooling is 

observed, reflecting the molecular tilt. A small step-like decrease in d(T) is also 

observed at the TGBC-SmC*A or SmC*-SmC*A phase transition, which is connected 

with the increase in smectic order in the SmC*A phase. The diffracted intensity is 

rather weak in the TGBA and TGBC phases and shows substantial increase at the 

transition to the regular smectic phases (SmC* or SmC*A), which is due to the 

increase of the molecular order in these smectic phases. 
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Fig. 50. Temperature dependence of ∆ and fr for 5BBLL. In the inset fr behaviour 

near the TGBA-SmCA* phase transition is shown in the enlarged scale. 

 

Fig. 51. Temperature dependences of the layer spacing, d (full symbols), and the 

diffracted intensity, int. (empty symbols), for a) 7BBLL; b) 8BBLL and c) 9BBLL. 

The hatched area marks the coexistence of phases. 
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In conclusion, a series of highly chiral compounds with three chiral centres, 

nBBLL, has been studied; all homologues exhibit TGB phases in broad temperature 

ranges (Fig. 42). All compounds of the series have TGBA and SmC*A phases; all 

homologues except the shortest one, 5BBLL, exhibit the TGBC phase below the 

TGBA one, and longer homologues, n=8-10, possess also the ferroelectric SmC* 

phase between the TGBC and SmC*A. The isotropic-TGBA phase transition 

temperature decreases and other transition temperatures increase with the non-chiral 

chain length n, resulting in the TGBA phase narrowing for longer homologues. To 

the best of our knowledge, only few compound exhibiting both TGBA and SmC*A 

phases together have been found so far [e.g. 66-68]. In Navailles et. al. [67] the 

TGBC and SmC* phases were also present in the phase sequence and between the 

SmC* and SmC*A phases a ferrielectric phase was found. For the best of our 

knowledge, the phase sequence TGBA-TGBC-SmC*-SmC*A has been found for the 

first time in nBBLL compounds. 

5.6. Mesomorphic properties of HZL12 and HZLLL12, differing in 

the number of lactate unit groups 

The compounds under study have a molecular core consisting of a phenyl and 

biphenyl, connected by an ester linkage group. One- and three-lactate compounds, 

abbreviated HZL12 and HZLLL12, respectively, are compared together with the 

two-lactate analogue [69]. HZL12 possesses TGB phases between the isotropic and 

ferroelectric ones; for HZLLL12 the hexatic phase appears below the ferroelectric 

one. Chemical formula of the studied compounds is presented in Fig. 52. 

 

Fig. 52. Chemical formula for the studied compounds; n is the number of lactate 

units. 
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Fig. 53. Phase diagram for HZL12, HZLL12 and HZLLL12. Melting points are 

shown with red lines. 

The phase diagram for the studied materials HZL12, HZLLL12 is presented in 

Fig. 53. A two-lactate analogue, HZLL12 (see [69], where it was abbreviated as 

HLL12), has been added for comparison; it possesses antiferroelectric SmC*A phase 

in a wide temperature region. As can be seen from the Fig. 53, all three materials 

reveal completely different phase behaviour. 

For one-lactate HZL12, TGB phases, which appear in the phase sequence of 

highly chiral compounds (see section 2.6.5), are found between the isotropic and the 

ferroelectric phases. POM microphotographs of the planar sample textures are 

presented in Fig. 54. Characteristic coloured pseudo-fans (Fig. 54a) are observed in 

the TGBA phase. At the transition to the TGBC phase a modification of the texture 

takes place, keeping the main features unchanged (Fig. 54b). At the transition to the 

ferroelectric SmC* phase an abrupt change has been observed (Fig. 54c), resulting in 

a regular broken fan-shaped texture (Fig. 54d). Under a sufficiently high electric 

field (≥5 V μm
-1

) the TGBC phase transforms into a regular SmC*. After the field is 

switched off, the broken fan-shaped texture, characteristic for the SmC* phase, 

remains in the TGBC phase. Thus the TGBC phase is irreversibly transformed into 

the SmC* phase by the electric field. 
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Fig. 54. Textures, observed in POM in a planar sample of HZL12 a) in the TGBA 

phase below the Iso-TGBA phase transition; b) in the TGBC phase; c) at the TGBC-

SmC* phase transition and d) in the SmC* phase. The width of the photos is 200 μm. 

 

Fig. 55. Planar textures of HZLLL12 in a) SmC* and b) hexatic phases. The width 

of the photos corresponds to 200 μm. 

Three-lactate compound HZLLL12 possesses the ferroelectric and the hexatic 

phases (see section 2.2.3). The planar texture in the SmC* phase is presented in Fig. 

55a). At the transition to the hexatic phase a slight modification of the texture is seen 

(Fig. 55b). 

The spontaneous polarization and tilt angle are shown in Fig. 56 a) for HZL12 

and b) for HZLLL12 compounds. For one-lactate compound HZL12 the tilt angle 

value shows a jump up to 10 deg at the TGBA-TGBC phase transition, providing the 

evidence of the first-order character of this phase transition. The value of the 

spontaneous polarization grows continuously due to the nature of the measurements 



 66 

 

method, in which the current is integrated over the whole sample and thus the 

coexistence of phases is hidden. Within the ferroelectric phases (TGBC and SmC*) 

temperature interval the polarization and tilt angle grow continuously on cooling 

without peculiarities at the TGBC-SmC* phase transition. This might be caused by 

the TGBC phase transformation into the SmC* phase under the measuring field. For 

three-lactate compound HZLLL12 a quite high jump in both spontaneous quantities 

is observed at the Iso-SmC* transition temperature, with a subsequent decrease when 

approaching the hexatic phase (Fig. 56b). Switching by DC electric field is possible 

in the hexatic phase, however, in AC electric field the switching slows down on 

cooling. Due to this reason the tilt angle measurements are possible to carry out, but 

the polarization measurements are not accessible at the measuring frequency of 50 

Hz and the measured values fall down to zero in the hexatic phase. 

 

 

Fig. 56. Spontaneous polarization and tilt angle values for a) HZL12 and b) 

HZLLL12. Phases are designated. The hatched area marks the coexistence of 

phases. 



 67 

 

Temperature dependences of the dielectric strength and the relaxation 

frequency for HZL12 and HZLLL12, obtained from the dielectric spectroscopy 

measurements, are presented in Fig. 57 a) and b), respectively. In the one-lactate 

compound, HZL12, a soft mode is observed in the TGBA phase near the TGBA-

TGBC phase transition as a linear decrease of the relaxation frequency of the tilt 

angle fluctuations. The dielectric strength of the Goldstone mode is rather small in 

the TGBC phase and the relaxation frequency possesses low values, decreasing on 

cooling within the TGBC phase. At the TGBC-SmC* transition the Goldstone mode 

dielectric strength exhibits a jump to much higher values and the relaxation 

frequency values become lower. For HZLLL12 the dielectric strength increases and 

the relaxation frequency softens when approaching the SmC*-hexatic phase 

transition on cooling. In the hexatic phase the dielectric strength falls down and the 

relaxation frequency values grow on cooling. 

 

 

Fig. 57. Temperature dependences of the dielectric strength and the relaxation 

frequency of a) HZL12 and b) HZLLL12. 
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The phase identification has been proved by the X-ray diffraction data. The 

layer spacing values and the peak intensities are presented in Fig. 58 a) for the one- 

and b) for the three-lactate compounds. For one-lactate HZL12 the layer thickness 

slightly increases in the TGBA phase, which is often observed in the SmA phase. In 

the TGBC and SmC* phases the layer spacing decreases on cooling, reflecting the 

molecular tilt. The TGBC-SmC* phase transition is characterized with a pronounced 

increase in the peak intensity due to a much better sample alignment in the SmC* 

phase. Deeper in the SmC* phase the layer spacing increases again, which is 

connected with the molecular tilt saturation and the aliphatic molecular chains 

stretching. 

 

 

Fig. 58. Temperature dependence of the layer spacing (black curves) and the X-ray 

signal intensity (red curves) for a) HZL12 and b) HZLLL12. 
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Fig. 59. 2D X-ray intensity patterns in a) the SmC* phase at 64°C and b) the hexatic 

phase at 50°C of HZLLL12. In the left corner of each figure the intensity profile 

versus scattering angle is presented. 

For HZLLL12 the layer spacing increases on cooling throughout the SmC* 

phase. This can be explained by the almost constant tilt angle values (see Fig. 56b) 

combined with the molecular chains stretching. At the SmC*-hexatic phase transition 

the layer spacing values show a step-like increase. The hexatic order has been proven 

by the wide-angle X-ray studies (Fig. 59). An additional sharp maximum in the 

intensity profile appears in the wide angle region, which corresponds to the hexatic 

ordering within the layers. 

In summary, newly synthesized lactic acid derivatives with one (HZL12) and 

three lactate units (HZLLL12) in the terminal chain have been studied and compared 

with the previously studied analogous compound with two lactate units (HZLL12). 

All three compounds reveal completely different mesomorphic behaviour; there is no 

phase which is common for all three compounds. HZL12 has the TGBA-TGBC-

SmC* phase sequence; for HZLLL12 the ferroelectric SmC* and hexatic phases 

have been found, whereas two-lactate HZLL12 exhibited only the antiferroelectric 

SmC*A phase in a wide temperature range (Fig. 53). The clearing point decreases 

while the crystallization and melting temperatures grow with the lactate unit number, 

resulting in the narrowing of the mesophase temperature range (16 K for HZLLL12 

compared to 86 K for HZL12). The existence of the ferroelectric hexatic phase 

below the SmC* one in HZLLL12 has been confirmed by switching properties, 
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dielectric measurements and the X-ray scattering measurements. Hexatic phase 

appearance is not so frequent in lactic acid derivatives; it was found only for 

compounds ZLL [70]. The vicinity of the SmC*-hexatic phase transition was 

theoretically studied and compared with ZLL experimental data by Rychetsky et al. 

[71]. For ZLL compounds the relaxation frequency exhibited a gradual decrease in 

the hexatic phase, while for HZLLL12 an increase of fr in the hexatic phase has been 

observed. 

5.7. Re-entrant TGBA phase in BBrn/6 compounds 

A series of LC compounds with a lateral bromine substitution and the lactate 

unit in the chiral terminal chain, denoted BBrn/6, is studied. A chemical formula is 

shown in Fig. 60. 

 

Fig. 60. Chemical formula of BBrn/6 series. 

Phases, phase transition temperatures and enthalpies, obtained from DSC 

measurements, are collected in Table 5. The clearing temperatures are almost equal 

for all homologues of the series. The shortest homologue, BBr6/6, exhibits the 

TGBA phase only, while all other homologues have TGBA-SmA*-TGBARE-TGBC 

phase sequence on cooling. For BBr7/6 and BBr8/6 the TGBARE and TGBC phases 

are monotropic, whereas for the longest homologue BBr10/6 both these phases 

become enantiotropic due to a significant decrease of the melting point. 

The SmA*-TGBARE phase transition peaks are not recognizable from DSC. 

The asterisk is placed instead of the enthalpy value in Table 5 for these phase 

transitions. The phases and transition temperatures are determined from the texture 

observations, dielectric spectroscopy and X-ray measurements in these cases. A 

thermograph for BBr8/6, taken on the second cooling, is presented in Fig. 61 as an 

example. 
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Table 5. Phase transition temperatures, T (°C), and enthalpies, ∆H (kJmol
-1

), for 

BBrn/6 series. 

 
M.p. 

H ] 
TGBC 

Tcr 

H ] 
TGBARE 

Ttr 

H ] 
SmA* 

Ttr 

H ] 
TGBA 

Ttr 

H ] 
Iso 

BBr6/6 
43 

[+25.4] 
- - -  -  ● 

79 

[-1.63] 
● 

BBr7/6 
47 

[+40.4] 
● 

28 

[-0.07] 
● 

41 

[*] 
● 

75 

[-0.30] 
● 

79 

[-0.06] 
● 

BBr8/6 
52 

[+21.1] 
● 

36 

[-0.05] 
● 

46 

[*] 
● 

79 

[-0.46] 
● 

81 

[-0.06] 
● 

BBr10/6 
31 

[+36.9] 
● 

51 

[-0.06] 
● 

58 

[*] 
● 

77 

[-0.34] 
● 

81 

[-0.14] 
● 

 

 

Fig. 61. A DSC thermograph for BBr8/6. Phase transition temperatures are marked 

by arrows. 

A coloured and hardly focusable planar texture of the TGBA phase for BBr6/6 

is presented in Fig. 62a). A blurred features often survive on cooling to the SmA* 

phase, forming a paramorphic texture (see Fig. 62b) for BBr7/6). As a result, a 

TGBA-SmA* phase transition is difficult to recognize from the POM observations. 

TGBA phase features are gradually disappearing on cooling through the broad SmA* 

phase. However, the SmA*-TGBARE phase transition is also hardly recognizable 

from the texture observations. 
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Fig. 62. Planar textures of a) BBr6/6 in TGBA phase at T=70°C; b) BBr7/6 in SmA* 

phase at T=60°C. The width of the photos is approximately 200 μm. 

  

Fig. 63. Homeotropic-like textures of the planar BBr10/6 sample in a) TGBARE 

phase at T=57°C; b) TGBC phase at T=50°C. The width of the photos corresponds to 

200 μm. 

For BBr10/6 the planar sample exhibits homeotropic-like features of the 

texture even in a commercial cell with homogeneous surface treatment (see Fig. 63 

a) for TGBARE and b) for TGBC phases). Similarly to the other compounds of the 

series, there are practically no observable changes at the TGBA-SmA* and SmA*-

TGBARE phase transitions. 

Textures for BBr8/6 sample with one free surface are presented in Fig. 64. The 

homeotropic alignment prevails and the typical TGBA texture with filaments on the 

black background is observed (Fig. 64a). On further cooling the filaments disappear, 

leaving a completely dark texture evidencing the SmA* phase presence (Fig. 64b). 

At the SmA*-TGBARE transition the filaments reappear again (Fig. 64c), confirming 

the existence of the TGBARE phase below the SmA*. 
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Fig. 64. Textures of BBr8/6 sample with one free surface in a) TGBA phase at 

T=80°C; b) SmA* phase at T=50°C and c) TGBARE phase at T=40°C. The width of 

the figures corresponds to 150 μm. 

The application of an electric field has no effect on the TGBA and SmA* phase 

textures. In the TGBC phase the field causes a transformation into the regular 

broken-fan-shaped texture of the SmC phase. Ferroelectric switching is not achieved 

in the TGBC phase due to a high viscosity of this phase. 

In the dielectric spectrum of BBr6/6, with the TGBA phase only, a weak mode 

is observed within the studied frequency range. Its relaxation frequency starts from 

10 kHz and decreases on cooling with temperature. For BBr7/6, BBr8/6 and 

BBr10/6 one distinct mode can be detected in the SmA* phase. In the TGBA and the 

high temperature part of the SmA* phase it is not observed, being probably out of the 

measuring range or too weak to be detected. Fig. 65 shows the imaginary part of 

permittivity in dependence on temperature and frequency for a) BBr7/6 and b) 

BBr8/6. Clear anomalies in permittivity are found in the vicinity of the SmA*-

TGBARE and TGBARE-TGBC phase transitions similarly also for BBr10/6. 

Dielectric strength, ∆, and relaxation frequency, fr, are presented in Fig. 66 for 

BBr7/6. The ∆ values increase and fr gradually decrease on cooling, except the 

vicinity of the SmA*-TGBARE and TGBARE-TGBC phase transitions, where specific 

anomalies are observed. Usually in the tilted phases the Goldstone mode is observed. 

However, it could be suppressed in the TGBC phase because all modes are usually 

clamped at the smectic blocks boundaries in the TGB phases. Due to this reason the 

relaxation frequency is usually higher and the dielectric strength is lower in TGB 

phases than in regular smectic phases [72-74]. In Fig. 67 the relaxation frequency, fr, 

is presented in logarithmic scale as a function of the reversed temperature in Kelvins 
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to check the Arrhenius law (30) for all studied compounds. The dependence is linear 

except of the vicinity of the SmA*-TGBARE and TGBARE-TGBC phase transitions. 

The linear parts evidence the dominance of a non-collective activated mode with 

nearly the same activation energy in all phases. Due to a high fr value this mode 

cannot be observed at higher temperatures, where it is overwhelmed by the ITO 

mode. The observed mode might correspond to the molecular rotations around the 

short axis. Relatively low values of the relaxation frequency of this mode in 

comparison with majority of LC materials could be explained by the presence of a 

heavy bromine atom as a lateral substituent. The activation energies are found to be 

Ea=135±5 kJ mol
-1

 for BBr6/6 and varies between 120 and 136 kJ mol
-1

 for other 

compounds of the series. These values are compatible with energies, found for the 

molecular rotations around the short axis for strongly chiral molecules [49]. 

  

Fig. 65. Imaginary part of permittivity as a function of temperature and frequency for 

a) BBr7/6 and b) BBr8/6. Anomalies, marked with arrows, correspond to the SmA*-

TGBARE and TGBARE-TGBC phase transitions. 
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Fig. 66. Relaxation frequency (empty symbols) and dielectric strength (full symbols) 

for BBr7/6. 

 

Fig. 67. Relaxation frequency in logarithmic scale, lnfr, versus reversed temperature, 

T 
-1

, for BBrn/6 compounds. 

The X-ray studies have been carried out to establish the layer spacing 

behaviour and to confirm the phase sequence. The layer thickness exhibits a slight 

continuous increase on cooling without anomalies at the phase transitions through the 

TGBA, SmA* and TGBARE phases. An abrupt change of the diffracted intensity 

peak is found between the SmA* and TGBA phases (Fig. 68). 
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Fig. 68. X-ray intensity versus azimuthal angle for BBr10/6 in the SmA* phase at 

T=60°C (full symbols) and in the TGBARE phase at T=50°C (empty symbols). 

Temperature dependence of the layer spacing and the diffracted intensity is 

presented in Fig. 69 for a) BBr7/6 and b) BBr8/6. At the transition to the TGBC 

phase a decrease in layer spacing values, connected with the molecular tilt, is found. 

In Fig. 70 the layer spacing behaviour is compared for all studied compounds. The 

layer spacing values could be compared to the lengths of the molecules in the most 

extended configuration, being 35.5 Å for BBr6/6 and 38 Å for BBr10/6. The fact 

that the actual layer spacing is shorter comparing to the length of the fully extended 

molecules could be explained by the small molecular order within the smectic layers 

and a distortion of the lateral chains, existing at least in the orthogonal phases. 
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Fig. 69. Temperature dependence of the layer spacing (full symbols) and the X-ray 

intensity (empty symbols) for a) BBr7/6 and b) BBr8/6.  

 

Fig. 70. Temperature dependence of the layer spacing for BBrn/6 compounds. 
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Fig. 71. Temperature dependence of the helical pitch for BBr10/6. 

Selective reflection measurements confirm the existence of the helical structure 

in TGB phases. The temperature dependence of the pitch length, measured by this 

method, is presented in Fig. 71 for BBr10/6. Divergences at the TGBA-SmA* and 

SmA*-TGBARE phase transitions are found. The same sense of helicity is confirmed 

by the rotatory power study in both TGBA phases. 

To summarize, a new series of chiral compounds BBrn/6 with one lactate unit 

in the terminal chain and a molecular core substituted by bromine atom has been 

studied. The clearing point practically does not change with the length of the non-

chiral chain n and the melting point changes non-monotonously (Table 5). For the 

shortest homologue BBr6/6 only the TGBA phase is observed. For all other 

compounds of the series the TGBA-SmA*-TGBARE-TGBC phase sequence has been 

established on cooling basing on the texture observations, dielectric spectroscopy, X-

ray diffraction and selective reflection experiments. For BBr7/6 and BBr8/6 the 

TGBARE and TGBC phases are monotropic while for BBr10/6 both these phases are 

enantiotropic due to a significant decrease of the melting temperature. The layer 

spacing values are practically the same in the TGBA, SmA* and TGBARE phases 

(Fig. 70), that is why no interdigitation of molecules is expected in any of these 

phases. On the other hand, the layer spacing is smaller than the length of the fully 

extended molecules, which might be explained by the small molecular order within 

the layers and/or the distortion of the lateral chains. TGBA phase re-entrancy is not 

so frequent; to the best of our knowledge it was found only in a few compounds 

[75,76]. 
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5.8. Re-entrant SmA* phase in nZBL series 

Compounds of the series under investigation consist of two biphenyls 

connected by an ester group, one biphenyl being laterally substituted by a chlorine 

atom. The chiral part is represented by two chiral centres, methyl-butyl and a lactate 

unit. The chemical formula of the studied compounds, denoted nZBL (n=5,7-10 is 

the number of chiral carbons), is shown in Fig. 72. 

 

Fig. 72. Chemical formula of the studied series nZBL. 

It has been established that all materials of the series possess cholesteric-

TGBA-smectic A phase sequence on cooling. For longer homologues (n=8-10) a 

blue phase (BP) is observed between the isotropic and cholesteric ones. Both BP and 

TGBA phases exist in very narrow temperature intervals. The SmA* phase, on 

contrary, is very broad and stable. For 9ZBL and 10ZBL a ferroelectric SmC* phase 

occurs below the paraelectric SmA* phase. For 9ZBL an additional smectic phase, 

attributed to the re-entrant paraelectric SmA*RE phase, has been observed. Phase 

diagram for the studied series is shown in Fig. 73. 

 

Fig. 73. Phase diagram of nZBL series. Melting temperatures are shown with empty 

symbols. 
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Fig. 74. DSC thermograph for 9ZBL. 

Table 6. Melting points, M.p. (°C), crystallization, TCr (°C), phase transition 

temperatures, TTr (°C) and enthalpies, ∆H (kJ mol
-1

) for nZBL series, obtained from 

DSC measurements. The asterisk is placed instead of the enthalpy value if the 

transition is not recognizable from the DSC measurements. 

 
M.p. 

H
 

TCr 

H 
SmA*RE 

TTr 

H 
SmC* 

TTr 

H 
SmA* 

TTr 

H 
TGBA 

TTr 

H 
Ch 

TTr 

H 
BP 

TTr 

H 
Iso 

5ZBL 
77 

+17.5 

55 

-10.8 
-  -  • 

153 

-0.02 
• 

160 

-0.48 
• 

190 

-0.65 
-  • 

7ZBL 
66 

+22.4 

44 

-27.3 
-  -  • 

160 

* 
• 

166 

-0.40 
• 

182 

-0.21 
-  • 

8ZBL 
43 

+10.3 

24 

-7.4 
- 

 
-  • 

162 

-0.01 
• 

163 

-0.35 
• 

180 

-0.64 
• 

181 

* 
• 

9ZBL 
47 

+13.6 

31 

-12.0 
• 

58 

* 
• 

96 

-0.02 
• 

158 

-0.01 
• 

160 

-0.41 
• 

174 

-0.27 
• 

175 

* 
• 

10ZBL 
63 

+20.1 

35 

-12.9 
- 

 
• 

119 

* 
• 

160 

-0.01 
• 

163 

-0.57 
• 

173 

-0.66 
• 

175 

* 
• 

DSC thermograph is presented in Fig. 74 for 9ZBL. Only crystallization and 

melting peaks are sharp. All phases are enantiotropic. A high-temperature part is 

enlarged in the inset of the figure. SmA*-SmC* and SmC*-SmA*RE phase 

transitions are not seen from the DSC measurements and are determined from other 

studies. Phase transition temperatures and enthalpies are collected in Table 6. 

In the blue phase the planar sample textures exhibit plate-like domains (Fig. 

75a), which are characteristic for this phase. In the cholesteric phase oily-streak 
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textures are observed (Fig. 75b). In the TGBA phase a typical coloured blurry pseudo 

fan-shaped texture is found. The TGBA-SmA* phase transition is observed on 

cooling as a change in fan colour and a contrast sharpening (Fig. 75c). Through the 

SmA* and SmC* phases the colour of the fan-shaped texture changes gradually, 

showing an increase in birefringence (Fig. 76 a–c). No dechiralization lines or 

defects appearance are observed in the SmC* phase. At the SmC*-SmA*RE phase 

transition a slight change in colour and a small textural modification takes place (Fig. 

76d). Free-standing film texture of the TGBA phase reveals typical filaments. Both 

SmA* and SmA*RE textures are black under cross polarizers, confirming the 

orthogonal structure. In the SmC* phase a Schlieren texture with characteristic point 

defects is seen. The low contrast of this texture reflects a small molecular tilt. 

 

Fig. 75. Planar textures for 9ZBL in a) blue phase; b) cholesteric phase and c) at the 

TGBA-SmA* phase transition. 

 

Fig. 76. Planar textures for 9ZBL a) in the SmA* phase at T=130°C; b) in the SmA* 

phase at T=100°C; c) in the SmC* phase at T=90°C and d) in the SmA*RE phase at 

T=55°C. 
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Fig. 77. Temperature dependence of the layer spacing for nZBL series. Arrows mark 

the SmA*-SmC* (full arrow) and SmC*-SmA*RE (dashed arrow) phase transitions. 

From the X-ray diffraction measurements the layer spacing values have been 

evaluated. The temperature dependence of the layer spacing, d, is shown in Fig. 77 

for nZBL series. A gradual increase of d is observed in the SmA* phase. The 

thermal expansion coefficient is higher for materials with longer chain. A decrease in 

layer spacing, connected with the molecular tilt, is observed at the SmA*-SmC* 

transition for 9ZBL and 10ZBL compounds. After reaching a minimum, the layer 

spacing values start to grow again within the SmC* phase. For 10ZBL the values of 

d reach the extrapolated values of the layer spacing in the SmA* phase. 

In Fig. 78 the temperature dependence of the layer spacing is presented 

together with the intensity of the X-ray peak signal for 9ZBL. The SmA*-SmC* and 

SmC*-SmA*RE phase transitions are observed at temperatures T=96°C and T=58°C 

as the changes in d(T) dependence and as minima in the X-ray intensity. The 

intensity minima reflect fluctuations at the phase transitions. Both mentioned above 

anomalies are observed on heating as well as on cooling with a temperature 

hysteresis less than 1K. The wide angle X-ray diffraction studies have not detected 

any order within the layers, so the hexatic or crystalline order is excluded in the 

lower-temperature SmA*RE phase. 
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Fig. 78. Temperature dependence of a) the layer spacing values and b) the intensity 

of the X-ray signal for 9ZBL through the SmA*-SmC*-SmA*RE phases. 

For 9ZBL and 10ZBL, which possess the ferroelectric phase, the dielectric 

spectroscopy has been performed with the aim to study polar fluctuations. One 

distinct mode has been detected in each smectic phase. The dielectric strength and 

the relaxation frequency are presented in Fig. 79 for both 9ZBL and 10ZBL. For the 

both materials the soft mode is observed at the SmA*-SmC* transition as a linear 

decrease of the relaxation frequency and an increase of the dielectric strength on 

cooling. The relaxation frequency starts to increase after showing a minimum at the 

SmC*-SmA*RE phase transition for 9ZBL (see the inset in Fig. 79a). For 10ZBL the 

relaxation frequency decreases through the whole SmC* phase range and no anomaly 

is detected. 
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Fig. 79. Temperature dependence of a) relaxation frequency and b) dielectric strength 

of 9ZBL (full points) and 10ZBL (empty points). In the inset of the upper figure the 

vicinity of the SmC*-SmA*RE phase transition is enlarged. The SmA*-SmC* phase 

transition temperature is marked by the full arrow and the SmC*-SmA*RE phase 

transition is marked by the dashed arrow. 

When electric field is applied to the sample, the Goldstone mode is suppressed 

in the SmC* phase. A 3D graph of the imaginary part of permittivity under the bias 

field 3 V μm
-1

 is shown in Fig. 80 for 9ZBL and 10ZBL. Two clear anomalies are 

observed at the SmA*-SmC* and SmC*-SmA*RE phase transitions for 9ZBL. 

Additionally to the SmA*-SmC* transition peak at T=117°C, a very small anomaly 

appeared at T=68°C for 10ZBL. This small anomaly might indicate pre-transitional 

effects of a non-realized SmA*RE phase. The fitted values of the relaxation frequency 

and dielectric strength, measured under the 3 V μm
-1

 bias field for 10ZBL are shown 

in Fig. 81. 
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a) b) 

Fig. 80. The imaginary part of permittivity versus temperature and frequency, 

measured under the 3 V μm
-1

 bias field for a) 9ZBL and b) 10ZBL. 

 

Fig. 81. Temperature dependence of the relaxation frequency (empty symbols) and 

dielectric strength (full symbols) of 10ZBL, measured under 3 V μm
-1

 bias field. 

Relaxation frequency and dielectric strength, measured without bias and for 1 

V μm
-1

 and 3 V μm
-1

 bias fields for 9ZBL are shown in Fig. 82. The Goldstone mode 

is suppressed by the bias field, allowing us to study the critical behaviour of the soft 

mode. The shift of the phase transition temperatures with bias brings about a 

significant broadening of the ferroelectric SmC* phase. 
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Fig. 82. Temperature dependence of a) relaxation frequency and b) dielectric strength 

for 9ZBL without bias field and for 1 V μm
-1

 and 3 V μm
-1

 biases. Arrows indicate 

the phase transition temperatures without field. 

Usually in the SmC* phase the measured values of polarization and tilt angle 

are not very much affected by the measuring field, except the close vicinity of the 

SmA*-SmC* transition point. However, for 9ZBL the measured values of both 

polarization and tilt are highly sensitive to the applied field in the whole SmC* phase 

range (Fig. 83). The measured tilt values comprise both spontaneous and induced 

values (electroclinic effect). The polarization measurement techniques by means of 

the switching current integration or from the hysteresis loop detection allow us to 

eliminate the field induced linear effects (permittivity). So the measured values of P 

comprise only spontaneous polarization and non-linear induced polarization. The tilt 

angle and polarization values increase with field up to 15 V μm
-1

, where the 

saturation occurs. Besides, the upper and lower temperature limits of the ferroelectric 

phase are shifted so that the SmC* phase range broadens with higher measuring 

field. In Fig. 83 the approximate phase transition temperatures are connected by the 

dashed lines. For small fields up to 3 V μm
-1

 the transition temperatures are 

estimated from dielectric spectroscopy results as maxima in dielectric strength (Fig. 

82). For the higher fields these temperatures are linearly extrapolated. 
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Fig. 83. Temperature dependence of a) tilt angle and b) polarization for 9ZBL, 

measured under different fields. The phase transitions temperatures are marked by 

dashed lines. 

For 9ZBL the electroclinic effect is extremely high, the induced tilt angle being 

comparable with the spontaneous one. For the applied field up to 5 V μm
-1

 the tilt 

angle dependence on the field is practically linear. The slope of the tilt angle versus 

field dependence gives the electroclinic coefficient, ecc (see section 3.2.3). The ecc 

temperature dependence for 9ZBL is shown in Fig. 84. The pronounced maxima of 

ecc are observed at the SmA*-SmC* and SmC*-SmA*RE phase transitions, reaching 

up to 1.6 deg V
-1

 μm. These maxima reflect the fluctuations at the tilted – non-tilted 

phase transitions. 
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Fig. 84. Temperature dependence of the electroclinic coefficient for 9ZBL. 

Optical tilt angle may be compared with the tilt angle calculated from the layer 

spacing values (obtained from the X-ray measurements) using Eq. (9). The results of 

the comparison between the tilt obtained from X-ray measurements, θX, and the tilt 

measured electro-optically under the small electric field E = 4 V μm
-1

, θ, are 

presented in Fig. 85 for 9ZBL and 10ZBL. For 9ZBL (Fig. 85a) the temperature 

behaviour of both tilts is qualitatively similar, however, the electro-optical tilt shows 

higher values due to the strong electroclinic effect. The divergence between two 

curves is stronger near the SmA*-SmC* and SmC*-SmA*RE phase transitions 

because of the higher electroclinic effect and the phase transitions shift under applied 

field. For 10ZBL (Fig. 85b) both tilt angles, measured electro-optically and 

calculated from the layer spacing, decrease on cooling within the SmC* phase after 

reaching a maximum. This behaviour is not typical for ferroelectric LCs, usually a 

saturation of the tilt angle occurs with decreasing temperatures. This decrease might 

be connected with pre-transitional effects to a non-realized SmA*RE phase. 
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Fig. 85. Temperature dependence of the electro-optical tilt measured under 4 V μm
-1

 

electric field, θ, (full symbols) and the tilt calculated from the layer spacing values, 

θX, (empty symbols) for a) 9ZBL and b) 10ZBL. 

For 10ZBL polarization and the tilt angle have similar temperature behaviour. 

Polarization also decreases after reaching a maximum on cooling within the SmC* 

phase. The maximum polarization value reaches about 55 nC cm
-2

. However, the 

saturation field for 10ZBL is only 5 V μm
-1

, while for 9ZBL it is 15 V μm
-1

. 

To resume the results for a homologue series of highly chiral compounds with 

two chiral centres in the terminal chain, nZBL. Strong chirality is manifested by the 

TGBA and/or blue phase appearance. For all compounds the cholesteric, TGBA and 

SmA* phases are present (Fig. 73). Longer homologues 9ZBL and 10ZBL exhibit 

the ferroelectric SmC* phase. For 9ZBL another SmA* phase appears below the 

ferroelectric one. This phase is assigned to a re-entrant SmA* phase, SmA*RE; this is 

the first example of the paraelectric SmA* phase re-entrancy below the ferroelectric 

SmC* one. SmA*RE phase has very similar structural characteristics to the upper 

temperature SmA* phase, which is different from the previously studied SmA phase 

re-entrancy in non-chiral compounds, where the dimerization was responsible for the 
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effect [14,15]. The reason for the layer spacing increase on cooling might be the 

increase in orientational order and a gradual extension of the terminal chains. From 

the temperature dependence of the layer spacing (Fig. 77) it is seen that the absolute 

value of the negative thermal expansion coefficient is higher for longer homologues, 

which means that the chains play an active role in the layer spacing increase. One 

can expect that another mechanism may become important on decreasing 

temperature. A model based on the sterical effect is proposed to describe the re-

entrancy. Sterical hindrance due to the bulky chlorine atom plays a role in the 

molecular packing within the smectic layers (Fig. 86). At the SmA*-SmC* phase 

transition the decrease in layer spacing is due to the tilt of the molecules (cf. Figs. 86 

a,b). Simultaneously, the density and quadrupolar ordering increase on cooling, 

which may result in the centre mass shift due to the hindrance effect of the bulky 

chlorine atom (cf. Figs. 86 b,c,d). Such a mechanism can explain slightly higher 

thermal expansion coefficient in the SmA*RE phase comparing to the SmA* phase. 

This model can also explain such a strong increase in the layer spacing in SmC* 

phase, reaching the extrapolated SmA* values, for 10ZBL (Fig. 77).  

For 10ZBL a regular phase sequence SmA*-SmC* is observed, however, 

specific anomalies within the SmC* phase occur, namely, a strong decrease of 

polarization and tilt values on cooling (Fig. 85b) and a small anomaly in dielectric 

data when the Goldstone mode is suppressed by a bias electric field (Fig. 80b). It 

allows us to consider that 10ZBL shows the same tendencies which bring about the 

paraelectric SmA* phase re-entrancy in 9ZBL. 

 

Fig. 86. Mechanism for the re-entrancy appearance, based on the sterical effect of the 

bulky substituent. 
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Fig. 87. Non-monotonous temperature behaviour of the α coefficient for a) 9ZBL 

compound with the SmA*RE phase (after Novotna et al. [77]) and b) 10ZBL 

compound with non-realized SmA*RE phase. 

From the phenomenological point of view, the re-entrancy was explained with 

the non-monotonous temperature behaviour of the lowest term coefficient, α, of 

Landau expansion (23), which changes sign twice at the SmA*-SmC* and SmC*-

SmA*RE phase transitions [77]. To achieve this, the quadratic and cubic terms are 

added to the temperature dependence of α. When α is positive, the non-tilted smectic 

phase is realized, when it becomes negative, the tilted state occurs (Fig. 87a). For 

10ZBL compound the occurrence of peculiarity in dielectric spectrum (Fig. 80b) and 

the anomalous temperature dependence of polarization and tilt (Fig. 85b) might be 

explained assuming the abscissa is tangent (or very close) to the α curve in its 

maximum value point, T’ (Fig. 87b). In this case α possess negative values below the 

SmA*-SmC* transition point and the tilted SmC* phase is realized until 

crystallization. The peculiarity is found at a temperature T’, where α curve touches 

abscissa (or is very close to it) and approaches zero value. 

The ferroelectric compound with the re-entrant SmA*RE phase might be very 

promising for technical applications as it is very sensitive to the applied electric field, 

which can easily extend the SmC* phase to lower temperatures at the expense of the 

SmA*RE phase. Strong electroclinic effect in the range of SmA*-SmC*-SmA*RE 

phases may be useful in electrooptic applications. 
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5.8.1. Binary mixtures of 9ZBL with neighbouring homologues 

The binary mixtures of 9ZBL with its neighbouring homologues 8ZBL and 

10ZBL are investigated with the aim to establish the stabilization and the tendency to 

formation of the SmA*RE phase. 

Two different types of binary mixtures are prepared and studied. First, we have 

mixed a compound with a re-entrant SmA* phase, 9ZBL, with 10ZBL, which 

exhibits the regular SmA*-SmC* phase sequence. For all studied mixtures the 

SmA*-SmC*-SmA*RE phase sequence has been observed on cooling. The diagram 

showing the phase transition temperature versus the concentration of 10ZBL is 

shown in Fig. 88a) (here and further the concentration means the percentage of 

admixture in mole % in 9ZBL host). The SmA*RE phase range becomes narrower 

and the SmC* phase range broadens with increasing the concentration of 10ZBL. 

 

 

Fig. 88. Phase diagrams for binary mixtures of a) 9ZBL with 10ZBL and b) 9ZBL 

with 8ZBL. The line with open squares is explained further. 
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Additionally, we have prepared and analyzed the binary system of 9ZBL 

blended with 8ZBL, which does not exhibit the ferroelectric SmC* phase. For 

9ZBL-8ZBL mixtures the ferroelectric SmC* phase is stabilized only for very small 

concentrations of 8ZBL admixture (up to 0.2 %). For higher than 0.2 % 

concentration of 8ZBL the SmC* phase disappears. The diagram for these mixtures 

is presented in Fig. 88b) in logarithmic scale for better resolution. Phase transition 

peaks are not detectable from DSC studies. The phases and phase transition 

temperatures are established from texture observations and other experiments 

described below. 

Temperature dependence of the layer spacing, obtained from the X-ray studies, 

is presented in Fig. 89a) for 9ZBL and 10ZBL and their binary mixtures. The layer 

spacing values grow in the SmA* phases. The phase transition from the SmA* to 

SmC* phase appears as a significant decrease in layer spacing due to the molecular 

inclination. However, d values continue to increase after reaching a minimum within 

the SmC* phase. The SmC*-SmA*RE phase transition is distinguishable from X-ray 

experiments for all mixtures under study. It appears as a distinct kink in the d(T) 

dependence and as a minimum of the diffracted intensity, which reflects 

pretransitional fluctuations. The SmA*-SmC* phase transitions are marked by 

arrows, and the SmC*-SmA*RE by dashed arrows in Fig. 89a). For higher 

concentrations of 10ZBL the SmC* phase range becomes wider and the SmA*RE 

phase range becomes narrower. Also the layer shrinkage, and hence the tilt angle, is 

higher with higher concentration of 10ZBL. 
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Fig. 89. Temperature dependence of the layer spacing for a) 9ZBL and 10ZBL and 

their mixtures; b) selected mixtures of 9ZBL with 8ZBL. Full arrows mark the 

SmA*-SmC* and dashed arrows mark the SmC*-SmA*RE phase transitions. 

For selected mixtures of 9ZBL with 8ZBL the temperature dependence of the 

layer spacing is presented in Fig. 89b). A small drop in d is found only for the 

mixture of concentration 0.2 % of 8ZBL, evidencing the existence of the SmC* 

phase between the orthogonal smectic phases. Thermal expansion coefficients are 

established from the linear extrapolation of d(T), which grows upon cooling in 

orthogonal smectic phases. Thermal expansion coefficients for pure 8ZBL, 9ZBL 

and 10ZBL and 9ZBL-10ZBL mixtures in upper and lower SmA* phases are 

collected in Table 7. For 8ZBL the thermal expansion coefficient is found to be the 

same as for 9ZBL in the upper SmA* phase. 
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Table 7. Thermal expansion coefficients in the SmA* and SmA*RE phases for 8ZBL, 

9ZBL and 10ZBL and 9ZBL-10ZBL mixtures.  

Compound SmA* SmA*RE 

8ZBL -0.018 - 

9ZBL -0.018 -0.023 

20% of 10ZBL -0.019 -0.024 

50% of 10ZBL -0.019 -0.026 

80% of 10ZBL -0.020 -0.030 

10ZBL -0.021 - 

For 8ZBL-9ZBL mixtures of concentration 0.5-20 % the thermal expansion 

coefficient changes step-like at a certain temperature within the SmA* phase. The 

deviation of d(T) from linearity can be better visualized calculating the function d(T)-

dLF(T), where dLF(T) is the linear fit of d(T) over the whole smectic phase 

temperature range. The results are shown in Fig. 90 for certain concentrations. For 

0.2 % of 8ZBL mixture the presence of the SmC* phase is clearly seen. For the 

mixtures of higher concentration (up to 20%) of 8ZBL, for which the SmC* phase is 

absent, a clear turn in the slope of d-dLF is observed (Fig. 90) corresponding to the 

change in the thermal expansion coefficient. The plot of the X-ray diffracted 

intensity exhibits a distinct anomaly at the same temperature (about 80°C) (Fig. 91 

for 5% of 8ZBL mixture). This minimum in the diffracted intensity reflects 

fluctuations and evidences the existence of the phase transition between the upper 

and lower SmA* phases. Corresponding temperature is shown in the diagram in Fig. 

88b) with empty symbols as a borderline between the SmA* and SmA*RE phases. 

 

Fig. 90. Deviation from the linear fit of the layer spacing, d-dLF, for certain mixtures 

of 9ZBL with 8ZBL. 
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Fig. 91. Temperature dependence of the deviation from the linear fit of the layer 

spacing (empty symbols) and the X-ray diffracted intensity (full symbols) for 5 % of 

8ZBL mixture. 

 

Fig. 92. Temperature dependence of a) relaxation frequency and b) reciprocal 

dielectric strength for 9ZBL-10ZBL binary mixtures. SmA*-SmC* and SmC*-

SmA*RE phase transitions are marked by arrows. 

The temperature dependence of the reciprocal dielectric strength, 1/∆, and 

relaxation frequency, fr, is shown in Fig. 92 for the binary mixtures of 9ZBL with 

10ZBL. The softening of fr and 1/∆ are observed in both paraelectric phases, SmA* 

and SmA*RE when approaching the ferroelectric SmC* phase. Below the SmC*-

SmA*RE phase transition the viscosity increases on cooling, that is why a decrease in 

relaxation frequency is observed instead of the expected increase. Also an increase of 
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fr in the SmA*RE phase is explained with the mean-field theory presented in [77]. In 

the SmC* phase the parameters of the Goldstone mode should be temperature 

independent, which is satisfied (the decrease in relaxation frequency is again due to 

the viscosity increase on cooling). 

The reciprocal dielectric strength under different bias fields (1 V μm
-1

 and 2 V 

μm
-1

) is presented in Fig. 93 for 20 % of 10ZBL mixture. When the Goldstone mode 

is suppressed by the field, the soft mode is visible even in the SmC* phase near the 

transition to both SmA* phases. The softening of 1/∆ is clearly seen in the vicinity 

of the SmA*-SmC* and SmC*-SmA*RE phase transitions from the ferroelectric 

phase side as well. The increase of the temperature range of the SmC* phase under 

increasing bias field is observed, which is in agreement with the behaviour predicted 

by the theory of the SmA* phase re-entrancy [77]. 

For the selected representatives of 8ZBL-9ZBL mixtures the temperature 

dependence of the reciprocal dielectric strength and the relaxation frequency is 

presented in Fig. 94. The softening of fr and 1/∆ is observed as a strong decrease 

when approaching the SmC* phase. Similarly to the mixtures with 10ZBL, the 

increase of fr in the SmA*RE phase is not pronounced. In the 1/∆(T) plot the 

softening is observed from the SmA*RE phase side as well as from the SmA* phase. 

The magnitude of dielectric strength is higher for the mixtures with higher 

concentration of 9ZBL. In Fig. 94b) the SmC* phase is seen as a plane horizontal 

part in 1/∆(T) for pure 9ZBL and mixture with 0.2 % of 8ZBL. A tendency to 

softening is also found for the mixtures for which the ferroelectric phase does not 

exist (up to the concentration of 20 % of 8ZBL). For these mixtures 1/∆(T) steeply 

decreases on cooling and then, after reaching a smooth minimum around 80°C, 

continuously increases again. This temperature is almost the same as the temperature 

at which the change of the thermal expansion coefficient occurs (see Figs. 90 and 

91). 
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Fig. 93. Reciprocal dielectric strength without bias and under different bias fields (1 

V μm
-1

 and 2 V μm
-1

) for 20 % of 10ZBL mixture. SmA*-SmC* and SmC*-SmA*RE 

phase transitions are marked by arrows. 

 

Fig. 94. Temperature dependence of a) relaxation frequency and b) reciprocal 

dielectric strength for selected 8ZBL-9ZBL mixtures. SmA*-SmC* and SmC*-

SmA*RE phase transitions are marked by arrows. 
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Fig. 95. Reciprocal dielectric strength for 0.5 % of 8ZBL mixture under bias electric 

field of 1 V μm
-1

 and 3 V μm
-1

. SmA*-SmC* and SmC*-SmA*RE phase transitions 

are marked by arrows. 

Dielectric spectroscopy measurements under bias electric field of 1-3 V μm
-1

 

have also been performed. For 0.5 % of 8ZBL mixture (without the ferroelectric 

SmC* phase) the anomalies similar to the SmA*-SmC* and SmC*-SmA*RE phase 

transitions have been detected for 1 V μm
-1

 bias field already (Fig. 95; cf. with Fig. 

94). The appearance of anomalies means that even for such a low bias electric field a 

narrow SmC* phase is induced. With increasing bias field the anomalies become 

more pronounced and the SmC* phase broadens. 

Tilt angle and polarization have been studied in dependence on temperature and 

field for the binary mixtures. The measured tilt angle and polarization values are 

highly sensitive to the applied electric field; for 9ZBL-10ZBL mixtures they are 

growing with field up to 15 V μm
-1

, similar to pure 9ZBL (see Fig. 83). The tilt 

angle and polarization values measured under 15 V μm
-1

 electric field are presented 

in Fig. 96 for 9ZBL-10ZBL mixtures. One can see that the higher 10ZBL 

concentration, the higher values are detected. In the vicinity of the SmA*-SmC* and 

SmC*-SmA*RE phase transitions the electroclinic coefficient, ecc, possesses very 

high values, also ecc is found to be high in the whole SmC* phase range (similarly to 

pure 9ZBL, see Fig. 83). The induced tilt can reach values comparable with the tilt 

obtained from the X-ray measurements in the SmC* phase. 
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Fig. 96. Temperature dependence of a) the tilt angle and b) polarization, measured 

under 15 V μm
-1

 for 9ZBL-10ZBL mixtures. 

For 8ZBL-9ZBL mixtures the temperature dependence of the tilt angle and 

polarization has been measured for several concentrations. Tilt angle, measured 

under different measuring fields (up to 25 V μm
-1

), is presented in Fig. 97 for 0.5 % 

of 8ZBL mixture, which exhibits the SmA* phase only in the field-free state. The 

observed behaviour is qualitatively the same as for pure 9ZBL and 9ZBL-10ZBL 

mixtures: the value of the tilt grows on cooling with temperature when approaching 

the SmA*-SmC* transition, and then, after reaching a maximum, it decreases already 

within the SmC* phase. However, the saturation field is much higher, reaching 25 V 

μm
-1

. Such behaviour of the tilt angle indicates that the SmA* phase transforms into 

the SmC* phase under the applied electric field. 
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Fig. 97. Temperature dependence of the tilt angle, measured under different 

measuring fields, for 0.5 % of 8ZBL mixture. 

Temperature dependence of polarization, measured under 15 V μm
-1

 measuring 

field, is shown in Fig. 98 for the selected representatives of 8ZBL-9ZBL mixtures. 

The behaviour is similar to that of the tilt angle: the polarization increases first, and 

then decreases after reaching a smooth maximum. The characteristic peaks in the 

switching current profile are found for the mixtures up to 20 % of 8ZBL, for which 

the SmC* phase is not observed without field. This fact proves the induction of the 

ferroelectric phase by the measuring field in these mixtures. The maximum value of 

polarization, as well as the tilt angle, is higher for the mixtures with higher 

concentration of 9ZBL. For both studied systems of binary mixtures the phase 

transitions are smeared out by the electric field and thus the phase transition 

temperatures of the field-free systems can not be established. 

 

Fig. 98. Temperature dependence of polarization, measured under 15 V μm
-1

 electric 

field, for the selected representatives of 8ZBL-9ZBL mixtures. 
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To sum up, the binary mixtures of 9ZBL with its neighbouring homologues 

8ZBL and 10ZBL have been studied. The mixtures 9ZBL-10ZBL exhibit the 

SmA*RE phase below the SmC* one for all studied concentrations. The range of the 

SmA*RE gradually decreases and the SmC* simultaneously broadens with increasing 

concentration of 10ZBL (Fig. 88a). In the 8ZBL-9ZBL mixtures the SmA* phase 

only occurs to concentrations 0.2% of 9ZBL, for which the SmC* phase occurs (Fig. 

88b). Nevertheless, mixtures with the concentration of 8ZBL up to 20% show a 

small anomaly in the thermal expansion coefficient within the SmA* phase and in 

the diffracted intensity of the X-ray signal (Figs. 90,91). The temperatures of the 

anomalies can be regarded as a borderline between the SmA* and SmA*RE phases.  

Let us point out that the borderline between the SmA* and SmA*RE phases 

(Fig. 88b) remains the Widom line, which can be detected in supercritical fluids as a 

border between liquid-like and gas-like states [78], or in supercooled water as a 

border between two liquid states [79,80]. At the Widom line, which emanates from 

the critical point in the pressure-temperature phase diagram, some properties exhibit 

anomalies, e.g. dispersion of acoustic waves [78] or compressibility [79,80]. In our 

case for the borderline between the SmA* phases, a significant decrease in diffracted 

X-ray intensity is found in addition to the anomaly in thermal expansion. The 

intensity decrease evidences increased fluctuation and is also typical for phase 

transitions. 

The anomaly behaviour of the thermal expansion coefficient might be due to 

different expansion mechanisms in both SmA* phases. In the upper temperature 

SmA* phase the expansion is expected to be predominantly due to the stretching of 

the lateral chains. In the SmA*RE phase the expansion is supposed to be due to the 

sterical hindrance in the molecular packing within the layers, caused by the presence 

of the bulky Cl atom (see the explanation of the mechanism for 9ZBL, Fig. 86, 

section 5.8). 
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6. Summary 

Physical and mesomorphic properties of different chiral LC compounds have 

been studied. The chiral centre is based mainly on the lactate unit (one or more), a 

powerful source of chirality, which is reflected in the BP and TGB phases 

appearance. The changes in the chemical structure have a significant effect on the 

mesomorphic properties, which are difficult to predict. The same chemical 

modifications could have different effectivity in various LC systems or even 

completely change the mesomorphic properties. 

Thus, the prolongation of the non-chiral terminal chain usually results in the 

lowering of the clearing temperature, but in some cases the clearing temperature 

remains practically unaffected (BBrn/6 series); the spontaneous quantities are 

usually also higher for the homologues with longer non-chiral chains. 

Additional chiral units are utilized to increase chiral forces; for 8AHL, 

8AHLL, 8AHLLL compounds the additional phase (antiferroelectric) appears in the 

phase sequence with the lactate unit number increasing, whereas for HZL12, 

HZLL12 and HZLLL12 compounds the whole phase sequence is completely 

different. 

Lateral substitutions cause the clearing temperature reduction in comparison 

with the non-substituted analogues, which has been observed in BFR n/6 series, but 

can bring about very unusual results. Thus, in BBrn/6 and nZBL series the re-

entrancy phenomena have been observed. Re-entrancy in 9ZBL has been explained 

by the sterical effect of the substituted bulky atom. 

Such promising for applications characteristics as de Vries behaviour or 

orthoconic properties have been found for some representatives of the studied 

homologue series. Also an extremely large electroclinic effect in the range of SmA*-

SmC*-SmA*RE phases, observed for 9ZBL compound and its mixtures, could be 

useful for technical applications. Moreover, in these materials the applied electric 

field can easily extend the SmC* phase to lower temperatures at the expense of the 

SmA*RE phase.  
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