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Abstract 

 

The aspects of the molecular structure and conformational perspectives 

appear to be of fundamental importance in deciding the mesogenic behavior of 

liquid crystalline compounds. During past few decades, a number of exotic 

shaped liquid crystalline molecules encompassing a rich variety of mesophase 

morphologies with unusual molecular ordering and layer frustrations have been 

synthesized and studied extensively. Among them the „bent-core‟ or „banana-

shaped‟ compounds have appeared as a field of considerable interest in soft 

matter research. The exceptional structure-induced mesomorphic behavior and 

unconventional mesophase sequences in these non-linear molecules have 

unveiled a stimulating new horizon in the science of thermotropic liquid 

crystals and set off a huge research effort in the area of banana-shaped or bent-

core mesogens, especially after the remarkable discovery of electro-optic 

switching in such achiral mesogenic compounds. This dissertation is 

principally focused on an in-depth characterization of physical properties in 

several bent-core and hockey stick-shaped liquid crystals having nematic and 

smectic phases. Few multi-component systems and binary mixtures of the 

hockey stick-shaped compounds with calamitic molecules have also been 

formulated and systematic physical investigations have been carried out in their 

mesophases. Additionally, the influence of a hockey stick-shaped molecule as 

dopant on the phase-structure and hence, character of the different phase 

transitions in a chiral calamitic liquid crystal have also been explored. The 

following portray a brief overview of the contents of this dissertation along 

with salient features of the outcome.  

Chapter 1 gives an overview of the fundamentals of liquid crystals and 

their classification. Besides, basics of a few different mesophases and related 

molecular ordering have also been discussed.  
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Chapter 2 describes the essentials of the experimental techniques and 

data analysis procedures employed for characterizing the mesomorphic 

behavior of the liquid crystals, supported by a few necessary theoretical 

backgrounds. 

Chapter 3 contains the experimental results obtained on the mesophases 

of three members of a homologues series having terminally alkyl substituted 

bent-core mesogens, 4-cyanoresorcinols (1/7, 1/9 and 1/10) showing a broad 

nematic range. The nematic phase in these mesogens has appeared to be 

significantly different from those in the usual calamitics. 

i. The temperature dependence of orientational order parameter 

(<P2>) as obtained from the X-ray diffraction and birefringence 

measurements are although in agreement in the nematic phase, 

they show opposite trends in the low-temperature phases. 

ii. Interestingly, the lower homologues (1/7, 1/9) exhibit an 

inversion in sign of static dielectric anisotropy ( ε = ε  - ε ) in the 

nematic phase while the higher homologue (1/10) possesses 

negative values of Δε throughout the mesomorphic range. 

iii. The splay elastic modulus (K11) has been found to be 

comparatively higher than the related bend elastic modulus (K33). 

iv. Measurements of relaxation time (τ0) have been performed from 

two different methods, viz. capacitive decay and optical phase-

decay-time measurement methods, enabling a precise 

comparison.  

v. The rotational viscosity (γ1) values in the nematic phase were 

estimated to be more than an order of magnitude higher compared 

to that in conventional calamitic nematics. 

The observed behavior has been explained by considering the strong dipolar 

correlation of the bent-core molecules and the existence of the short range 
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cybotactic clusters, their gradual growth and uniform alignment under the 

presence of strong surface anchoring. 

In Chapter 4, the structure–property investigation in the mesophases of 

a few laterally methyl substituted hockey stick-shaped mesogens has been 

reported. Interestingly, introduction of a lateral methyl group in these 

compounds leads to the emergence of a high-temperature nematic phase. In 

addition they exhibit two polymorphic tilted smectic phases – the synclinic Sm-

Cs and the anticlinic Sm-Ca phase. 

i. The Sm-Cs–Sm-Ca phase transition is accompanied by an only 

small calorimetric signal but causes a pronounced change in the 

optical textures. 

ii. X–ray diffraction patterns in the nematic phase indicate the 

existence of cybotactic groups of the smectic type. 

iii. Orientational order parameters determined from the 
13

C-NMR 

and birefringence measurements have been compared with those 

estimated from X–ray diffraction patterns. 

iv. Dielectric measurements point to the formation of small “soft” 

ferroelectric clusters responsible for a low frequency absorption 

range. 

Chapter 5 aims to explore the dielectric and visco-elastic properties of 

the hockey stick-shaped liquid crystals as discussed in chapter 4. Interestingly, 

the nematic phase in these compound has been observed to be of dual character 

(i.e., partially calamitic like and partially bent-core like). 

i. All the mesogens exhibit a temperature dependent inversion in ε 

from positive to negative values on entering the Sm-Ca phase. 

ii. From an analysis of the temperature dependence of dielectric 

permittivity in the isotropic phase, the critical exponent (α), 

characterizing the critical anomaly at the N–I phase transition 

have been found to be in agreement with the tricritical hypothesis. 
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iii. In the entire nematic range, K33 values are relatively lower than 

the corresponding K11 values. 

iv. The γ1 values were found to be slightly higher than those of many 

known calamitic molecules. 

v. The activation energy (Ea) calculated from the viscosity data in 

the nematic phase was found to be considerably higher than those 

obtained for conventional rod-like compounds. 

The observed behaviors have been accounted for by considering the intriguing 

shape-determined inter-molecular interactions in hockey stick-shaped 

compounds and molecular associations appearing in the mesophase. 

In Chapter 6, the investigation of physical properties of a few multi-

component eutectic mixtures consisting of the above mentioned hockey stick-

shaped liquid crystals has been discussed. Three mixtures with varying number 

of pure components were prepared and their mesomorphic properties were 

characterized. 

i. The nematic range in all the investigated mixtures were found to 

be around 7.5 °C – 9 °C which was consistently close to those of 

the shorter chain components, irrespective of the presence of the 

higher homologs with relatively lower nematic ranges.  

ii. ε and K11 values are comparatively greater than those for the 

pure compounds. 

iii. Magnitudes of γ1 are either slightly higher or similar to those of 

the pure hockey stick-shaped mesogens. 

Chapter 7 deals with the study of influence of one of the above hockey 

stick-shaped molecules on the electro-optical properties of an anti-ferroelectric 

liquid crystal, (S)-MHPOBC from a polarization field reversal technique. 

i. In these mixtures, the spontaneous polarization (Ps) values were 

found to be reduced significantly with increasing hockey stick-

shaped molecule concentration. 
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ii. Interestingly, the response time and effective torsional bulk 

viscosity coefficient have been found to display a feeble 

dependence on the achiral mesogen concentration.  

Chapter 8 is devoted to study of critical behavior at the nematic–

isotropic (N–I) and smectic-A–nematic (Sm-A–N) phase transitions in a binary 

system comprising the calamitic octylcyanobiphenyl and one of members of 

the above stated laterally methyl substituted hockey stick-shaped mesogens, 

from a high-resolution optical birefringence (Δn) measurement technique. 

i. For the investigated mixtures, the critical exponent β related to 

the limiting behavior of the nematic order parameter close to the 

N–I  phase transition, was found to be in good conformity with 

the tricritical hypothesis. 

ii. The yielded effective critical exponents (α', β', γ'), characterizing 

the critical fluctuation near the Sm-A–N phase transition, have 

appeared to be non-universal in nature. 

iii. With increasing hockey stick-shaped dopant concentration, the 

Sm-A–N phase transition was observed to demonstrate a strong 

tendency to be driven towards a first-order nature. 

These outcomes have been explained by considering a modification of the 

effective intermolecular interactions and hence, the related coupling between 

the nematic and smectic order parameters, caused by the introduction of the 

angular mesogenic molecules in the calamitic environment. 
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CHAPTER 1 

 

Introduction 
 

 

1.1.   A brief introduction to liquid crystals  

Liquid crystals (LCs) are an intriguing class of soft condensed matter, 

thermodynamically located between the three dimensionally ordered crystals 

and the completely disordered liquids. As the name imply, they share 

properties of both isotropic liquid (as fluidity) and crystalline solid (as 

orderedness). A number of organic substances are found to demonstrate 

different liquid crystalline phases as intermediate between the solid and liquid 

phases. Such transitional phases are also designated as ‘mesophases’ with the 

prefix ‘meso-’ (greek, ‘µεσο’) signifying ‘in between’. The fundamental 

requirement for an organic compound to exhibit a liquid crystalline phase is the 

molecular shape anisotropy (anisometric molecules) with the length in one 

dimension being several times than that in the other dimensions, thereby 

enhancing the probability of obtaining an aligned fluid phase.  Furthermore, 

there must be some flexible molecular part (as the alkyl chain) in order to 

introduce some structural disorder. It is the delicate balance between the 

structural anisotropy and flexibility which helps in deciding the stability of the 

mesophases. Due to the presence of such a high degree of geometrical 

anisotropy, the LC molecules possess some sort of orientational order, 

however, the translational order of the molecules, which is a characteristic of 

crystalline solid, is either partially or completely absent. There are also 

exceptions where one or more rules, to be satisfied for being a general liquid 

crystalline phase, are found to be violated, for example, the lack of fluidity in 
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‘soft crystal’ smectic G phase [1] or the nonexistence of optical anisotropy in 

dark conglomerate phase involving chiral conglomerate domains [2], even 

though both of them are considered as liquid crystalline phases.  

The discovery of liquid crystal is in general attributed to an Austrian 

botanist Friedrich Reinitzer, although there are several evidences of liquid 

crystalline behavior in a number of organic samples in past, however, without 

any proper identification of them. In 1888, while investigating cholesteryl 

benzoate, Reinitzer, first observed that during melting, for a specific 

temperature interval (between 145.4 °C and 178.5 °C), the compound remains 

in a cloudy fluid state between the crystalline solid and isotropic liquid and 

then transforms into the clear liquid [3]. The discovery of Reinitzer stimulated 

further research effort and Otto Lehmann, a German physicist, employing his 

polarizing optical microscope subsequently confirmed the presence of two 

melting points in between which the crystal could exist in a liquid-like state [4], 

which also led him to introduce the term ‘liquid crystals’ for this class of 

compounds. A further milestone in the history of liquid crystal was the 

nomenclature of different mesophases by George Friedel in 1922 [5], which are 

still in use today. Since then, thousands of such compounds displaying variety 

of phases between the solids and liquids with distinct characteristic behavior 

have been synthesized.  

Ever since the discovery of liquid crystals, they have appeared as a field 

of considerable interest from both the theoretical and experimental point of 

view. Whereas the theoretical branch is chiefly concerned in manifesting the 

structure-property correlation as well as the impact of the inter-molecular 

interactions on the mesomorphic behavior on a macro-level to obtain a better 

understanding about this class of substances, the experimental branch is 

particularly engaged in finding out new compounds and their characterization 

to obtain useful materials for technological applications. It is the unmatched 

advantage of order and fluidity in a single system and also their unique 

capability to be able to response to an external perturbing field (i.e., electric, 
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magnetic or surface force field) which divulges them as a candidate of 

unparalleled significance in vast areas of modern science and technology. The 

field-induced switchable optical operation of them has been widely employed 

in achieving their greatest technological application – liquid crystal displays 

(LCDs). Apart from that, they are also extensively employed in other 

technological applications as optical switches, temperature sensors, optical 

imaging and recording, medical applications, non-destructive mechanical 

testing of materials under stress, beam steering, tweezers, laser projection, 

dynamic holography and so on. Furthermore, such versatile materials also serve 

as excellent systems for investigating the phenomena of phase transitions and 

critical phenomena. They as well form the basis of understanding of several 

soft material and biological systems. There are plenty of books and review 

articles available in the literature, which give in detail the fundamentals as well 

as advancement in this field up to now [1, 6–21].  

This dissertation is primarily focused on the study of physical properties 

of a few bent-core or banana-shaped liquid crystals and their mixtures with 

calamitic molecules. In an attempt to achieve an essence of the effect of bent 

mesogenic molecules on the phase behavior of rod-like LCs, the critical 

behavior at different phase transitions has also been studied. The following 

introductory section is principally devoted to a few relevant LC systems of 

interest, and their mesomorphism, physical properties and phase transitions.  

1.2.   Classification of liquid crystals    

Depending on the mechanism that induces the transitions among the 

different liquid crystalline phases, they can be categorized into two broad 

classes: Thermotropic and Lyotropic liquid crystals. For thermotropic liquid 

crystals, the transitions among the intermediate phases can be brought about 

solely by thermal process (i.e., by varying the temperature of the compound).  

Furthermore, depending on the fact that whether the transition is uni- or bi-

directional, such compounds are referred to as monotropic and enantiotropic 

respectively. For lyotropic liquid crystals, the transition among the various 
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mesophases are accomplished under the influence of the solvent, i.e., by 

varying the relative concentrations of the components of the system (multi-

component solution). The lyotropic liquid crystals are particularly of 

importance in studying biological systems while thermotropic liquid crystals 

find their applications in technological field. 

1.2.1. Lyotropic liquid crystals 

Lyotropic liquid crystals are anisotropic solution of rod-like molecules 

in an isotropic solvent. In general they are made up of amphiphilic molecules 

(surfactant) having a polar (hydrophilic) head and one or more non-polar 

(hydrophobic) tails [figure 1.1(a)] dissolved in water. In appropriate solvent, 

they self-assemble in various ways with their polar head oriented towards the 

polar solvent (water) and the non-polar chains towards one another, forming 

small aggregates, called micelles [figure 1.1(b)]. At low surfactant 

concentration the micelles are more or less spherical. While at higher 

concentrations they rearrange themselves, forming dissimilar structures and 

hence, the different lyotropic mesophases as lamellar, hexagonal, cubic phases  

 

                  (a)                                                (b) 

Figure 1.1. Schematic diagram of (a) an amphiphilic molecule and (b) a 

micellar phase. 
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etc. Moreover, for this class of liquid crystals one of the most striking fact is 

that the interaction between the solute molecules is secondary while that 

between the solute and polar part of the solvent is the primary one which 

decides  the stability of a lyotropic mesophase. Soap solution is a very common 

example of lyotropic liquid crystal. Since, this dissertation is not concerned 

with lyotropic liquid crystals, further details on lyotropic systems are not being 

discussed here.  

1.2.2. Thermotropic liquid crystals 

The term ‘thermotropic’ arises because here the variation of the resultant 

molecular ordering in the LC medium and hence, the transitions among the 

different LC phases, are brought about through the variation of temperature. In 

this case the molecular orientations and ordering of the self-assembled 

molecular association are the key factors which determine the different 

mesophases.  

The necessity of high structural anisotropy of the basic molecular unit 

(also known as ‘mesogen’) of thermotropic LCs leads to the synthesis of  

molecules with numerous characteristic shapes such as rod-like or calamitic 

LCs [figure 1.2(a)], disc-shaped or discotic LCs [figure 1.2(b)] and LCs with 

other exotic geometries such as banana-shaped or bent-core LCs [figure 1.2(c)],  

       

    (a)                                 (b)                               (c) 

Figure 1.2. Schematic diagram of three different types of thermotropic liquid 

crystal molecules: (a) calamitic, (b) discotic and (c) bent-core. 
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hockey stick-shaped, T-shaped, pyramid-shaped, star-shaped and so on. The 

following section is limited to the discussion on the general features and 

mesomorphisms of two of the most widely studied LCs – the calamitic and 

bent-core ones, which are relevant to this work.  

1.2.3. Calamitic liquid crystals 

The fundamental structural unit of calamitic LCs generally consists of a 

rigid straight aromatic core of phenyl rings with one or more flexible alkyl 

terminal chains. So far, a variety of liquid crystalline phases with diverse phase 

structure and mesomorphic properties have been revealed in them. A few of 

them, which are most frequent, are discussed here in a nutshell.  

1.2.3.1. Nematic (N) phase 

The simplest of all the liquid crystal phases is the nematic (N) phase. As one 

cools a thermotropic LC from its isotropic state, the mesophase into which it 

usually first transforms is the N phase. The N phase differs from the isotropic 

phase by the fact that due to the minimization of the excluded volume, it is 

characterized by a long range orientational order of the molecular long axis, 

i.e., although the centers of mass of the nematic molecules are randomly 

distributed across the volume, they still have an affinity to align themselves 

parallel to a favored direction, known as the ‘director’ ( ) [figure 1.3(a)]. 

However, no positional ordering is observed within this mesophase and that is 

why they exhibit a high degree of fluidity. Due to the head-tail symmetry (i.e., 

absence of polarity) of the molecules, the director is considered to be an axial 

vector, i.e.,   and -  are equivalent. Although in a nematic phase there is a 

local variation of the preferred direction across the volume, a uniformly aligned 

monodomain nematic sample is in general optically uniaxial with the molecules 

being free to rotate about their long molecular axis. Thus, the molecules in the 

nematic phase are usually characterized by a cylindrical symmetry. However, 

for molecules with relatively lower symmetry, there are also evidences of the 

existence of a second director  giving rise to a biaxial nematic phase [22–28], 
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where  is along the preferred direction of orientation of the short molecular 

axis and is at right angle to  [figure 1.3(b)]. Furthermore, there are also 

examples of nematic phases comprising short range domains with smectic-like 

layered structures termed as ‘cybotactic nematic phase’ [29–38].  

                         

                      (a)                                       (b) 

Figure 1.3. Schematic representation of molecular ordering in (a) uniaxial 

nematic phase and (b) biaxial nematic phase. 

For a uniaxial nematic phase with cylindrical symmetry, the resultant 

molecular ordering in the medium can be described by an order parameter, 

                                                               (1.1)  

where θ represents the angle between the nematic director and the molecular 

long axis and the angled bracket indicates the local average over all the 

molecules. The quantity S gives the average degree of alignment of the 

molecules relative to the director. Theoretically, S can assume values in 

between -0.5 to 1 but experimental values are found to range between 0.3 and 

0.8.  
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1.2.3.2. Cholesteric or chiral nematic (N*) phase 

Nematic phases are observed for LCs either containing achiral 

molecules or for those which are racemic mixtures. Materials with chiral centre 

in their molecular structure or those consisting of chiral dopant, favor the 

alignment of the molecules at an angle to each other and hence, lead to the 

formation of a modified phase-structure where in addition to the long range 

orientational order, the molecules gradually twist in a periodic manner about an 

axis perpendicular to their director thereby giving rise to a macroscopic helical 

    

                       

Figure 1.4. Schematic representation of molecular ordering in cholesteric or 

chiral nematic phase. 

structure [figure 1.4]. The handedness of such helixes again depends on the 

molecular conformation. These phases are termed as chiral nematic or 

cholesteric (N*) phases because of their preliminary observations in cholesterol 

derivatives. In cholesteric mesophase, the longitudinal distance in which a full 

rotation of the molecular director about the helix axis is completed, is termed as 

the pitch (p) of the helix and in fact an infinite pitch of this mesophase leads to 
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the nematic phase. Furthermore, the helix-pitch is found to be rather sensitive 

to temperature. The cholesteric mesophase shows many unique optical 

properties like selective reflection (Bragg reflection) of circularly polarized 

light having wave lengths similar to their pitch and high optical rotatory power. 

Such exclusive features and also the temperature dependence of the pitch-

length make them suitable for a number of optical applications.       

1.2.3.3. Smectic (Sm) phase 

The Smectic (Sm) phase possesses some degree of positional ordering in 

addition to the orientational ordering of the constituent molecules. In this 

phase, the centers of mass of the molecules are on the average arranged in 

equidistant layers with a well-defined interlayer separation. In each of these 

layers, the molecular long axis can either be along the direction of the layer 

normal or tilted relative to it. Due to the strong correlation between the 

molecular size and layer thickness, smectics can be regarded as a two 

dimensional material within a single layer. In some of the smectic phases, 

molecules are mobile within the layer plane and also can rotate about the 

molecular long axis. Moreover, due to lack of interlayer attraction, the smectic 

layers can slide over one another and thereby this phase exhibits fluid like 

characteristics even though with a viscosity much higher compared to that in 

the nematic phase. On the basis of structural dissimilarity and ordering of the 

molecules within the layers, smectic mesophase again can be categorized into 

various sub-phases, some of which in the sequence of decreasing symmetry are 

as follows: Smectic A, Smectic C, Smectic B and so on. In the following 

section, a brief introduction to a few of the smectic phases related to this thesis 

is presented.  

Smectic A (Sm-A) phase 

The least ordered layered liquid crystalline phase is the smectic A (Sm-

A) phase. In this phase, the molecules on the average align themselves normal 

to the layer planes with no positional correlation among the molecular centre of 
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mass within a layer [figure 1.5]. Such a configuration can be described by 

considering a one-dimensional mass density wave along the layer normal. 

However, this modulation is quasi long range in character, i.e., it ceases on a 

relatively large scale due to the presence of thermal agitations. Moreover, the 

molecules are mobile within the layers and also can rotate freely about the 

molecular  long  axis. Thus,  Sm-A phase can be  regarded as a two dimensional 

 

Figure 1.5. Schematic representation of molecular ordering in smectic A phase. 

The director  is parallel to the smectic layer normal . 

fluid. This phase is optically uniaxial with the optic axis being along the 

direction of the molecular long axis. Depending on the correlation between the 

interlayer spacing (d) and molecular length (l), the smectic A phase again can 

be classified into various sub-phases as monolayer smectic A (Sm-A1) with d = 

l, bilayer smectic A (Sm-A2) with d = 2l, partially bilayer smectic A (Sm-Ad) 

with l < d < 2l and the smectic antiphase (Sm-Ã) [39–42].     

Smectic C (Sm-C) phase 

On lowering the temperature of Sm-A phase, the smectic C (Sm-C) 

phase is often formed which possesses a structure much similar to that of Sm-A 

phase, i.e., consisting of fluid-like layers with no positional correlation within 

the layers but in this case the molecular long axis and hence, the director is 

tilted relative to the layer normal at an angle θ, which is again common for all 

the molecules [figure 1.6]. This angle is referred to as the tilt angle and is 
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usually found to be dependent on temperature. The fact that the molecules are 

tilted with respect to the layering direction in the Sm-C phase causes the 

breaking of the infinite-fold rotational symmetry of the molecules about their 

long axis, as occurs in the Sm-A phase and hence, the Sm-C phase exhibits 

optical biaxiality and a relatively greater viscosity than that in the Sm-A phase. 

Furthermore, the tilted molecular arrangement in the Sm-C phase is also 

energetically more favorable that the orthogonal molecular organization in the 

Sm-A phase. Depending on the relative arrangement of the molecules in the 

neighboring layers, the Sm-C phase can be categorized into two distinct classes 

– the synclinic smectic C (Sm-Cs) phase and the anticlinic smectic C (Sm-Ca) 

phase. In the Sm-Cs phase, the direction of the tilt is the same in adjacent 

smectic layers, whereas it alternates between the layers of the Sm-Ca phase. 

 

Figure 1.6. Schematic representation of molecular ordering in smectic C phase. 

The director  is tilted with respect to the smectic layer normal  by an angle θ. 

Moreover, in addition to the above smectic phases, if the molecules are 

optically active (having no reflection symmetry), the chiral analogue of the Sm-

A and Sm-C phases known as the chiral smectic A (Sm-A*) and chiral smectic 

C (Sm-C*) phases respectively, are formed. 

Chiral Smectic A (Sm A*) phase 

In this phase the molecules are packed in layers with their molecular 

long axis being parallel to the layer normal and at the same time also rotate in a 
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liquid-like fashion around the layer normal [43–45]. As there is no correlation 

among the molecules in a smectic layer, the net transverse polarization 

vanishes. Hence, in spite of being made up of chiral molecules, the Sm-A* is 

apolar in nature. 

Chiral Smectic C (Sm C*) phase 

The smectic C* phase is similar to the smectic C phase except for the 

fact that due to the presence of chirality in the molecular structure, the tilt 

direction of the molecules precesses around the layer normal from one layer to 

another [figure 1.7], giving rise to a helicoidal structure [46–50]. The pitch of 

this helical deformation is relatively greater than the interlayer spacing. The 

chirality present here, suppresses symmetry and R. B. Meyer et al. on the basis 

of symmetry considerations, first argued and demonstrated that the layers of the 

Sm-C* phase are ferroelectric in nature [46], i.e., there exists a non-zero 

spontaneous polarization ( ) for each layer in a direction perpendicular to the 

tilt plane and the layer normal. However, because of the presence of the helix 

as the direction alters from one layer to another, there exists no net 

macroscopic polarization. To facilitate a non-zero macroscopic polarization, 

the helix must have to be unwound by means of an external electric field or via 

surface interactions [51–54]. The Sm-C* phase again can be grouped under the 

following headings: Sm-Cα*, Sm-C*, Sm-Cγ* and Sm-Cβ* in order of 

decreasing temperature [55–57]. Here, except for Sm-Cα* phase, in all other 

phases the helicoidal structure is formed because of the presence of chirality 

while in the Sm-Cα* phase non-chiral interactions are responsible for the 

formation of helixes while chirality helps only in deciding their sense of twist 

[58]. There is also an antiferroelectric variant of the chiral smectic C phase – 

Sm-CA* phase. In the Sm-CA* phase, the direction of tilt alternates in adjacent 

layers and hence, the direction of spontaneous polarization also alternates from 

one layer to the next, canceling out the total polarization. However, the 

polarization can be aligned uniformly between the layers on applying a strong 
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external field. One intriguing fact is that in LCs the antiferroelectric Sm-CA* 

phase appears at a lower temperature than that of the ferroelectric Sm-C* phase 

while an opposite trend is detected in solid state materials. 

 

Figure 1.7. Schematic representation of the helical structure of chiral smectic 

C (Sm-C*) phase with the helix axis parallel to the smectic layer normal . The 

molecular dipole moment  is always perpendicular to the director . 

There are also many other smectic variants with a variety of ordering as 

the hexatic smectic phases – Hex-B, Sm-F, Sm-I and Sm-L with a long range 

bond orientational order but short range positional order within the smectic 

layers; the crystal-B or Sm-Bcry and crystal E or Sm-E with a true 3D crystalline 

arrangement (long range positional and bond ordering) and the related tilted 

phases – smectic G (Sm-G), smectic H (Sm-H), smectic J (Sm-J), smectic K 

(Sm-K) [1, 7, 17]. 
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1.2.4. Bent-core liquid crystals 

The basic molecular structure of liquid crystalline materials can be 

modified in number of ways to give rise to new mesogenic features. An 

excellent example of which is the bent-core or banana-shaped or bow-like 

mesogens, representing a relatively new sub-field of liquid crystals. In 

calamitic and discotic LCs, a free rotation of the molecules about their long 

molecular axis or normal to the disc respectively is permissible without 

requiring any special symmetry consideration. This fact reduces the possibility 

for bent-shaped molecules to be a ‘good’ candidate for forming liquid crystal 

phases as in this case a free rotation of molecules about their long axis leads to 

a large excluded volume. D. Vorländer and his group were successful to report 

the first ever synthesis of several bent-core liquid crystals [59, 60]. However, 

their work had not paid much attention until the seminal work of Matsunaga et 

al. in the early 1990s [61–64] and the subsequent discovery of polar switching 

in one of the smectic phases (B2 phase) in an achiral bent-core compound by 

Niori et al. [65]. The discovery of exceptional mesogenic properties and also 

the occurrence of exotic mesophase sequences in the bent-shaped compounds 

have brought them at the focus of scientific attention, unveiling a fascinating 

new domain in the branch of thermotropic liquid crystals. 

The banana-shaped molecules are usually achiral, consisting of a rigid, 

non-linear core of aromatic rings with meta-substituted central ring; side 

linking groups and terminal chains [figure 1.8]. Here the meta-substituted 

central aromatic ring serves as the origin of the shape non-linearity of the 

molecular structure. Furthermore, such molecules may also consist of odd 

numbered non-cyclic spacer units, forming the twin mesogens. It has been 

found that in such twins, the phase characteristics are strongly dependant on the 

relative length of the spacer and terminal chains. Depending on the position of 

the structural bend, the banana-shaped molecules again may be symmetric or 

asymmetric and it is usually the nature of the substituents as well as their 
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location in the structure, which play a key role in determining the basic 

structural and mesogenic features of these compounds.  

 

Figure 1.8. Molecular structure of one of the bent-core compounds under study 

[compound 1/7 (described in chapter 3)]. 

These unique structural characteristics as well as the related interaction 

among the bent mesogenic molecules give rise to a number of new 

mesophases, finding no counterpart in the field of calamitic LCs. The most 

remarkable of them are a group of columner and smectic phases, termed as the 

B phases – the series B1 to B8 in the chronological order of their discovery [18, 

19, 66]. These names were proposed at the workshop on banana-shaped liquid 

crystals held in Berlin in 1997. However, later, as some of these B phases have 

been appeared to embrace a variety of structures and symmetries, this 

nomenclature has been discarded being rather confusing. Then it has been 

decided to use the same terminology for bent-core mesophases as those used 

for calamitic liquid crystals along with further characters and suffixes and as 

well mentioning the space group of those phases for incurring the detailed 

information. It has also been observed that despite the presence of bend in these 

molecules, carefully chosen delicate modifications in molecular structure may 

yield calamitic like polymorphisms involving classical smectic C, smectic A 

and even nematic phases [26–28, 32, 67–76].
 
Besides, in recent years, a rich 

variety of exotic mesophases with diverse molecular ordering as the dark 

conglomerate phase [2], polar smectic A (Sm-AP) phase [77–80] etc., have also 

been revealed in them.  
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The reasons behind the formation of such group of exceptional 

mesophases with outstanding phase-structure and related mesophase sequences 

are primarily two-fold:  

First, for bent-core molecules one can define two directors – one , 

along the long molecular axis and another one in the direction of the bow,  

[figure 1.9]. Under steric conditions and also owing to the kinked shape of the 

bent-molecules, they undergo a periodic potential while translating through the 

neighboring molecules, causing breaking of the translational symmetry along 

the molecular long axis. At the same time, there also exists a rotational 

hindrance about the director  to reduce the excluded volume effect. Hence, the 

molecules tend to arrange themselves into planes in a smectic like manner with 

the ‘bow-axis’   aligned  along a common direction. Since, the layer normal  

 

Figure 1.9. Schematic diagram of a bent-core molecule and its symbolic 

representation for observation from front and back sides.  represents the unit 

vector along the direction of the molecular long axis,  denotes the unit vector 

along the molecular kink-direction. 
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defines a direction independent of  and , a large variety of mesophases (e.g., 

B1–B8 phases) with dissimilar symmetries result. 

Secondly, if the molecule possesses a dipole moment along the bend-

direction, the lateral correlation of the molecular dipoles yields a polar order 

within the layers, which can be switched on applying an electric field. This in 

effect leads to the formation of molecular monodomains with a significant 

macroscopic spontaneous polarization. Additionally, if the molecules are tilted 

within the layers, a combination of tilt direction and polar vector can give rise 

to layer chirality even though the individual molecules are not optically active 

themselves [18–20, 81–83]. Thus, by utilizing the structural feature, i.e., the 

angular non-linearity existing in the central molecular unit, the bent molecules 

may give rise to a number of unusual smectic modifications with ferroelectric, 

antiferroelectric or ferrielectric properties and even unique chiral mesophase 

morphologies regardless of the occurrence of molecular domains of equal 

numbers of opposite handedness.  

In the following section, the structural aspects of few of the liquid 

crystal phases appearing in bent-core compounds will be discussed in brief.  

Fundamental mesophases of bent-core liquid crystals 

Mesogenic molecules with symmetrical geometries enjoy the advantage 

of free rotation around their long molecular axis and related reduction in their 

free energy. Conversely, for bent-core molecules, because of the excluded 

volume effect, such a decrease in free energy is usually manifested by 

hindering their rotation in terms of their unique packing capabilities. In 

accordance with the theory developed by Brand et al. [84], there are four 

possible  ways  of  organizing  the  bent-core  molecules  within  the  layers  of   
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Figure 1.10. Schematic representation of different possibilities of packing of 

bent-core molecules within the layers.  : Smectic layer normal, : molecular 

plane normal, : layer polarization; (a)  is perpendicular to both  and ; (b)  

is perpendicular to , but not to ; (c)  is perpendicular to , but not to ; (d)  

is neither perpendicular to  nor to  [85].  

smectic phase. They are- 

i. An orthogonal arrangement of smectic layer normal ( ) with the 

molecular plane normal ( ) and polarization directon ( ) being 

parallel to the layers. This corresponds to C2v symmetry. 

ii. The molecular long axis is tilted relative to the layer normal ( ), 

indicating the appearance of monoclinic chiral symmetry C2. 

iii. Both the molecular long axis and molecular layer plane are tilted 

leading to a monoclinic symmetry CS. 
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iv. Appearance of a triclinic arrangement with all the three principal 

directions being tilted, the corresponding symmetry being chiral C1.  

These four possibilities are schematically depicted in figure 1.10. Phase 

corresponding to case (iv) was first predicted by de Gennes [1] and the related 

symmetry is often termed as CG, where G means generalized. In the following 

section, few of the basic liquid crystal phases exhibited by bent-core molecules 

are discussed. 

1.2.4.1. Smectic phases of bent-core liquid crystals 

B1 phase 

The B1 phase consists of a rectangular lattice with two periodicities, in 

the plane and perpendicular to the polarization ( ) direction and hence, can be 

regarded as a columnar mesophase [figure 1.11]. This phase can be considered 

as made up of columns of fragments, formed from parallel aligned bent-core 

molecules in such a way that the direction of polarization in the neighboring 

fragments  is  antiparallel  to  one  another. Hence,  the  net  polarization  in this 

 

Figure 1.11. Schematic representation of molecular organization in B1 

mesophase. a and b give the measure of periodicities in the two perpendicular 

directions. 



                                         

                                                                                                          Chapter 1 

20 

 

phase vanishes and no field-induced switching behavior is observed in the 

usual B1 phase. The conventional X-ray diffraction pattern in this phase 

consists of a diffuse wide-angle scattering, implying liquid-like intralayer 

order. Several sharp reflections have also been observed in the small angle 

region, indicating the existence of a 2D frustrated layer structure [18, 19]. 

There are also reports of novel 2D modulated variants of B1 mesophase with a 

structure varying much from the conventional one [86–89]. They are 

designated as the B1rev and B1revtilt phases, where the second one is the tilted 

version of the former. Unlike the normal B1 phase, both of these phases can be 

switched by applying an electric field.  

B2 phase 

The B2 phase, which is also termed as the Sm-CP phase, is the most 

widely investigated among the mesophases formed by the banana-shaped 

molecules. Here, the molecules are uniformly arranged within layers and tilted 

with respect to the smectic-layer normal, leading to a structure with C2v 

symmetry, wherein a spontaneous polarization emerges along the direction of 

the two-fold symmetry axis. Hence, the smectic layers in B2 phase 

demonstrates macroscopic spontaneous polarization normal to the molecular 

tilt plane, which again can be switched on reversal of an applied electric field. 

On entering the B2 phase from the disordered isotropic liquid, actually 

there are three simultaneous breaking of symmetries, leading to the appearance 

of smectic layering, polar order and clinicity [82]. Now, depending on the 

structure of polar order in the adjacent smectic layers, i.e., whether they are 

ferroelectric (corresponding notation being PF) or antiferroelectric (PA) and 

clinicity of molecules, i.e., whether molecular arrangement is synclinic (CS) or 

anticlinic (CA), four different variants of Sm-CP or B2 phase may appear 

[figure 1.12]. Following the notations introduced by Link et al. [82], they are 

Sm-CSPF, Sm-CAPF, Sm-CSPA, and Sm-CAPA [28–30].  Here, Sm-CSPF and 

Sm-CAPF are ferroelectric in nature while Sm-CSPA and Sm-CAPA are 
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antiferroelectric. Moreover, the two structures, Sm-CSPF and Sm-CSPA possess 

synclinic molecular arrangement while the rest two possess anticlinic 

molecular arrangement. One intriguing difference between calamitic and bent-

core chiral smectic phases is that in case of bent-core molecules, the 

polarization and tilt directions are not interrelated [19]. In bent-core molecules, 

an alteration in polarization or tilt direction indicates corresponding change in 

layer chirality, where the chirality of the successive layers may either be 

identical (homogeneously chiral) or alternating (racemic). Among the stated 

four Sm-CP phases, Sm-CSPF and Sm-CAPA consist of layers of same chirality 

while the other two, i.e., Sm-CAPF and Sm-CSPA are racemic in nature. The 

ground state of Sm-CP or B2 phases of banana-shaped molecules is usually 

antiferroelectric in nature.   

 

Figure 1.12. Schematic representation of molecular arrangements in the four 

fundamental variants of Sm-CP phase. From the left the first two structures are 

racemic in nature while the rest two are homogenously chiral. 

The X-ray diffraction pattern of a well-aligned B2 sample consists of 

sharp layer reflections, up to third or fourth order on the meridian and a 

diffused wide angle scattering, suggesting the absence of in-plane order [18, 

19]. Moreover, the maxima in the wide angle scattering are inclined relative to 
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the meridian and the equator, which indicate the tilted configuration of 

molecules in the B2 phase.  

B3 phase 

B3 phase generally appears on cooling the B2 phase and above the B4 

phase. It possesses textural similarity to B2 phase on rapid cooling from the 

same. However, on slow cooling, difference appears between the two textures 

in the form of breaking of domains. The X-ray diffraction pattern of a non-

oriented B3 sample exhibits a number of sharp reflections in the wide-angle as 

well as in the small angle region, suggesting a crystalline structure of this phase 

[18]. However, outcomes from dielectric [90] and terahertz spectroscopy [91] 

reveal that the dynamics in B3 phase is similar to that in B2 phase, indicating a 

higher-ordered smectic like nature of B3 phase. Furthermore, from an analysis 

of the X-ray diffraction pattern of oriented planar domain of B3 sample, the 

layer spacing in this phase has found to be shorter than the molecular length of 

all trans-conformation [19]. This fact and also the appearance of texture with 

high optical birefringence in the homeotropic alignment, indicate a probable 

tilted molecular arrangement in this phase. 

B4 phase 

The B4 phase is also termed as the smectic blue phase because of the 

appearance of dark blue colored domain texture when viewed under crossed 

polarizing optical microscope [92, 93]. On decrossing the polarizers, domains 

of different brightness appear which again interchange their brightness on 

rotating any of the polarizers in clockwise and anticlockwise directions [94]. 

Such a brightness exchange is due to the optical activity of the medium, 

indicating a chiral structure of this phase.  

The B4 phase generally appears on cooling the B3 or B2 phase. X-ray 

diffraction patterns in this phase indicate the existence of smectic-like layering 

and an in-plane order with correlation length smaller than that in the B3 phase 



                                         

                                                                                                          Chapter 1 

23 

 

[19]. Moreover, the layer spacing has been found to be comparable to the 

molecular length suggesting a non-tilted organization of molecules in this 

phase [92]. Despite the fact that B4 phase is non-switchable, simple harmonic 

generation (SHG) signal was detected in this phase even in the absence of any 

external electric field, implying the molecules are non-centrosymmetrically 

ordered [95, 96]. Furthermore, recent freeze-fracture transmission electron 

microscopy (FFTEM) studies shows that the B4 phase is made up of twisted 

layers of molecules which are again assembled to form chiral nano-bundles 

[97]. For the presence of such structures, this phase is also frequently 

designated as the helical nano-filament (HNF) phase. This HNF phase is also 

much attractive because of its unique nanostructure in which the further self-

organization of the filaments leads to the formation of oriented arrays of 

filaments that are phase coherent relative to their twist [98, 99]. During the 

growth of such arrays, the chirality of the filaments has found to be preserved, 

the filaments those are already present controls the handedness of the new-born 

filaments [100].   

B5 phase 

The B5 phase is much similar to the B2 phase, except for the appearance 

of an additional in-plane positional ordering in the former case [figure 1.13]. 

The B5 phase appears on cooling the B2 phase and the related transition 

enthalpy is small [18, 83, 101]. Both the B2 and B5 phases demonstrate similar 

textural appearance and electro-optical response. However, the wide-angle 

region of X-ray diffraction pattern in the B5 phase is more complex than that in 

the B2 phase. For an oriented B5 sample, the X-ray diffraction profile consists 

of additional scattering peaks at wide-angle region perpendicular to the small-

angle layer-reflection, indicating the appearance of in-plane density waves 

within the smectic layers, which again has been described by considering the 

existence of a 2D rectangular lattice within the layers [18, 83, 101].  
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Figure 1.13. Schematic representation of the in-plane molecular packing in the 

B5 phase [19]. Vectors a and b suggest the presence of in-plane order.    

B6 phase 

The B6 phase consists of an intercalated smectic structure along with the 

absence of any in-plane correlation among the molecules within a layer [figure 

1.14]. In general, B6 phase has been found to exhibit a fan-shaped texture 

reminiscent of the texture in the Sm-A phase of calamitic molecules [71]. 

However, it is much difficult to obtain a homeotropic alignment in this phase. 

X-ray diffraction measurements in an aligned B6 sample reveals the existence 

of only first order reflection in the small angle region in the diffraction pattern, 

indicating the presence a periodicity less than half the molecular length i.e., an 

 

Figure 1.14. Schematic representation of molecular ordering in the B6 phase. 
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interdigitation of the molecules [18, 102]. Furthermore, the X-ray diffraction 

profile at the wide-angle region has been found to comprise four broad diffuse 

peaks, suggesting the presence of an in-plane liquid-like order while the 

inclination between the neighboring diffuse peaks corresponds to a tilted 

arrangement of molecules in this phase [18, 102].   

B7 phase 

The B7 phase appears below the isotropic phase during cooling and is 

much attractive for the occurrence of a rich variety of textures in this 

mesophase. The textural appearance of B7 phase includes a variety of spiral 

domains, twisted helical filaments with single, double or triple coils, high- and 

low-birefringence focal conics, lancet-like or thread-like germs, Chiral 

micromosaic domains, checker-board-like domains, banana-leaf-like domains, 

circular domains and many more [103–109]. The appearance of the helical 

filaments suggests the presence of chirality in this phase [104]. 

X-ray diffraction studies in B7 phase reveals a diffraction profile 

consisting of diffuse broad scattering at the wide-angle region, indicating lack 

of in-plane order and several sharp reflections in the small-angle region [103, 

107, 110, 111]. Such unique profile has been accounted for by considering a 

2D ordered modulated layer structure caused by the polarization splay [110]. 

Moreover, Small Angle X-Ray Studies (SAXS) in this phase suggests a B1 like 

columnar structure comprising a 2D rectangular lattice [18, 86, 112, 113].  

On application of an electric field, the B7 phase usually exhibits a 

ferroelectric-like bistable switching a few degrees below the B7–isotropic 

transition, which again has been found to convert into a tristable process on 

lowering the temperature [103].     

B8 phase 

The B8 mesophase is relatively newer among all the B phases and was 

first reported by Bedel et al. in 2001 [66]. Upon slow cooling from isotropic 
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phase, the textures of B8 phase grows as spiral domains and may convert into 

fan-shaped texture on further lowering of temperature. X-ray diffraction studies 

in B8 phase suggests a bilayer structure of this mesophase [66]. This phase 

demonstrates an antiferroelectric switching behavior. 

Sm-A, Sm-C and Sm-AP phases 

Depending on the structural features, bent-core molecules are usually 

found to possess a bending angle ranging between 105° and 140° [114]. 

Molecules for which this bending angle resides in the neighborhood of the 

stated upper limit, tends to form the traditional Sm-A and Sm-C phases as 

appeared in rod-like liquid crystals. In the Sm-A and Sm-C phases of bent-core 

mesogens, the molecular long axis is parallel to the layer-normal and inclined 

at an angle to it respectively along with the absence of any in-plane periodicity 

or  polar order. The textural appearance of a Sm-A bent-core sample consists of 

a fan-shaped texture or a homeotropic texture while for a Sm-C compound it 

comprises a broken fan-shaped texture or a schlieren texture. Due to the 

absence of any in-plane polar order, no ferroelectric switching can be realized 

in the bent-core Sm-A phase [114, 115]. However, dielectric studies in the 

bent-core Sm-C phase reveal the existence of short range ferroelectric clusters 

in the medium, leading to a weak switching response on application of an 

external field [114, 115]. 

The polar smectic A (Sm-AP) phase in bent-core liquid crystals may be 

treated as the orthogonal complement of the B2 or Sm-CP phase. This phase is 

similar to the Sm-A phase as observed in rod-like liquid crystals except the 

appearance of an in-plane polar order owing to the close packing of the bent-

core molecules [77–80]. Depending on the relative orientation of the 

polarization  in subsequent smectic layers in Sm-AP phase, two possible 

situations may arise: a parallel orientation of  in successive layers leading to 

the ferroelectric polar smectic A (Sm-APF) phase, while a repeated alteration of 
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alignment of   in consecutive layers leads to its antiferroelectric counterpart, 

i.e., the Sm-APA phase [figure 1.15]. The Sm-APA has usually been found to 

form the stable ground state [77–79] whereas the Sm-APF phase has appeared 

to be a metastable one which can be induced by applying an electric field and 

reverts to the Sm-APA phase on removal of the field. However, recently a stable 

Sm-APF phase has also been reported by Reddy et al. [80]. For a 

homogeneously aligned Sm-AP sample, a fan-shaped texture typical for the 

Sm-A phase appears while homeotropically aligned Sm-AP samples are found 

to exhibit schlieren textures because of the presence of phase-biaxiality [78, 

79]. The X-ray diffraction pattern of this phase consists of layer reflections on 

the meridian in small-angle region and diffuse wide-angle scattering centered 

on the equator, confirming the orthogonal configuration of the molecules 

within the smectic layers [20]. Furthermore, the switching process in the Sm-

AP phase is quite slow because of the presence of steric hindrance to the 

rotation of molecules around their long molecular axes by the adjacent 

molecules.  

                     

Figure 1.15. Schematic representation of molecular arrangements in the 

ferroelectric Sm-APF and antiferroelectric Sm-APA phases. 
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1.2.4.2. Nematic phase of bent-core liquid crystals 

Nematic (N) phases are relatively scarce among the mesophases formed 

by banana-shaped compounds. This is because the translational symmetry 

required for the formation of N phases, is strongly frustrated by the kinked 

shape of the banana molecules. Hence, in order to restrict the molecules from 

aggregating into smectic layers, molecules with special structural 

characteristics have to be synthesized. This can be achieved in bent-core 

molecules with a rather extended aromatic core and shorter terminal chains as 

in different bent oligophenyleneethinylenes [116, 117], m-terphenyls [71], and 

naphthalene derivatives [72–75], or by reducing the molecular-bend as 

obtained in 5-membered heterocycles, like oxadiazoles [26–28, 32, 67] or 

dimesogens composed of rod-like and bent-units [68, 118–120]. 

The most noteworthy difference between the nematic phases formed by 

the calamitic and bent-core molecules is the existence of short-range 

‘cybotactic’ clusters with smectic-like layered structure [figure 1.16] in the 

later case [31–38]. The evidence of such clustering has also been detected in 

nematic phase formed by calamitic molecules [30], but, here they appear only 

before the smectic–nematic transition as a part of the pretransitional 

modification in the concerned mesogenic medium. In bent-core nematics, 

where the high lateral correlation among the bent-molecules favors the 

formation of such structural aggregates, they persist as an inherent part of the 

nematic phase structure. In some cases they are even found to exist in the 

isotropic phase as well [37]. X-ray diffraction studies in bent-core nematic 

phase have conclusively validated the presence of such clusters [32, 35, 36]. 

Furthermore, although the clusters are biaxial in nature, on a macroscopic scale 

their effect average out, resulting in a uniaxial nematic medium.  
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Figure 1.16. Schematic representation of molecular arrangement in the nematic 

phase of bent-core liquid crystals comprising smectic-like clusters. 

 Such a clustering again possesses a pronounced influence on the phase 

characteristics of bent-core nematics. As in some bent-core nematics the 

clustering was assumed to be responsible for the emergence of dramatically 

higher rotational viscosity values than that for usual calamitics [121, 122]. 

Actually, the unique molecular conformation of the bent-core molecules and 

also the appearance of the smectic-like aggregates in the nematic phase, 

endows the bent-core nematics with a number of unique properties such as 

great flexoelectricity [123, 124], extraordinary electroconvection patterns [125–

127], a considerable Kerr effect [128], unique rheological properties [34, 121, 

122] etc., none of which are observed in normal nematic phases formed by rod-

like molecules. Recently, intense research work is focused on the quest for the 

elusive biaxial nematic phase in bent-core molecules, which holds promising 

technological answers in the field of high end display devices. Another 

important feature of the bent-core liquid crystal which is also at the center of 

attention in the liquid crystal research, is the twist-bend nematic phase [129–
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136]. This twist-bend structure can find potential applications in tunable 

diffraction grating and in reflective display etc. Such a rich set of 

characteristics explores the potential for new applications in the area of electro-

optic device technology. Some of the major issues and challenges for 

researchers in this field include a deeper insight into the origin of ferroelectric-

like switching behavior in cybotactic nematic phase of bent-core liquid 

crystals, conclusive experimental proof of the existence of the biaxial nematic 

phase in bent-core molecules, realization of room temperature cybotactic 

nematic phase in bent-core liquid crystals with a potential for practical 

application. Thus further studies of cybotaxis in bent-core nematics in 

conjunction with the possibility of tuning the nano-scale polar ordering, could 

possibly lead to new liquid crystal based applications. 

1.2.5. Hockey stick-shaped liquid crystals 

In recent years, an interesting class of mesogenic compounds with a 

shape intermediate between the classical rod-like molecules and the 

conventional banana-shaped mesogens, the ‘hockey stick-shaped’ compounds 

[figure 1.17], has emerged as a field of significant interest. This class of 

molecules is asymmetric in relation to the position of bend in their molecular 

structure, i.e., the two arms of the bent-structure are significantly different with 

respect to their lengths. In hockey stick-shaped molecules having a bent 

aromatic core, the angle of the molecular long axis results from a 1,3-

phenylene fragment or 2,5-disubstituted heterocyclic five-membered ring in 

strongly non-symmetric four or five-ring aromatic systems [137–142]. In 

another type of hockey-stick mesogens – which is in relation to the type 

presented in this dissertation – the bend is introduced by an alkyl or alkyloxy 

chain attached in the meta-position of a terminal phenyl ring [143–150]. 

Depending on the sizes of the segments and constituents of the moiety presents 

in the segments, these molecules are again able to form a number of distinct 

mesophase morphologies [147, 150]. Some of these compounds are of 
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considerable interest due to the occurrence of two polymorphic tilted smectic 

phases – the synclinic smectic C (Sm-Cs) as well as the anticlinic smectic C 

(Sm-Ca) phase [138, 144]. This dimorphism is only rarely observed for 

mesogens having no asymmetric carbon atom except for the case wherein the 

terminal chain is a branched chain (swallow tailed) [151, 152]. From NMR 

investigations it has been confirmed that in hockey stick-shaped compound the 

Sm-Cs–Sm-Ca phase transition is accompanied by a conformational change in 

the overall molecular shape from a more rod-like one in the Sm-Cs phase to a 

hockey stick like shape in the Sm-Ca phase and leads to a different packing of 

the molecules within the layers of the Sm-Ca phase. Recent discovery of a rich 

set of exotic phenomena in such asymmetric bent-shaped molecules, such as 

the occurrence of nematic phase displaying both calamitic and bent-core-like 

features [153], the macroscopically chiral nematic and dark conglomerate 

phases [154], a dark conglomerate phase consisting of randomly oriented 

smectic blocks, called the random grain boundary (RGB) phase [155], the 

coexistence of two different molecular tilts at the N–Sm-C transition [156], a 

layer thinning transition [157] etc., also makes them potential candidate for 

designing future noble materials with desirable functional characteristics and 

obtaining further insight into the phenomena of self-organization in liquid 

crystals.  

 

Figure 1.17. Molecular structure of one of the hockey stick-shaped compounds 

under study [compound 4 (described in chapter 4)]. 
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CHAPTER 2 

 

Experimental techniques and theoretical 

background 
 

 

2.1.   Introduction  

This chapter gives an overview of the various experimental techniques 

employed for characterizing the different liquid crystalline compounds and 

mixtures. Related principle of operation and working of the setups have been 

described in brief. In addition, a few molecular theories, describing the 

behavior of different liquid crystalline phases and related to the subject matter 

of the present dissertation, have also been portrayed in a nutshell.  

2.2.   Experimental techniques    

2.2.1. Texture study 

Analysis of textures by Polarizing Optical Microscopy (POM) is one of 

the essential techniques for preliminary identification of different liquid 

crystalline phases and for resolving the related phase transition temperatures. 

When a mesogenic sample is examined under a polarized light, a wide variety 

of characteristic patterns, known as textures, are observed. The formation of 

such textures is principally decided by the defect structure occurring in the long 

range molecular order in the liquid crystalline medium. A careful inspection of 

such textures and the temperature dependant variation of them can enable one 

to extract valuable information regarding their phase-structure and related 

transition schemes.  
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The samples under study were introduced between a glass slide and a 

cover slip and placed in a hot stage Mettler Toledo FP-82 HT equipped with 

the Mettler Toledo FP 90 central processing system. The textures were 

observed with the aid of a polarizing optical microscope – Motic BA300 with 

Moticam 580 (5.0 MP) CCD camera attachment. From the precise study of 

temperature dependencies of textures and related topology of defects, the 

different mesophases were assigned and transition temperatures were also 

recorded. A comprehensive account of various textures along with photographs 

has been presented by Demus et al. [1] and Dierking [2]. 

2.2.2. Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) is a thermal technique that 

plays an important role in characterizing new liquid crystalline phases and 

serves as a complementary process to polarizing optical microscopy and X-ray 

diffraction study. By assessing the enthalpy change coupled with a transition, 

DSC is capable of identifying the nature of phase transition [3–5]. It also helps 

in extracting other valuable information regarding conformational disorder [6], 

purity of the sample [7] and so on. However, DSC is not suitable for isolating 

those transitions where the associated enthalpy changes are relatively less. 

In this work, determination of phase transition temperatures and 

transition enthalpies of a few hockey stick-shaped liquid crystals were carried 

out with the help of a Perkin Elmer Pyris 1 Differential Scanning Calorimeter 

at the Institute of Chemistry–Physical Chemistry, Martin-Luther-University 

Halle-Wittenberg, Halle (Saale), Germany.   

2.2.3. X-ray diffraction study 

The structural analysis of liquid crystalline compounds and study of 

related molecular properties on a quantitative basis can conveniently be carried 

out with the aid of X-ray diffraction studies. Regarding such measurements in 
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liquid crystalline materials, a number of exhaustive reviews are available [8–

13].  

The theoretical interpretation of outcomes from X-ray diffraction 

measurements in mesogenic compounds was put forwarded by Vainstein [14] 

and Leadbetter [15, 16]. From an analysis of the X-ray diffraction pattern, the 

Fourier image of the correlation density function could be obtained. The 

reconstruction of the same from the scattered X-ray data provides knowledge 

on both the relative organization of molecules and specific characteristics of 

the orientational and translational order in a mesogen.  

The nature of the X-ray diffraction pattern of a liquid crystalline 

material can conveniently be explained by considering the director distribution 

or ordering of the molecules within the medium. The pattern of an unoriented 

nematic sample consists of a uniform halo just like that of an isotropic liquid. 

This is due to the fact that in general, a nematic liquid crystal encompasses a 

large number of domains, within each of which the molecules are oriented 

along a specific direction, i.e., along the director , but there is no such 

preferential alignment of the sample as a whole so that the diffraction pattern 

possesses symmetry of revolution around the direction of the incident X-ray 

beam. However, application of a suitable external perturbing field – magnetic 

or electric – of appropriate strength or a surface alignment can cause a 

‘monodomain’ or ‘aligned’ or ‘oriented’ specimen of liquid crystal. The 

schematic presentation of small angle X-ray diffraction pattern for a nematic 

liquid crystal oriented perpendicular to the direction of the incident X-ray beam 

is illustrated in the figure 2.1(a). Here, the principal halo splits into two 

crescents, having maximum intensity along the equatorial direction, i.e., 

perpendicular to the director. These crescents are formed primarily due to 

intermolecular scattering. Related Bragg angle provides a measure of the lateral 

intermolecular distance. Furthermore, in the meridional direction (parallel to 

the director) two more crescents are observed at a much smaller angle and the 

corresponding Bragg angle is a measure of the apparent molecular length. In 
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some cases, the inner diffuse crescents are found to be replaced by sharp spots 

[figure 2.1(b)], i.e., the intensity of small angle scattering is much stronger than 

that of the wide angle scattering and the corresponding phase is termed as the 

‘cybotactic nematic phase’. The presence of the sharp spots indicates the 

existence of domains or clusters with smectic like layered structure in the 

nematic phase, which are designated as ‘cybotactic’ groups [17, 18]. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2.1. Schematic representation of X-ray diffraction pattern of an 

oriented (a) nematic, (b) skewed cybotactic nematic, (c) smectic A and (d) 

smectic C liquid crystal. 

The X-ray diffraction pattern of smectic A (Sm-A) phase is shown in 

figure 2.1(c). Since Sm-A phase can have only quasi-long range order along its 
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layer normal [19, 20], the second order Bragg reflections in the meridional 

direction are generally very weak and are often absent in the X-ray 

photographs. The meridional spots are formed due to Bragg reflection from the 

layers and are analyzed to determine the layer thickness (d). 

Figure 2.1(d) gives the schematic representation of X-ray diffraction 

pattern in the smectic C (Sm-C) phase with tilted molecular arrangement, 

where the incident X-ray beam is parallel to the layer normal. As there is no 

azimuthal preference for molecular tilt in the Sm-C phase, the tilting may occur 

in dissimilar azimuthal orientations. 

An inspection of the X-ray diffraction pattern of aligned samples, yields 

the angular distribution of the X-ray intensity in the outer diffraction arc [i.e., 

X-ray intensity I(χ) vs. azimuthal angle (χ) curve], which can be analyzed to 

obtain the related orientational distribution function f(cos ) and hence, the 

order parameters PL , (L = 2, 4). 

Experimental technique and data analysis 

X-ray diffraction studies were carried out at the Institute of Physical 

Chemistry, Martin-Luther-University Halle-Wittenberg, Halle (Saale), 

Germany. For the symmetric bent-core compounds, measurements were 

performed on oriented samples under the influence of a magnetic field (B ≈ 1 

T) using thin capillaries. The alignment was preserved by slow cooling at a rate 

of 0.1 °C min
-1 

in the presence of the applied magnetic field. For the hockey-

stick shaped compounds, surface-aligned samples were obtained by slowly 

cooling a drop of the liquid crystal placed on a glass plate on a temperature 

controlled heating stage and the X-ray beam was directed parallel to the glass 

plate. In both the cases, the resulting patterns were recorded by a 2D area 

detector (HI-STAR, Siemens AG/Bruker) using Ni-filtered Cu-Kα radiation. 

Orientational distribution functions and order parameters 

The orientational distribution function f(β) of a mesogenic medium 

describes how the molecular long axes are distributed about the director . It 
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gives the probability of finding a molecule at some prescribed angle  related 

to . The scattered intensity profile I(χ) (χ presents the azimuthal angle) of the 

outer diffused equatorial arc of an oriented sample may be analyzed to obtain 

the related orientational distribution function and order parameter values. 

According to Leadbetter and Norris [16],  

                         (2.1) 

where, fd( )  is the  distribution function for an orientation  of a local cluster 

of molecules relative to the director  (  = 0). Equation (2.1) can be 

numerically inverted to give fd( )  which is assumed to be close to the singlet 

distribution function f( ). The orientational order parameters P2  and P4  

are related to the average orientation of the molecular long axes with respect to 

the director as:  

                                                        (2.2) 

where, L = 2, 4. 

To calculate fd( ) and hence, the order parameter one requires I(χ) in one 

quadrant (e.g., from χ = 0 to χ = 90°). In this work the I(χ) values have been 

analyzed in multiple quadrants (either two or four depending on shadowing of 

the pattern due the heating stage) separately and the average values of I(χ) have 

been considered to evaluate fd( ) and hence, P2  and P4  for all the samples. 

The error in the determination of P2  and P4  has been estimated to be 

within  0.015. 

Apparent molecular length or layer spacing  

The apparent molecular length (l) or layer spacing (d) is related to the 

corresponding Bragg angle ( d) through to the formula [17]:  

                                                                                              (2.3) 
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where, d is the Bragg angle for the meridional diffraction crescent or spots and 

 is the wave length of the X-ray. The first order meridional diffraction peaks 

were used for calculating the l or d values as the second order reflections were 

either very weak or absent.  

2.2.4. 
13

C NMR measurement 

NMR measurements were performed on a Bruker Avance III 600 MHz 

NMR spectrometer (Bruker Biospin) operating at resonance frequency of 

600.15 MHz for 
1
H and 150.93 MHz for 

13
C resonance at the Centre of Bio-

Medical Research, SGPGIMS Campus, Lucknow, Uttar Pradesh. All the 

experiments were carried out on a 3.2 mm DVT probe under static conditions. 

Proton decoupled one dimensional carbon spectra were recorded using a single 

pulse. SPINAL128 scheme was used for realizing the proton decoupling during 

the acquisition. The carbon and proton π/2 pulse length were 2 μs and 2.6 μs 

respectively. Proton decoupled 
13

C spectra at different temperatures were 

recorded with 2k data points, a spectral width of 301 ppm and a proton 

decoupling field of 96 kHz. The 
1
H decoupling field offset was 4 ppm. To 

avoid radio frequency overheating of the sample, 10 s recycle delay time was 

used. For 
13

C experiments in the mesophases, the samples were uniformly 

aligned by slow cooling from the isotropic to the nematic phase in the presence 

of a magnetic field. The sample-temperature was regulated with the help of a 

Bruker temperature controller unit. Measurements were performed during 

cooling, waiting for at least 20 minutes before the acquisition of each spectrum 

to ensure temperature stability. 

To facilitate the determination of temperature dependence of 

orientational order parameter (S = P2 ), the 1D 
13

C NMR spectra were 

recorded in different mesophases of the investigated compounds. From an 

analysis of the chemical shifts for a few selected carbon nuclei in the 

mesogenic molecule the order parameter can be evaluated [21–23] based on the 

assumption that the molecular order can be described by a single order 
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parameter. Since the main concern of this work was to investigate the variation 

in the order parameter across the phase transitions, the C–H order parameters 

of the aliphatic chains were not studied because their changes were smaller 

than those of the aromatic core.   

2.2.5. Optical birefringence measurement 

The nematic liquid crystals usually behave as an optically uniaxial 

birefringent medium with a uniform orientation of the molecular director and 

hence, can be characterized by two principal refractive indices viz. the ordinary 

refractive index (no) and the extraordinary refractive index (ne), perpendicular 

and parallel to the molecular long axis respectively. The birefringence (Δn) is 

defined as:  

                                                                                              (2.4) 

In this study, optical birefringence measurements have been 

accomplished by two different methods. In the first method, the ordinary (no) 

and the extraordinary (ne) refractive indices were measured by thin prism 

technique [24, 25] and from the measured no, ne values, the birefringence (Δn) 

was calculated. In the other method, a high resolution temperature scanning 

measurement of the optical phase retardation (Δφ) was used to determine the 

temperature dependence of birefringence of liquid crystalline samples in 

different mesophases [26–30].  

2.2.5.1. Thin prism technique 

In this method, the principal refractive indices (no, ne), the average 

refractive index nav = √{(2no
2
+ne

2
)/3} and the birefringence (Δn) for wave 

length λ = 632.8 nm (He–Ne laser) were measured within an accuracy of 

±0.0006. Hollow prisms with refracting angle less than 2° were constructed 

using optically flat glass slides. The samples were filled into the prisms in their 

isotropic state and repeatedly made to pass through few slow heating and 

cooling cycles between their isotropic and mesogenic states for obtaining 
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proper alignment with the long axis of liquid crystal molecules parallel to the 

refracting edges. The prism was placed within a specially constructed brass 

heater positioned between the pole pieces of an electromagnet with an available 

magnetic field of about 1T, the temperature of which was controlled by a 

Eurotherm PID 2404 process controller with an accuracy of ±0.1
 
°C. The 

schematic representation of the experimental set-up is shown in figure 2.2. 

While passing through the aligned liquid crystal medium, the light beam splits 

into the ordinary and extraordinary components, thereby producing two spots 

on the screen. The images of the spots were recorded using a digital camera 

suitably interfaced with a computer. The high-resolution digital images so 

obtained were further processed to locate the centre of the spots from where the 

ordinary (no) and extraordinary (ne) refractive indices could be determined. 

Before introducing the samples, the angle of the prisms were determined by 

filling them with ultrapure degassed water and measuring the deviations 

produced in the light beam.  

 

Figure 2.2. Schematic diagram of the experimental set-up for refractive index 

measurement from thin prism technique. 

To construct the hollow prisms, optically flat glass slides were taken and 

cut to proper dimensions. They were then cleaned with detergent and water and 
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treated in an acid mixture (conc. H2SO4 + conc. HNO3) at 60 °C for one hour. 

Next the slides were washed with distilled water and treated with 1 molar 

solution of  KOH at 60 °C for one hour. Then they were rinsed thoroughly with 

distilled water for several times and left in acetone for few hours to remove any 

residual impurity. Next one surface of each of the slides was treated with dilute 

solution of polyvinyl alcohol and after drying rubbed for several times (40–50 

times) with filter paper for achieving suitable planar alignment. A thin glass 

spacer was introduced between the surfaces at one of the vertical edges of the 

prism so as to attain the desired refracting angle which was kept less than 2°. 

The glass plates were then sealed using a high temperature adhesive and after 

curing were baked for several hours in an oven at about 100 °C.  

2.2.5.2. Optical transmission method 

In optical transmission method, precise measurement of the optical 

birefringence (Δn) have been accomplished by measuring the intensity of a 

laser beam transmitted through a planar aligned liquid crystal filled cell of 

suitable thickness and then measuring the related phase retardation (Δφ). A 

He–Ne laser (λ = 632.8 nm) beam was employed for this purpose. The cell was 

placed in a custom built brass heater between two crossed linear polarizers 

(Glan-Thomson) and its temperature was simultaneously regulated and 

measured with the aid of a temperature controller (Eurotherm PID 2404) with a 

resolution of ±0.1 °C [figure 2.3]. To attain a better thermal stability, a two-

stage heating arrangement was employed by placing the heater inside another 

oven. The temperature of the outer oven was controlled by another temperature 

controller (Eurotherm PID 2404). Typically a temperature difference of about 

3–5 K was maintained between the inner and outer ovens. During 

measurement, the transmitted light intensity was acquired with the aid of a 

photo diode at an interval of 2 or 3 s while the heater temperature was varied at 

a rate of 0.5 °C min
-1

. This translates into a temperature difference of 0.017 °C 

and 0.025 °C between two successive readings respectively. Furthermore, the 
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stability of the LASER intensity was monitored by feeding a fraction of the 

emergent light obtained by a beam splitter to another identical photodiode.  

 

Figure 2.3. Schematic diagram of the experimental set-up for optical 

transmission measurement. 

The normalized light intensity or transmittance when expressed in terms 

of the phase retardation (Δφ), may be given as [26] 

                                                                         (2.5) 

where θ is the angle made by the polarizer with the optic axis and the phase 

retardation is given by 

                                                                                                (2.6) 

where Δn = ne-no, ne and no being the two principal refractive indices of the 

liquid crystal medium, λ is the wave length of the light used and d is the sample 

thickness. For optimizing the measurement, θ was kept at 45°. 

The transmitted intensity is an oscillatory function with maxima and 

minima occurring for Δφ = (2m+1)π and 2mπ, where m is an integer. 

Analyzing the intensity data accordingly, the birefringence values may be 

evaluated from the resultant phase retardation provided λ and d are known [27–

30]. 
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In this work, planar or homogeneously aligned (HG) and 

homeotropically aligned (HT) standard indium-tin oxide (ITO) coated cells of 

thicknesses 5 μm and 8.9 μm (procured from AWAT PPW, Warsaw, Poland) 

were used for the different samples. The empty cells were heated to 5 °C –10 

°C above the sample clearing temperature and then the samples were 

introduced via capillary action. To ensure proper alignment, the sample filled 

cells were observed under the polarizing optical microscope (Motic BA 300) in 

all the investigated mesophases. All the measurements were carried out for 

several cooling and heating cycles and reproducible results were obtained. The 

sensitivity in ∆n values was found to be better than 10
−5 

for the 5- μm-thick 

sample. This method was also extended to the Sm-A and Sm-C phases of the 

liquid crystalline materials. 

Determination of orientational order parameter  

The orientational order parameter (S = <P2>) of a mesogenic medium 

can conveniently be determined with the aid of both the principal refractive 

indices (no,ne) and the birefringence (Δn) values. However, the evaluation of 

order parameter from the refractive indices data necessitates corresponding 

density (ρ) values of the material as a function of temperature, wherein an 

application of the isotropic internal field model by Vuks, Chandrasekhar and 

Madhusudana (VCM model) [31, 32] or the anisotropic internal field model of 

Neugebauer, Maier, and Saupe (NMS model) [33–35] leads to the evaluation of 

the longitudinal (αl) and transverse (αt) components of  polarizibilities with 

reference to the long molecular axis. From the measured temperature 

dependence of the polarizability anisotropy (Δα) and by applying the well-

known Haller’s extrapolation [36], the anisotropy in the perfectly ordered state 

(Δα0) and hence, the order parameter (S) of the medium can be determined 

from the relation . However, in general, the variation of density 

(ρ) over the nematic range is relatively small [37] and the birefringence (Δn) 

itself is a quite good description of the orientational ordering of the medium 
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and can directly be used to determine the order parameter (S) [28–30, 38–40]. 

There are also reports demonstrating consistency between the order parameter 

(S) values extracted from polarizibility and birefringence data [41]. In this 

study, the assessment of order parameter (S) has been accomplished from the 

analysis of the birefringence data only. 

    The order parameter is defined as 

                                                                                            (2.7) 

where Δn0 is the birefringence in the completely ordered state and was obtained 

from the temperature dependence of Δn, which can be approximated well for 

liquid crystals by [36] 

                                                                                    (2.8) 

where Δn0, T* and β are adjustable parameters. T* is about 1–2 K above the 

clearing temperature. The exponent β depends on the molecular structure and 

its value is close to 0.2. It may be mentioned that the resolution of the 

birefringence values obtained from the optical transmission technique is 

relatively much higher than those determined from thin prism measurements. 

Hence, the temperature dependence of Δn from the former method can be used 

for a quite precise estimation of <P2> values within the mesophases, whereas 

the limiting behavior of the same can be analyzed for a faithful manifestation 

of the pretransitional fluctuations and also the nature of different phase 

transitions in liquid crystals [30, 38–40].  

2.2.6. Static dielectric permittivity measurement 

The temperature variation of static dielectric permittivities ‖ and  

along and perpendicular to the molecular long axis respectively, and the 

dielectric anisotropy  (= ‖- ) and average dielectric permittivity { avg = 

1/3(2 + ‖)} were determined by measuring the capacitance of suitably aligned 

liquid crystal filled cells at a frequency of 1 kHz, using a precision digital 



                                         

                                                                                                          Chapter 2 

56 

 

LCR-bridge (Agilent 4980A) with a relative accuracy of 0.05% [42]. For this 

purpose, planar or homogeneously aligned (HG) and homeotropically aligned 

(HT) standard indium-tin oxide (ITO) coated cells of thicknesses 5 μm and 8.9 

μm (procured from AWAT PPW, Warsaw, Poland) were used. The liquid 

crystalline materials were introduced in the cells in the isotropic phase by 

capillary action. The cells were placed in a specially constructed electrically 

powered thermostat-block, the temperature of which was controlled within an 

accuracy of 0.1 °C by a process controller (Eurotherm PID 2404). The stray 

capacitances of the cells were determined by measuring the capacitance of 

spectroscopic grade pure benzene and para-xylene. If C0 presents the 

capacitance of the air-filled cell and Ca is that of the empty cell excluding the 

stray capacitance CS, then one can write  

                                                                                                (2.9) 

For a fluid of dielectric permittivity , the above equation modifies to 

                                                                                               (2.10) 

where C presents the capacitance of the cell filled with the fluid. From 

equations (2.9) and (2.10) the stray capacitance Cs and hence, the dielectric 

permittivity can be evaluated following 

                                                                                                     (2.11) 

The accuracy of the setup had been validated by measuring the dielectric 

permittivities of the compounds 5CB and 7CB, which were found to be in close 

agreement with those reported in the literature [43]. 

2.2.7. Dielectric spectroscopy measurement 

To study the frequency dependant dielectric behavior, measurements of 

the real ( ) and the imaginary ( ) parts of the complex dielectric permittivity 

were carried out in the frequency range from 0.1 Hz to 10 MHz with the aid of 

an impedance analyzer Solartron SI 1260 (Schlumberger) at the Institute of 
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Chemistry–Physical Chemistry, Martin-Luther-University Halle-Wittenberg, 

Halle (Saale), Germany. The samples were filled in a gold coated double plate 

condenser with plate-separation equal to 0.1 mm and oriented in the nematic 

phase by application of an external magnetic field parallel (p) and 

perpendicular (s) to the director. However, in the Sm-C phases these symbols 

only point to the starting orientation because the actual orientation of the 

molecules with respect to the measuring electrical field is not known. The 

change in capacitance (C) and conductance (G) of the sample filled condenser 

can directly be related to the real and imaginary parts of the permittivity of the 

sample as 

                                                                                            (2.12) 

                                                                                                  (2.13) 

where C0 presents the capacitance of the air-filled condenser and Cs presents 

the stray capacitance.  

2.2.8. Elastic constant measurement 

In a nematic liquid crystal the average alignment of molecules in a 

region of space can suitably be described by a unit vector , called the 

‘director’. Under the influence of external perturbing fields or even thermal 

agitations, the relative orientations of the liquid crystal molecules may undergo 

a change from their equilibrium configuration and the related deformations can 

conveniently be accounted for by adopting the concept of vector field of the 

director. The restoring torques, which are developed here are assumed to 

oppose the curvature of the director field and are termed as the restoring 

stresses [44]. The free energy of this deformed state is evidently higher from 

that in the equilibrium state and can be expressed as a quadratic function of the 

curvature strains with the related elastic moduli appearing as coefficients in it. 
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Theoretically, the curvature of director (i.e., deformation produced under 

the influence of external perturbations) can best be described by the continuum 

theory, the foundation of which was developed by Oseen [45] and Zocher [46]. 

Later Frank revisited the problem and presented it as a theory of curvature 

elasticity [44]. Depending on modes of elastic deformations, it can be shown 

that there exist three independent elastic constants [37, 47–50] for a uniaxial 

nematic liquid crystal. 

According to the continuum theory of liquid crystals [50], the elastic 

part of free energy density of the deformed state may be expressed as 

                     (2.14) 

where the constants K11, K22, and K33 are termed as the splay, twist and bend 

elastic constants respectively and collectively termed as the Frank elastic 

moduli. The elastic moduli possess the dimension energy length
-1

. Each term in 

the right hand side of the equation (2.14) represents the contributions from the 

related mode of deformation [figure 2.4] and therefore possesses non-vanishing 

magnitude when the corresponding distortion is present. Furthermore, as each 

of these deformations can be induced separately, i.e., pure splay, pure twist or 

pure bend deformation; hence, each of K11, K22, and K33 must be positive [48].   

 

Figure 2.4. The three different types of director deformation in a nematic 

liquid crystal. 
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The elastic moduli of the liquid crystalline materials can be determined 

with the aid of several techniques. One of the most simple and convenient one 

is the observation of critical electric or magnetic fields required for different 

types of Freedericksz transition [51]. The term Freedericksz transition refers to 

the deformation of a uniformly aligned thin layer of nematic liquid crystal in an 

external electric [52–54] or magnetic field [55–59]. If a planar surface aligned 

nematic liquid crystal with positive diamagnetic or dielectric anisotropy is 

subjected to an external electric or magnetic field in a direction normal to the 

director and having magnitude greater than the threshold or critical value, the 

director of the sample starts to orient along the applied field direction. 

Depending on the geometry of the arrangement, one can be able to determine 

the splay, twist or bend elastic constants from Freedericksz transition under the 

influence of an external field. 

In this work, the splay elastic constant (K11) measurements have been 

performed by studying the electric field induced Freedericksz transition, i.e., 

from an inspection of the capacitance-voltage characteristics of the sample in 

the nematic phase [figure 2.5], the initial planar alignment being distorted by an 

electric field parallel to the substrate normal. A thin layer of the nematic 

sample contained in a planar aligned (HG) standard indium-tin oxide (ITO) 

coated cells of thicknesses 5 μm or 8.9 μm was subjected to an external 

sinusoidal voltage of frequency 1 kHz. The magnitude of the applied voltage 

was gradually increased at intervals of 20 mVr.m.s. from a value lower than 

Freedericksz threshold (Vth) voltage to a maximum of 20 Vr.m.s. [limiting field 

offered by the function generator (Picotest G5100A) used]. The variation of 

capacitance of the sample-filled cell was studied with the help of the precession 

LCR meter Agilent 4980A, from which the Freedericksz threshold voltage 

could be determined (within an accuracy of ±5%) provided Vth is much smaller 

than the maximum applied voltage. From the knowledge of the dielectric 

anisotropy , splay elastic constant K11 could be ascertained using the 

following relation: 



                                         

                                                                                                          Chapter 2 

60 
 

                                                                                               (2.15) 

where 0 is the permittivity of free space and Vth is the critical field in r.m.s. 
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Figure 2.5. Voltage dependent variation of sample filled cell-capacitance due 
to electrically driven Freedericksz transition in bent-core compound 1/7 
(described in chapter 3) at 103 °C.  

The bend elastic constant K33 was determined from an analysis of the 

dependence of the cell capacitance on the voltage sufficiently above the 

threshold value [60]. The equation describing the voltage (V) dependent 

capacitance C(V), was first introduced by Gruler, Scheffer and Meier [52] and 

was subsequently modified by Uchida and Takahashi [61]. The final expression 

describing the C(V) dependence may be given as [62, 63]: 

1   

                                          (2.16)  
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where, κ = K33/K11-1, γ = /ε-1, φ is the tilt angle between the director  and 

the cell wall, φm is the tilt angle at the centre of the cell and C is the 

capacitance of the cell when the liquid crystal molecules are homogeneously 

aligned. 

For a field much higher than the threshold value (Vth), φm = π/2 and 

hence, equation (2.16) assumes the form 

                        (2.17) 

From equation (2.17) it is evident that for V >> Vth, a (C-C)/C vs 1/V 

plot should be linear with a slope 

                                        (2.18) 

The extrapolation of the curve to 1/V = 0 yields directly the value of γ = 

Δ/ε. Therefore, by measuring α and γ, the parameter κ and hence, the elastic 

constant K33 can easily be evaluated when the values of K11 are available. 

These procedures enable to determine the K11 and K33 values with an accuracy 

of around 3% and 8% respectively.  

2.2.9. Rotational viscosity measurement 

The rotational viscosity (1) of liquid crystalline compounds is an 

important parameter in relation to the dynamics of LC molecules and is related 

to the torque associated with rotation of liquid crystal molecules in an external 

perturbing field. It describes the force of internal friction among directors 

during such rotational motion and has been found to depend on the structural 

form and constitution of the liquid crystal molecules, their intermolecular 

interactions and sample temperature. 

For the determination of rotational viscosity, the splay elastic constant 

(or bend elastic constant for compounds with negative dielectric anisotropy) as 

well as the relaxation time of the sample is required. In this study, 
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measurements of relaxation time have been conducted by two different probing 

methods viz. capacitive decay and optical phase-decay-time measurement 

methods which also permits a precise comparison between the two sets of 

values.  

2.2.9.1. Optical method 

A relaxation method involving the time decay of optical phase 

retardation was undertaken to determine the rotational viscosity coefficient (1) 

[64–69]. A small voltage was applied to a planar aligned liquid crystal filled 

cell to deform the nematic directors by a small angle. On the removal of the 

field at time t = 0, the director reorients due to the relaxation of elastic 

distortions with a characteristic relaxation time τ0. For a liquid crystal filled 

homogeneously aligned cell of thickness d, γ1 may be expressed as 

                                                                                                (2.19) 

where K11 presents the splay elastic constant of the liquid crystal. 

From a measurement of the transmitted light intensity through a 

homogeneously aligned LC cell, the optical phase retardation may be obtained 

as a function of time. Assuming that the LC directors are deformed on the 

application of voltage by a small angle, the decay time is approximated by the 

following equation [64] 

                                                                               (2.20) 

where δ0 is the total phase change of the LC cell under a bias voltage VB. When 

δ0 is close to an integral value of π, then the expression for δ(t) becomes [65] 

                                                                               (2.21) 

A plot of ln[δo/δ(t)] is linear in time, with a slope equal to either 2/τ0 or 

4/τ0, from which the relaxation time could be evaluated. The accuracy of the 

relaxation time measurement was found to be within ±5ms.  
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A He-Ne laser (λ = 632.8 nm) was passed through a homogeneously 

aligned ITO coated LC cell (AWAT PPW, Poland) placed between two crossed 

polarizers oriented at 45° to the director [figure 2.6]. The cell was placed in a 

specially constructed brass heater, the temperature of which was regulated and 

measured with an accuracy of  0.1 °C by a process controller (Eurotherm PID 

2404). The transmitted light intensity was measured as a function of applied 

voltage using a photodiode which exhibited maxima and minima [figure 

2.7(a)]. A voltage corresponding to the first maximum or minimum in the 

transmitted intensity was then applied to the LC cell to distort the director. On 

the removal of this voltage VB, the director relaxes back and the transmitted 

light intensity change (I(t)) during this process was recorded by a photo diode 

connected to a digital storage oscilloscope (DSO) [figure 2.7(b)].   

 

Figure 2.6. Schematic diagram of the experimental set-up for rotational 

viscosity measurement. 

The accompanying phase retardation δ(t) could be calculated from the 

time-dependent intensity (I(t)) using the following equation: 

                                                                 (2.22) 

where I0 is the maximum intensity change  and ∆tot = (2π/λ) Δn.d is the total 

optical phase retardation which was calculated from the birefringence 

measurement. By knowing δ(t) the relaxation time was calculated from the 
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slope of the ln[δ0/δ(t)] vs time plot.  Hence, by measuring the relaxation time τ0 

and the splay elastic constant K11 and knowing the cell gap d, the rotational 

viscosity γ1 could be ascertained.  
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        (b) 

Figure 2.7. (a) Voltage dependent transmittance for the bent-core compound 
1/7 (described in chapter 3) placed inside an 8.9 μm thick homogeneously 
aligned liquid crystal cell at 109 °C; (b) Time dependent variation of intensity 
for compound 1/7 at 109 °C, when bias voltage is removed instantaneously. 
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2.2.9.2. Capacitance method 

In capacitance method, the LC director reorientation time (τ0) and hence, 

the rotational viscosity coefficient (γ1) was measured using a digital impedance 

analyzer (Agilent 4980A) in programmable mode and with suitable computer 

interfacing which provides a capacitive decay of the sample against time. The 

sample was filled in a homogeneously aligned LC cell consisting of two 

indium-tin oxide (ITO) coated glass plates with spacing of 5 μm or 8.9 μm. The 

operating frequency was kept fixed at 10 KHz. As the decay processes in bent-

core or hockey stick-shaped compounds are comparatively slow, a delay time 

of 30 ms – 100 ms was introduced between successive readings. Now, an ac 

voltage (V) greater than the corresponding Freedericksz threshold voltage (Vth) 

was applied (V/Vth ≈ 2.5) across the cell for a time of about 1 minute. On 

sudden lowering of the field to a value about 200 mVr.m.s. (<Vth), the LC 

directors relax back to their initial configuration and accordingly the effective 

cell-capacitance changes. For such a change it has been found that in small 

signal regime the difference between the instantaneous capacitance (Ct) at a 

particular time t and the equilibrium state capacitance (C ) (for homogeneous 

alignment) follows [70] the following simple exponential decay form 

                                                       (2.23) 

where C0  ≈ C (  /2 )φm for planar alignment of the LC molecules, ε  is the 

static dielectric permittivity perpendicular to the molecular long axis,  is the 

dielectric anisotropy, C  is the capacitance of the cell when the liquid crystal 

molecules are homogeneously aligned and φm is the director tilt angle at the 

middle of the layer at time t = 0, i.e., when the relaxation initiates. The 

experimental results of Schad [70] show that equation (2.23) is a good 

approximation for φm < 1.  
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Figure 2.8. Transient capacitance response of hockey stick-shaped compound 
2 (described in chapter 5) placed inside a homogeneously aligned LC cell at 

103.5 °C. ΔCt/C and ln (ΔCt/C) are plotted against time. 

Figure 2.8 represents an example of the transient capacitance response 

for reorientation of LC directors after removal of the applied electric field. To 

study the switching behavior, the variation of transient capacitance was 

recorded against time at different temperatures. From the slope of the 

logarithmic plot of (Ct - C)/C against time, relaxation time (τ0) could be 

yielded which lead to the determination of rotational viscosity coefficient (γ1) 

following equation (2.19). The same procedure was utilized for negative 

dielectric anisotropic sample, using homeotropic alignment and by replacing 

C by C  and  by  .  

2.2.10. Electro-optical measurement 

The electro-optical measurements have been carried out using 

commercially available polyimide coated ITO test cells (AWAT Co PPW, 

Poland) having thickness of 5 µm and an active area of 0.25 cm2. Such a cell-

thickness is sufficient to suppress the helical superstructure appearing in the 

Sm-C* and Sm-CA* phases to ensure book-shelf geometry. For obtaining good 
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planar alignment, the sample-filled cells were slowly cooled from the isotropic 

state and on entering the Sm-A phase, were subjected to a sufficiently high 

square wave field of ~ 8 V μm
-1

 at a frequency of 20 Hz. In this work, 

measurements of spontaneous polarization were carried out from the 

polarization reversal technique [71–74]. 

The liquid crystal cell may be regarded as a combination of a resistance 

(R) and a capacitor (C) connected in parallel. When a voltage V is applied to 

such a cell containing the chiral LC sample, the spontaneous polarization  of 

the medium tends to align itself along the direction of the applied field. When 

the field reverses, during reorientation of , there develops a repolarization 

current IP due to the variation in the surface charge on the cell-electrodes. In 

addition, there exist also two more components of current, II and IC, due to the 

ionic conduction of the liquid crystal and recharging of cell-capacity 

respectively. Hence, the net current though the cell may be represented as the 

sum of these three contributions [72] as 

                                                           (2.24) 

where, P presents the amount of charge induced due to polarization 

realignment, i.e., the amount of charge induced when the spontaneous 

polarization (Ps) changes sign after reversal of the electric field. The 

contributions from IC and II were isolated by proper choice of baseline in the 

output current response curve using mathematical softwares. The spontaneous 

polarization (Ps) was obtained by integrating the area (A) under the current 

reversal peak in the following way [74] 

                                                                                                 (2.25) 

The measurement of the free relaxation or response time (τ) requires to 

determine the time (t10-90) taken to change the current from 10% to 90% of the 

peak value of the hump of the repolarization current response upon switching 

and is expressed as [74, 75] 
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                                                                                                      (2.26) 

The effective torsional bulk viscosity (η) was obtained using the 

following relation 

                                                                                                       (2.27) 

where E is the applied electric field. In this study, the free relaxation time and 

the effective torsional bulk viscosity were determined within an accuracy of ±1 

μs and ± 0.9 Pa s respectively. 

Furthermore, for ferroelectric liquid crystals, the anchoring energy (F) 

may be expressed as combination of terms related to the dispersion and 

polarization contributions. It may be shown that [75–77] 

                                                                                 (2.28) 

where  and , WD and WP being the dispersion 

and polarization components of the anchoring strength coefficient respectively 

and  presents the layer normal. Again, the dispersion anchoring strength 

coefficient is related to the spontaneous polarization (Ps) and the response time 

(τ) through the following relation [75–79] 

                                                                                                      (2.29) 

Thus, measuring the Ps and τ values and knowing the cell thickness d, 

one can determine the dispersion anchoring strength coefficient (WD). 

Moreover, for a sufficiently large cell thickness d, the influence of surface 

anchoring becomes negligibly small. Under this condition, the threshold field 

(Eth) above which the bi-stable state appears, may be given as [75, 77] 

                                                                                             (2.30) 

where K presents the average elastic constant and the contribution from the 

polarizing part of anchoring energy is assumed to be zero. With increasing 

anchoring, the threshold value of the field consequently enhances. Now, for a 
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vanishing contribution from the dispersion part of anchoring energy (i.e., WD = 

0), the expression for bi-stability threshold (Eth) assumes the following form 

[75, 77] 

                                                                                                      (2.31) 

Combining equations (2.30) and (2.31), the polarizing anchoring strength 

coefficient (WP) may be expressed as [75–79] 

                                                                                            (2.32) 

For the determination of the different parameters (i.e., Ps, τ, η, WD and 

WP) from the relaxation voltage curves corresponding to the repolarization 

current, a square wave field (Vpp = 38V, f = 20Hz) was applied across a thin 

layer of sample, contained in a LC cell [figure 2.9]. The voltage output was 

taken from a combination of an arbitrary waveform generator (Picotest 

G5100A) and a voltage amplifier (FLC F20A). The polarization current 

response thus obtained by reversing the applied field, was fed to an Agilent 

Digital Storage Oscilloscope (model: 1052B) through a resistance of 1 kΩ, 

connected in series with the LC cell. Corresponding relaxation data was 

directly obtained on a computer suitably interfaced to the oscilloscope.    

 

Figure 2.9. Schematic diagram of the experimental set-up for electro-optical 

study using polarization reversal technique. 
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2.3.   Theoretical background    

2.3.1. Maier-Saupe theory 

A number of theories have been developed in an attempt to describe the 

thermodynamic properties of the nematic phase. Among them the most 

successful and popular are those based on the molecular mean field 

approximation, being capable of providing qualitative description of many 

different collective phenomena. However, they face the shortcomings of 

ignoring intermolecular short-range correlations and fluctuation effects. Maier 

and Saupe [80–82] proposed a statistical molecular theory of the nematic phase 

(N) and nematic to isotropic (N–I) phase transition on the basis of molecular 

mean field approximation. In this formalism, the molecules are assumed to be 

under the influence of same average field due to all other molecules in the 

medium, but otherwise they are uncorrelated with one another. Maier and 

Saupe also considered that it is the anisotropic part of the dispersion interaction 

energy between the molecules, originating from the intermolecular dipole–

dipole interactions, is responsible for the nematic molecular ordering. 

However, the contribution from the shape anisotropy of the molecules was 

totally ignored by them. Maier and Saupe approximated the electrostatic 

interaction by the first term of its multipole expansion and made the following 

assumptions 

i)  The effect of the permanent dipoles can be ignored as far as long 

range nematic order is concerned.   

ii)  The effect of the induced dipole-dipole interaction is only needed to 

be taken under consideration.  

iii)  The molecules are cylindrically symmetric with respect to their long 

molecular axis. 

iv)  Relative to a given molecule, the distribution of the centre of mass 

of the remaining molecules may be taken as spherically symmetric. 
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In a liquid crystalline medium, the distribution of the molecular long 

axis about the director may be specified by an orientational distribution 

function f(cos), where  presents the angle between the director and the 

molecular long axis. Furthermore, the fact that the rod-like molecules possess 

head to tail symmetry, makes f(cos) an even function of cos. Hence, the 

orientational distribution function f(cos) may be written as, 

                                        (2.33) 

where, PL (cos) are the L
th

 even order Legendre polynomials, and  PL (cos) 

are the statistical average given by 

                                             (2.34) 

PL are termed as the orientational order parameters. Humphries et al. [83] 

introduced a more comprehensive concept by including higher order terms in 

the mean field potential. Then the single molecule potential function V(cos) 

for cylindrically symmetric molecules takes the form, 

                                        (L≠0)        (2.35) 

where, UL are functions of distance between the central molecule and its 

neighbors only. Inserting, L = 2 in equation (2.34) one obtains, 

                                             (2.36) 

P2 in general is termed as the order parameter. For an isotropic liquid P2  

= 0 while for perfectly ordered state (e.g., crystals) P2 = 1. 

Retaining only the first term (i.e., L = 2) in the right hand side of 

equation (2.35), the expression for the a single molecule potential energy 

assumes the form 

                                                                      (2.37) 

where,  . Hence, the orientational distribution function for a single 

molecule takes the form 
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                                                           (2.38) 

where, k is the Boltzmann’s constant and Z presents the single-molecule 

partition function given as 

                                                         (2.39) 

Substituting the value of f(cos) and Z from equations (2.38) and (2.39) 

respectively into equation (2.36) one can write  

                               (2.40) 

where,  .  

Equation (2.40) is a self-consistent equation and can be solved to obtain 

the temperature dependence of P2. Corresponding to every temperature T*, 

there exists one or more values of P2 that satisfies the self-consistence 

equation. For a normal isotropic liquid, the value of P2 = 0 and is a solution 

at all temperatures. In addition, for temperatures T* <0.22284, two more 

solutions to equation (2.40) appear. It has been found that the nematic phase 

with P2 > 0 is the stable one when T* satisfies the condition 0  T*  

0.22019. For T* > 0.22019, one obtains a stable isotropic phase with P2 = 0. 

With the increase in temperature, the order parameter P2 exhibits a 

decreasing trend from unity to a minimum value of 0.4289 at T* = 0.22019. At 

T* = 0.22019, the N–I phase transition takes place and P2 suffers a 

discontinuous change from 0.4289 to 0 indicating a first order nature of that 

transition. However, the entropy change associated with the N–I phase 

transition is only about 0.83 cal K
-1

 mole
-1

, which is much smaller than that of 

usual solid-liquid transition, which is around 25 cal K
-1

 mole
-1

. Therefore, this 

transition is often termed as a weakly first order transition. Temperature 

dependence of <P2> can be obtained by solving equation (2.40) iteratively. 

Even though a number of approximations and simplifications are adopted in 
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formulating the Maier-Saupe mean field theory, for a number of nematic liquid 

crystals, the experimental values of P2 have been found to be in good 

agreement with those predicted by this theory.      

2.3.2. McMillan’s theory for smectic A phase 

In addition to the orientational ordering of the molecules, the smectic A 

phase also exhibits a one-dimensional translational ordering of the same. The 

smectic layers are characterized by a periodic mass-density wave in a direction 

parallel to the layer-normal (say, z-direction) and a director (local orientational 

axis) which is parallel to the z-axis. McMillan suggested a simple and elegant 

description of smectic A liquid crystal by extending the Maier-Saupe theory to 

include an additional order parameter term in the mean field potential energy 

expression for characterizing the one-dimensional translational periodicity of 

layered structure [84, 85]. The normalized distribution function can be written 

as 

                                  (2.41) 

with the following normalizing condition 

                                                             (2.42) 

where, d presents the layer thickness. 

Following Kobayashi [86–88], McMillan [84, 85] introduced a simple 

form of the pair interaction potential as 

    (2.43) 

where,  and  are the two parameters of the potential. Here, , 

, and  present the orientational, 

translational and mixed order parameters respectively and <….> denotes the 

statistical average of the quantities inside.  

Hence, the distribution function can be expressed as 
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                                                 (2.44) 

where, Z is the single molecule partition function and given as 

                                          (2.45)            

with k representing the Boltzmann’s constant. 

Here, three self-consistent equations, containing ,  and  are  

                                            (2.46) 

                                        (2.47) 

                        (2.48) 

These equations can be solved iteratively to extract the η, τ and σ values 

for the different values of the parameters  and δ. Depending on the values of 

the different parameters, one can obtain the following three possible solutions:  

i)   =   =   = 0, corresponds to the disordered phase, i.e., isotropic 

liquid; 

ii)   0,  =  = 0, only orientational order appears, as in nematic phase 

and in accordance with the Maier Saupe theory; 

iii)   0,  0,   0, orientational and translational order both occurs, 

as in smectic A phase. 

For    0.98, the smectic A phase transforms directly into the isotropic 

phase, while for   0.98 there exists a nematic–isotropic (N–I) transition 

above the smectic A–nematic (Sm-A–N) transition. According to McMillan 

theory, the N–I transition is always first order. However, the Sm-A–N transition 

can be either first order or second order. A (TAN / TNI) value less than 0.87 

indicates a second order appearance of the Sm-A–N transition while for (TAN / 

TNI) greater than 0.87, the Sm-A–N transition is of first order. Here, TAN and TNI 

are the Sm-A–N and N–I transition temperatures respectively. 
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CHAPTER 3 

 

X-ray diffraction, optical, dielectric, elastic 

and viscous properties of a few bent-core 

nematogens  
 

3.1.   Introduction  

Molecular structure and intermolecular interactions play an important 

role in deciding the mesogenic behavior of liquid crystalline compounds, 

thereby emphasizing the central importance of molecular geometry in liquid-

crystallinity. In the past few decades several molecular structures with 

geometries diverging much from the conventional rod shape have been 

synthesized and studied extensively [1–3]. Among them, the bent-core or 

banana-shaped molecules have emerged as a field of considerable interest in 

soft matter research. The structural conformation of the banana molecules (i.e., 

introduction of a bend at the linking core between two flexible side chains) 

induces a spontaneous breaking of mirror symmetry and thereby leads to the 

formation of several unique smectic and columnar mesophases [4–6], which 

have no counterpart in the field of calamitic liquid crystals (LCs). Although the 

steric hindrance induced by the bent geometry strongly distorts the symmetry 

of banana molecules, the existence of distinct thermotropic mesophases 

including nematic ones with special mesomorphic behavior have also been 

revealed in few of them [5–7].
 
In recent years extensive research works have 

been carried out to synthesize new mesogenic compounds with low clearing 

temperature and broad nematic range [8]. Properties like occurrence of 

spontaneous and field induced biaxiality [9–12], smectic like cybotactic-
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clusters [13, 14], in-plane polar order and chirality even in the absence of any 

asymmetric molecular fragment [4–6, 15–16], great flexoelectricity [17, 18], 

extraordinary electroconvection patterns [19–21] and unique rheological 

properties [22, 23]
 
strongly differentiate the bent-core or banana nematics from 

the conventional thermotropic nematics. Another important aspect of the bent-

core nematic liquid crystal which recently has become a major focal point in 

the liquid crystal research, is the twist-bend nematic phase [24–31]. This twist-

bend structure can have potential applications in tunable diffraction grating, 

reflective display etc. 

Besides the above functional characteristics, the discovery of polar 

switching in these compounds also make them potential candidates for electro-

optical applications, the generation of second harmonics in non-linear optics as 

well as for other different high-tech applications in modern science. 

From the viewpoint of the above unconventional properties, it is of great 

interest to investigate the basic material parameters and thereby to characterize 

the structure property correlations in the so called ‘unconventional nematic 

phase’ of bent-core mesogens. This chapter contains the results on the 

temperature dependence of birefringence, static dielectric constants, splay and 

bend elastic moduli, relaxation time and hence, the rotational viscosity of three 

members of a homologues series having terminally alkyl substituted bent-core 

mesogens, 4-cyanoresorcinols (1/7, 1/9 and 1/10) [32]. In addition, the 

temperature dependence of the orientational order parameter (<P2>) as 

obtained from X-ray diffraction measurements has also been reported. 

Measurements of relaxation time have been conducted by two different probing 

methods viz. capacitive decay and optical phase-decay-time measurement 

methods which permit a precise comparison between the two sets of values. 

The outcomes from these two techniques are found to be in good agreement 

with small deviations of about 10%–15%. The results are compared with those 

for the conventional straight-core nematics and explained in terms of the 
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appearance of short range nano-clustering and dipolar correlation in the 

mesophases.  

3.2.   Materials    

The three compounds, being members of a homologous series of 4-

cyanoresorcinol bisbenzoates, have been synthesized at the Institute of Organic 

Chemistry, Martin-Luther-University, Halle, Germany [8]. The mesomorphic 

behavior and the transition temperatures of these resorcinols (1/7, 1/9 and 1/10) 

are summarized in table 3.1. All three compounds exhibit a highly correlated 

nematic phase (NcybC) over a wide temperature range followed by a phase 

(CybC) comprising elongated but not yet completely fused strings of cybotactic 

clusters [8]. In addition, the higher homologues (1/9 and 1/10) also exhibit one 

or more non-polar, tilted smectic phases (Sm-C(I) , Sm-C(II)). 

Table 3.1. Molecular structure and transition temperatures (°C) of the bent-

core mesogens under study.
 
 

O

O
CN

O

O

CnH2n+1

O

O

O

O

H2n+1Cn  

 

Compound n Cr  Sm-C(II)  Sm-C(I)  CybC  NcybC  I 

1/7 7  96a 
–
 

 –
   40.3  110 

 
 

1/9 9  98 
–
   52.4  60.5  105.6 

 
 

1/10 10  97  57.1  68.6  78.6  104.6 
 

 
 

Notes: 
  

a
 Transition temperatures from optical transmission measurement.  

: Represents the corresponding phases are present; —: represents the absence of the 

phase. 
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The synthesis, structural investigation and phase characterization for 

these compounds from X-ray diffraction and electro-optical measurements 

have been performed by Keith et al. [8]. From small angle X-ray scattering 

measurements it has been observed that there is a clear indication of Sm-C like 

cybotactic clustering in the nematic phase which corresponds to a strong short 

range correlation among the bent-core molecules. Such a nematic phase may be 

considered as a strongly fragmented Sm-C phase. The dimension of those 

clusters again has been found to be strongly dependent on sample-temperature 

and length of the terminal alkyl chains in the investigated compounds [8].  

3.3. Optical birefringence measurements and 

orientational order parameter 

The temperature dependence of the birefringence (Δn = ne-no) at a 

wavelength of λ = 632.8 nm for the three compounds is shown in figure 3.1. 

For all compounds on cooling, a significant increase in birefringence (Δn) has 

been observed within the nematic phase which is due to the increase in the 

nematic order and hence, enhancement in the optical anisotropy of the media. It 

was found that a sharp increase in Δn occurs at the I–NcybC transition and then 

on further cooling the increase is comparatively sluggish. Such an increase in 

birefringence was also observed from the color change of the optical texture 

and was interpreted in terms of the continuous growth of the cybotactic-clusters 

and their uniform alignment under the condition of strong surface anchoring 

[8]. It may be mentioned that an attempt has also been made to measure the 

principle refractive indices (ne, no) in the nematic phase by the surface aligned 

thin prism technique [33], but the transmitted intensity for both the ordinary 

and extraordinary rays could not be measured due to strong absorption. 

However, only for compound 1/7, it was possible to measure both the refractive 

indices very near to the clearing temperature. The measured refractive indices 

obtained by this method have been plotted in the inset of figure 3.1. Agreement 

between the two sets of Δn values is fair in the limited temperature range. 
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For samples 1/9 and 1/10, it has been found that there is an increase in 

birefringence, in going from nematic to Sm-C phase. However, throughout the 

entire Sm-C(I) or Sm-C(II) phases, Δn either slightly increases or remains more 

or less constant. 
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Figure 3.1. Experimental values of birefringence (Δn = ne-no) as a function of 
temperature. (Inset) Temperature dependence of refractive indices no and ne.    

 = NcybC–I,  = CybC–NcybC,   = Sm-C(I)–CybC and   = Sm-C(II)–Sm-C(I) 

transitions. O.T. = Optical transmission method. 

The optical birefringence Δn, obtained from the measured transmitted 

intensity data of the homogeneously aligned cell [34] of thickness 8.9 µm was 

also utilized to determine the temperature dependence of the orientational order 

parameter in the liquid crystalline phases of these compounds. The order 

parameter is defined as <P2> = Δn/Δn0, where Δn0 is the birefringence in the 

completely ordered state and was obtained from the temperature dependence of 

Δn, according to the following expression [35] 

                                             ∆ ∆ 1                                          (3.1) 
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where Δn0, T* and β are adjustable parameters. T* is about 1-2 K above the 

clearing temperature. The exponent β depends on the molecular structure and 

its value is close to 0.2. It may be mentioned that this procedure is only correct 

for oriented phases of single axis system and for the present system the nematic 

phase has been considered to be macroscopically uniaxial [36]. Therefore, 

equation (3.1) has been fitted for all the compounds by taking the values of Δn 

only for the nematic phase. 

The temperature dependent variation of <P2> for all the compounds is 

illustrated in figures 3.2(a)–(c). On cooling from the isotropic phase, similar to 

Δn, <P2> also exhibits a strong enhancement to a value ~ 0.6 and then remains 

more or less constant. The trend of temperature dependence of order parameter 

is found to be similar to those obtained for other banana-shaped compounds 

[37, 38]. However, near the I–NcybC transition, the enhancement in <P2> values 

is comparatively much sharp owing to the strong initial growth of the clusters 

from the isotropic phase. Moreover, in the present case the magnitude of <P2> 

is found to be comparatively higher due to the presence of strong clustering. In 

table 3.2, Δn values at a temperature 20 K below the I–NcybC phase transition 

for all the three compounds along with the extrapolated birefringence at the 

absolute zero temperature (Δn0) and the exponent β are shown. Δn is found to 

be less for a compound with  greater  terminal chain length. A similar behavior 

Table 3.2. Optical birefringence (Δn) in the NcybC phase at a temperature 20 K 

below the I–NcybC phase transition for all the three compounds under study and 

calculated values of Δn0 and β (n: chain length as stated in table 3.1).
 
 

Compound 

(1/n) 
Δn Δn0 β 

1/7 0.1138 0.1869 0.120 

1/9 0.1127 0.1813 0.118 

1/10 0.1109 0.1791 0.114 
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Figure 3.2. Temperature variation of <P2> and <P4> for compound (a) 1/7 and 
(b) 1/9.  : <P2> ,  : <P4> from X-ray diffraction method;  : <P2>  from 
birefringence;  --- : <P2>, --- : <P4> from McMillan’s theory; ─ : <P2>, ─ : 
<P4> from modified McMillan’s theory (after considering tilt). 
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Figure 3.2. (cont’d). Temperature variation of <P2> and <P4> for compound 
(c) 1/10.  : <P2> ,  : <P4> from X-ray diffraction method;  : <P2>  from 
birefringence;  --- : <P2>, --- : <P4> from McMillan’s theory; ─ : <P2>, ─ : 
<P4> from modified McMillan’s theory (after considering tilt). 

is also observed for the extrapolated birefringence at the absolute zero 

temperature, Δn0. However, the β values are found to be relatively less than 0.2 

which again may be due to the incompatibility of the Haller’s procedure with 

the weakly first-order character of the N–I phase transition [39] as discussed in 

chapter 8.          

3.4. X-ray investigations and orientational order 
parameter    

As reported earlier [8], the X-ray diffraction patterns of oriented samples 

of the compounds under investigation are characterized by a diffuse scattering 

in the wide angle region, which indicates the fluid-like state of all the 

mesophases. Remarkably, in the nematic phase, the intensity of small angle 

scattering has been found to be much stronger than that of the wide angle 

scattering, suggesting the presence of smectic-like ‘cybotactic’ clusters [figure 
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3.3(a)]. For compounds 1/7 and 1/9, the small angle scattering again 

demonstrates a strong temperature dependent variation in shape, intensity and 

position within the nematic phase. Here, with decreasing temperature, the 

intensity of small angle scattering has been observed to raise strongly and the 

related peak becomes sharper, which again indicates a continuous growth of the 

cybotactic clusters. However, the wide angle scattering remains nearly 

unaltered on varying the temperature. For the long-chain compound, i.e., 

compound 1/10, a dumbbell shaped splitting has been observed for the small 

angle scattering analogous to the pattern obtained for skewed cybotactic 

nematic phases of oriented calamitic molecules. In transition from NcybC to 

CybC phase, there was no significant change in intensity of the small angle 

scattering [figure 3.3(b)], but it changes to an array of distinct scatterings along 

with the appearance of two additional weak and relatively sharp reflections on 

the meridian, suggesting a phase-structure similar to that of the columnar or 

smectic phases [8]. The X-ray diffraction patterns in the low temperature 

smectic C phases possess significantly sharper and weak layer reflections in the 

small angle region [figures 3.3(c) and 3.3(d)], indicating a true layered 

structure.  

           

(a)                                                (b)  

Figure 3.3. X-ray diffraction patterns (wide angle) of a magnetically-aligned 

sample of compound 1/10: (a) NcybC phase at 100 °C, (b) CybC phase at 70 °C. 
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(c)                                                 (d) 

Figure 3.3. (cont’d). X-ray diffraction patterns (wide angle) of a magnetically-

aligned sample of compound 1/10: (c) Sm-C(I) phase at 60 °C [8], (d) Sm-C(II) 

phase at 50 °C. 

 In this work, scattered intensity profile I(χ) (χ presents the azimuthal 

angle) of the outer diffused equatorial arc of the oriented samples were used to 

calculated the orientational distribution function f(β) and hence, the 

orientational order parameter <P2> of the compounds under investigation, 

using the method described by Bhattacharya et al. [40]. The intensity data were 

first calibrated by those of the isotropic liquid to correct them for influences of 

the experimental setting using Irel = Iphase / IIso, assuming an isotropic χ– 

distribution of  the outer diffuse scattering for the sample in the isotropic phase. 

This calibrated intensity distribution Irel were then analyzed to obtain the 

orientational distribution function f(β) and the order parameter P2  following 

Leadbetter’s expression [41]. The temperature dependent variation of <P2> 

from X-ray diffraction measurements is shown in figures 3.2(a)–(c). 

Although in NcybC phase the trend of temperature variation of <P2> as 

obtained from X-ray diffraction and birefringence measurements are in 

agreement with one another, they show a reverse trend in the CybC and other 

low temperature phases. The experimental <P2> values from optical 

birefringence measurement increases with decrease in temperature, being 

accompanied with distinct changes in neighborhood of  the NcybC–CybC, and 
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CybC–Sm-C(I) and  Sm-C(I)–Sm-C(II) phase transitions, but the <P2> values 

obtained from X-ray measurements drop at the NcybC–CybC phase transition. In 

fact such drop in <P2> with decreasing temperature also persists in the lower 

temperature phases, whereas <P2> values obtained from the birefringence 

measurements demonstrate a completely opposite trend. This apparent 

contradiction between the two sets of measurements may be due to the fact that 

in birefringence measurement the molecules are aligned homogeneously in a 

thin cell where the strong surface anchoring tries to orient the molecules along 

the rubbing direction keeping the layers making an angle with respect to the 

molecular director. However, in X-ray diffraction measurements of the 

magnetically aligned sample, in the tilted smectic phases the molecular long 

axes are randomly distributed in a cone about the layer normal, hence, the 

observed <P2> values determined from X-ray measurements start to decrease at 

the NcybC–CybC phase transition and as the tilt angle increases with decrease in 

temperature, the <P2> values also show a continuous decrease with decrease in 

temperature. The experimental orientational order parameter values from X-ray 

diffraction measurements have also been fitted to the McMillan’s potential [42, 

43]:  

      (3.2) 

where,  and  are the two parameters of the potential, z is the displacement 

along the layer normal, d is the layer thickness.  is the 

orientational order parameter,  is the translational order 

parameter and  presents the mixed translational 

and orientational order parameter. Although this potential is applicable to Sm-A 

phase, but it was assumed to be valid for CybC and Sm-C phases as well. In 

this calculation, the parameter α has been varied for the different compounds, 

keeping the parameter δ fixed at δ = 0.16. The best fitted theoretical curves 

have been observed to be fairly in agreement with the experimental <P2> 

values from X-ray diffraction measurements in the nematic phase, the α values 
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being 0.496, 0.580 and 0.662 for compounds 1/7, 1/9 and 1/10 respectively. 

However, the theoretical and experimental <P2> values demonstrate opposite 

trends in the low temperature phases. As observed from the X-ray diffraction 

photographs [figures 3.3(c) and 3.3(d)], the molecular tilt in the low 

temperature tilted phases causes a broadening of the observed orientational 

distribution function with respect to the layer normal. This indicates that in 

these samples the director is randomly oriented in a cone about the layer 

normal. Since the layer normal is parallel to the direction of alignment and 

normal to the X-ray beam, the diffraction pattern is caused by the apparent 

orientational distribution function about the layer normal and not by the real 

distribution about the director. In this case, the relative orientation of the local 

director ( ), the layer normal ( ) and the long axis of the molecule ( ) is as 

presented in figure 3.4. Hence, one may write,  

                                                     (3.3) 

Inserting this value of cos  in equation (3.2), the orientational 

distribution function about the layer normal may be expressed as  

                                            (3.4) 

where N is a normalizing constant. Hence, from knowledge of the tilt angle (θt), 

the expression for f'(cos φ) can be integrated to obtain the apparent order 

parameter <P2 (cos )>app. The <P2 (cos )>app values calculated using the 

above procedure in the CybC and Sm-C phases, are also depicted in figure 3.2. 

Here, the experimental tilt angles obtained from the X-ray diffraction 

measurements were only used, i.e., without introducing any adjustable 

parameter. Similar observations of lowering of <P2> values from X-ray 

diffraction measurements have also been reported in the tilted smectic phases 

of other compounds [44]. For all the compounds under investigation, the 

agreement between the calculated and experimental values has been found to 

be fairly good. Furthermore, the <P2> values obtained from birefringence 

measurement are always larger than those from X-ray diffraction by about 
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10%–20% in the NcybC phase. Such a discrepancy is possibly due to the strong 

surface anchoring in thin cells of relatively smaller dimensions, leading to 

somewhat better alignment of the molecules within the mesophase.  

 

 

Figure 3.4. Schematic representation of molecular orientation in the Sm-C 

phases in X-ray measurements. Here, θt: Smectic C tilt angle, : molecular 

director, : unit vector along the molecular long axis and : unit vector along 

the smectic layer normal.  

3.5.   Static dielectric permittivity measurements    

The temperature dependence of the parallel (ε║) and perpendicular (ε ) 

components of dielectric permittivity are shown in figures 3.5(a)–(c). From the 

figures, it is clearly seen that compounds 1/7 and 1/9 exhibit a temperature 

dependant sign reversal in dielectric anisotropy (Δε = ε║ - ε ) in the nematic 

phase. In case of compound  1/7 within the NcybC phase, the anisotropy exhibits 

small positive values over a moderate temperature range (  18 °C) while for 

compound 1/9 the range is comparatively much narrow (  2 °C) and upon 

further cooling Δε becomes negative for both of them in the low temperature 

region. However, for compound 1/10 the anisotropy values remain negative 

throughout the entire mesomorphic range. These results are in agreement with 
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the finding of Jang et al. [45] and such a crossover has been interpreted as due 

to the presence of cybotactic clusters over the nematic phase as well as for the 

presence of conformers allowed by the flexible molecular core of the banana 

molecules. Similar sign reversal of Δε has also been reported by others for 

bent-core mesogens [46] at the N–Sm-C transition and also for some calamitic 

molecules [47]. For calamitic molecules, de Jeu et al. [47] accounted for such 

sign change at N–Sm-A transition by considering the increase in antiparallel 

dipolar correlation along the molecular long axis for molecules in the same 

layer, leading to a decrease in ε║. Sathyanarayana et al. [46] have concluded 

that apart from the argument put forward by de Jeu et al. [47], for bent-core 

mesogens the decrease in ε║ is also supported by the formation of Sm-C layer 

leading to a suppression of dielectric response along the short molecular axis 

while there is an effective enhancement of ε  due to the rotational hindrance of 

the bent-molecules emerging from the local packing of molecules in layers. 

Again, the decreasing temperature merely causes a significant increase in 

dimension of the nano-Sm-C clusters which thereby preferably tends to align 

the molecular aggregates with their planes more parallel to the cell substrate. 

This in effect lead to an effective increase in antiparallel correlation between 

the molecular dipoles along the longitudinal direction and therefore diminishes 

the contribution to the parallel component of dipole moment (μ║) and hence, to 

ε║. An enhancement in terminal chain length also increases such short range 

ordering which in turn again causes decrease in ε║ values for the same reason as 

discussed above. 

Such temperature and chain length dependant variations of cluster size 

have also been demonstrated by small angle X-ray diffraction measurements 

[8]. It is also observed that the NcybC–CybC transitions are associated with a 

prominent change in perpendicular (ε ) component of dielectric permittivity for 

1/9 and 1/10 while the parallel component (ε║) remains nearly constant. For all 

the compounds under investigation, it has also been observed that the value of 

isotropic  dielectric  permittivity  (εiso)  extrapolated  to  the  nematic  phase  is 
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Figure 3.5. Temperature variation of dielectric parameters (ε║, ε, εav, εiso) for 
(a) Comp. 1/7 and (b) Comp. 1/9. 
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Figure 3.5. (cont’d). Temperature variation of dielectric parameters (ε║, ε, εav, 
εiso) for (c) Comp. 1/10.     

always greater than the average component of dielectric permittivity (εav), 

clearly indicating a much higher dipole-dipole interaction in the nematic phase 

compared to that in the isotropic phase. 

3.6.   Elastic constant measurements 

For the present system, electrically driven Freedericksz transition could 

be achieved in the NcybC phase by applying a field of appropriate strength. The 

temperature dependences of Freedericksz threshold voltage (Vth) for all the 

three compounds have been presented in figure 3.6.  For compound 1/7, in 

planar alignment, it has been found that the threshold voltage increases 

monotonically with decrease in temperature. However, in homeotropic 

alignment, for all the compounds it is observed that in the initial 10 °C –15 °C 

of the high temperature region the threshold diminishes slightly with 

decreasing temperature. This may be due to an initial fluctuation of alignment 

existing across the clusters under the condition of surface anchoring. On further 
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cooling, the threshold voltage remains more or less constant and then increases 

quite smoothly on approaching the NcybC–CybC phase transition, indicating a 

much higher packing of molecules in the lower phase. 
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Figure 3.6. Variation of threshold voltage (Vth) with temperature for the 
resorsinol compounds.       

Figures 3.7(a) and (b) show the variation of the splay (K11) and bend 

(K33) elastic constants with temperature for the three resorcinol compounds. It 

has been observed that the splay elastic constant (K11) increases almost linearly 

with decrease in temperature, while the bend elastic constant (K33) initially 

increases slowly and then diverges gradually as the CybC phase is approached. 

As the value of the bend elastic constant K33 is proportional to Vth
2, the 

divergence of K33 is in agreement with the divergence of threshold field. 

However, for compound 1/7, the K11 values could not be measured in the low 

temperature nematic region because of the limited voltage range (≤20 Vr.m.s) 

available in the experimental setup. From the figures 3.7(a) and (b) it is evident 

that although the values of K11 near the clearing temperature and the NcybC–

CybC transition are comparable to the values of K33, well within the nematic 

range K11 values are always greater than corresponding K33 values and thereby 
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giving rise to negative values of elastic anisotropy (K33 - K11). This result 

concurs well with the findings of Tadapatri et al. [48] and Sathyanarayana et 

al. [46]. For distinct bent-core mesogens they have also found negative values 

of elastic anisotropy and have explained this by considering coupling of bent-

shaped molecules with bend-distortion in the medium [46]. Interestingly, a sign 

inversion of elastic anisotropy (i.e., a cross-over in the elastic moduli) was 

found for compound 1/10 in the high temperature nematic region. This may be 

due to a comparatively strong initial growth of the cluster from the isotropic 

state for compounds with greater terminal chain length which in turn partially 

hinders the coupling of individual molecule with the bend distortion thereby 

enhancing the K33 values to some extent. On a close look of figures 3.7(a) and 

(b), it can be verified that the same reason causes a greater slope of the 

temperature variation of K33 for compound 1/9 compared to compound 1/7 in 

the high temperature region. 
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                                                                 (a) 

Figure 3.7. Temperature dependence of the splay (K11) and bend (K33) elastic 
constants for (a) Comp. 1/7. 



                                         

                                                                                                          Chapter 3 

98 
 

-50 -40 -30 -20 -10 0

0

10

20

30

40

50

60

-3

0

3

6

9

12

15

18

K
11

, K
33

 in
 p

N
 (

fo
r 

1/
10

)

I

  K
33

 (For 1/9)

  K
11

 (For 1/9)

K
11

, K
33

 in
 p

N
 (

fo
r 

1/
9)

T-T
NI

 

 K
33

 (For 1/10)

  K
11

 (For 1/10)

 

 

                                                                 (b) 

Figure 3.7. (cont’d). Temperature dependence of the splay (K11) and bend 
(K33) elastic constants for (b) Comp. 1/9 and Comp. 1/10. 

3.7.   Rotational viscosity measurements 

In the present study, relaxation time (τ0) has been determined in the 

whole nematic range from both the optical and capacitive study of the 

molecular decay dynamics. Temperature variation of relaxation time (τ0) for all 

the three samples have been presented in figures 3.8(a)–(b). It has been found 

that the results obtained from the two methods are in good agreement with a 

small deviation of about 10%–15%. Such small deviation between the two sets 

of measurements is merely due to different uncertainties involved in the two 

different approaches. However, the agreement is quite good near the I–NcybC 

transition with a slight difference occurring in the low temperature region. 

Determination of rotational viscosity (γ1) has also been done by utilizing 

equation (2.19) and the temperature variations of the same are illustrated in 

figures 3.9(a)–(b). Relaxation time and rotational viscosity have been found to 

assume a value ~ 2 s and ~ 0.5 Pa s respectively in the immediate vicinity of I–
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NcybC transition and then both increase monotonically with decrease in 

temperature. Both the values are nearly more than an order of magnitude higher 

compared to the conventional calamitic nematics like 4-n-pentyl-

4'cyanobiphenyl (γ1 ~ 0.087 Pa s at T/TNI ≈ 0.965) or 4-pentylphenyl 2-chloro-4 

(4-pentylbenzoyloxy)benzoate (γ1 ~ 0.047 Pa s at T/TNI ≈ 0.965) [49]. These 

results are in well agreement with the findings of Dorjgotov et al. [22] and 

Tadapatri et al. [48]. They have reported measurements of rotational viscosity 

for distinct bent-core nematics having negative dielectric anisotropy by 

different techniques where both have yielded γ1 values nearly 10 times greater 

relative to usual straight-core mesogens. Such higher values have been 

explained considering the formation of temporary clusters utilizing the shape 

anisotropy and strong transverse dipolar contribution from the bent-core 

molecules [22]. The presence of such macroscopic clustering and their 

influence on mesophase behavior of bent-core nematics have also been 

demonstrated by others [13, 14, 23, 50, 51].  Small angle X-ray scattering data 

for these compounds clearly supports the presence of such short range Sm-C 

like ordering existing as an intrinsic phase structure throughout the entire 

nematic phase [8]. Moreover, on cooling the strong enhancement in γ1 values 

may be attributed to the rapid growth of the clusters which in turn leads to an 

increase in the rotational hindrance of the molecules in aggregates. It has also 

been observed that on approaching the CybC phase, γ1 values of all the 

compounds increases very sharply, attaining values nearly 20–30 Pa s or even 

more. Such a variation can merely be due to the breaking of molecular 

symmetry by gradual modulation of the nematic cybotactic clusters into 

elongated aggregates composing of stacks of Sm-C like ribbons, which in turn 

lead to the formation a 2D lattice. 
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Figure 3.8. Temperature dependence of the relaxation time (τ0) in the nematic 
phase for (a) Comp. 1/7; (b) Comp. 1/9 and Comp. 1/10, measured from both 
the optical method and capacitance method. 
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Figure 3.9. Temperature dependence of the rotational viscosity (γ1) in the 
nematic phase for (a) Comp. 1/7; (b) Comp. 1/9 and Comp. 1/10 as obtained 
from both the optical and capacitance methods.        
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For all the three compounds, evaluation of the activation energy Ea has 

been carried out by fitting the temperature dependence of γ1 with the following 

expression using the orientational order parameter (S) from birefringence 

measurements: 

                                                                                         (3.5) 

where kβ is the Boltzmann’s constant and T is the temperature on the absolute 

scale. The variations of ln(γ1/S) with 1/T for compound 1/9 in homeotropic 

alignment from both optical and capacitance methods are illustrated in figure 

3.10. The slope of the Arrhenius plot can be utilized to evaluate the activation 

energy Ea. The activation energy (Ea) values in the nematic phase for the three 

compounds are listed in table 3.3. It is seen that the measured Ea values are 

about an order of magnitude higher than normal calamitic molecules. The 

probable reason may be due to the fact that in the vicinity of phase transitions, 
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Figure 3.10. Variation of ln(γ1/S) with (1/T) for compound 1/9 in homeotropic 
alignment. () from optical method and () from capacitance method. Solid 
lines represent best fit of the data to equation (3.5). 
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 due to rapid increase in cluster size, the molecular motion is affected by the 

strong pretransitional fluctuation which in turn leads to such quite high Ea 

values. However, as the Ea values that are determined are the average over the 

entire NcybC phase, the presence of strong coupling among the smectic C like 

domains may also be responsible for such high activation energy values.    

Table 3.3. Activation energy (Ea) for the three compounds under 

investigation. (n: chain length as stated in table 3.1).
 
 

Compound 

(1/n) 

Activation energy (Ea) in  

kJ mole
-1

 

Optical 

method 

Capacitance 

method 

1/7 145.61 131.74 

1/9 130.60 128. 26 

1/10 104.52 92.50 

 

Clearly molecular curvature plays a crucial role in determining the 

visco-elastic behavior of bent-shaped nematogens. Unlike conventional 

nematics, comprising only nearest neighbor correlation, the kink geometry of 

bent-molecules lead to a high lateral correlation which possibly helps in 

promoting short range structural aggregates composing of few Sm-C layers and 

those persists as an intrinsic constituent of the nematic phase-structure 

throughout the mesomorphic range. Again along with the molecular-bend, the 

relatively greater size of the aromatic core and alkyl chains (2 or 3 aromatic 

rings for calamitic molecules, otherwise their transition temperatures are too 

high to be investigated while 5 rings or more for bent-core molecules, where 

the bend reduces the transition temperatures) also helps in nano-segregation 

and thereby favors the formation of cybotactic clusters. 

On the other hand, the bent molecular shape eventually causes a great 

steric force among the molecular dipoles leading to a surprisingly high shear or 
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flow viscosity [22]. Now unlike normal calamitics, the coupling between the 

shear flow and director fluctuation of bent mesogens merely elevate the γ  

values. Recently, the study of Frank elastic moduli and effective orientational 

viscosities of distinct bent-core nematic by Majumdar et al. [52] also revealed 

the dramatic influence of molecular clustering on material parameters. They 

argued that along with the influence of clustering on the material dissipation 

behavior, the director distortion eventually requires a reconfiguration of cluster 

structure leading to higher orientational viscosities for compensating the 

entropy loss. This study seems to fit well with the above model where the 

enhancing cluster dimension obviously lead to a decrease in  entropy  which 

again in turn is counteracted by the rapid increase in γ  values. 

3.8.   Conclusions  

X-ray diffraction, optical, dielectric and visco-elastic properties have 

been investigated in the mesophases of a few 4-cyanoresorcinols bent-core 

derivatives comprising a sufficiently broad nematic range. Remarkably, the 

molecular conformation and their association play a decisive role in 

determining the structure property correlations and the material parameters in 

the entire mesomorphic range of the investigated compounds. The temperature 

dependence of orientational order parameter (<P2>) as obtained from the X-ray 

diffraction and birefringence measurements, although in agreement in the NcybC 

phase, shows opposite trends in the low-temperature phases. Furthermore, the 

theoretical <P2> values, calculated using the McMillan’s potential, were found 

to concur well with those from X-ray measurements after introducing necessary 

correction for the presence of molecular tilt. The dielectric anisotropy exhibits 

negative value over a broad region of the mesogenic range, wherein the two 

lower homologues (i.e., 1/7 and 1/9) have been found to demonstrate a 

temperature-dependent crossover in the two dielectric permittivity components. 

In all the investigated compounds, the splay elastic modulus has been observed 

to be relatively smaller than the corresponding bend modulus in a broad 
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temperature range, thus leading to negative values of the elastic anisotropy. 

Interestingly, in compound 1/10, a sign inversion of elastic anisotropy has been 

detected from positive to negative values in the high temperature region of 

NcybC phase. The rotational viscosity values have been determined from both 

the capacitive decay and optical phase-decay-time measurement methods and 

are found to be in good agreement with only small deviations on approaching 

towards the low temperature phase. The yielded γ  values are much higher 

compared to the conventional calamitic nematogens and may be attributed to 

the formation of strong short range clustering of Sm-C type and their existence 

as an inherent part of the nematic phase structure. The strong temperature and 

chain length dependence of the cluster size has also clearly been reflected in 

the temperature variation of γ . Eventually such strange ordering and thereby 

the huge induced flow reluctance and rotational hindrance of the molecules 

lead to a non-Newtonian like behavior of the medium. However, the exact 

nature and structural behavior of the cluster and their rigorous influence on the 

mesogenic medium on a macroscopic scale are yet to be exploited more, which 

further may lead to a better understanding of the influence of molecular 

curvature on mesogeneity and perhaps help in designing future compounds 

with desirable material characteristics for practical applications. 
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CHAPTER 4 

 

Structural and mesomorphic properties of a 

few hockey stick-shaped compounds with a 

lateral methyl group showing nematic, 

synclinic and anticlinic smectic C phases 
 

4.1.   Introduction  

In recent years, the "hockey- stick" shaped liquid crystals with a shape 

intermediate between the traditional rod-like molecules and the conventional 

bent-cores, have emerged as a field of considerable interest in soft matter 

research. Some of these compounds are of additional importance due the 

occurrence of two polymorphic tilted smectic phases – the synclinic smectic C 

(Sm–Cs) and the anticlinic smectic C (Sm-Ca) phases. In the Sm-Cs phase, the 

direction of the tilt is the same in adjacent smectic layers, whereas it alternates 

between the layers of the Sm-Ca phase. This dimorphism is only rarely 

observed for non-chiral compounds. In previous works, for a homologous 

series of 4-(3-n-decycloxy phenylimino-methyl)phenyl 4-n-alkyloxybenzoate 

compounds, comprising a meta-alkyloxy substituted three-ring core with a 

COO and a CH=N linking group between the phenyl rings, the occurrence of 

Sm-A phase, Sm-Cs and Sm-Ca phases have been observed depending upon the 

length of the terminal chains [1–4]. From NMR investigations on these 

compounds it was confirmed that the Sm-Cs–Sm-Ca phase transition is 

accompanied by a conformational change in the molecular part containing the 

3-alkyloxyphenyl fragment [1]. This conformational change is associated with 

a change in the shape of the molecules from a more rod-like one in the Sm-Cs 
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phase to a hockey stick like shape in the Sm-Ca phase and leads to a different 

packing of the molecules within the layers of the Sm-Ca phase.  

The enlargement of the mesogenic aromatic core of the three-ring 

compounds by insertion of a carbon–carbon double bond results in esters of the 

cinnamic acid, which again exhibits Sm-A–Sm-Cs–Sm-Ca mesomorphism, 

however at a little higher temperature [5]. Interestingly, the dielectric 

anisotropy of these compounds changes from positive to negative values in the 

Sm-Ca phase, which could be related to the bent hockey-stick shape of the 

molecules in the Sm-Ca phase [1, 4]. Thus, it is of great interest to see whether 

any other modifications in the chemical structure of these hockey-stick shaped 

mesogens lead to new materials exhibiting interesting mesogenic properties or 

phase sequences.  

In this chapter, study on the structural and mesomorphic behavior of five 

members of a homologous series of laterally methyl substituted hockey stick-

shaped mesogenic 4-(3-n-alkyloxy-2-methyl-phenyliminomethyl)phenyl 4-n-

alkyloxycinnamates from polarizing optical microscopy, X-ray diffraction, 

NMR, optical birefringence, dielectric and electro-optical methods has been 

reported [6]. The lateral methyl group is introduced in the obtuse angle 

between the meta-alkyloxy-chain attached to the terminal phenyl ring and the 

azomethine connecting group. The phase transition behavior of the compounds 

1-5 has been listed in table 4.1. The 4-(3-n-alkyloxy-2-methyl-

phenyliminomethyl)phenyl 4-n-alkyloxycinnamates (compounds 1-5) exhibit a 

nematic phase in combination with an anticlinic Sm-C phase or in the I–N–Sm-

Cs–Sm-Ca phase sequence. It may be mentioned that the Sm-Ca phase is 

relatively seldom, and the sequence Sm-Cs–Sm-Ca is also rare in case of 

mesogens having no asymmetric carbon atom except the case wherein the 

terminal chain is a branched chain (swallow tailed) [7, 8]. The occurrence of a 

nematic phase above smectic phases is pleasant because there is a better chance 

to orient the smectic phases. The phase transition temperatures were 

determined using polarizing optical microscopy, differential scanning 
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calorimetry and optical transmission measurements. This combination is 

helpful because the Sm-Cs–Sm-Ca transition exhibits only very low enthalpy 

values. Furthermore, this transition is clearly characterized by strong 

turbulences in the schlieren texture, which can persist over a temperature range 

of some degrees before absolutely coming to an end. 

4.2.   Materials    

The mesophase behavior, transition temperatures and transition 

enthalpies of the compounds 1–5 are summarized in table 4.1. To allow a 

comparison between the two measuring methods, calorimetric data are given in 

the first line together with the enthalpy values in brackets. In the next line, 

temperatures obtained from optical transmission measurements have been 

listed in which the Sm-Cs–Sm-Ca transition is very prominent. The structural 

formula, as shown in table 4.1 includes the carbon positions required for 

assignment of the 1D NMR spectra. 
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Table 4.1. Molecular structure, transition temperatures (°C) and associated 

transition enthalpies (kJ mol
-1

) for the 4-(3-n-alkyloxy-2-methyl-

phenyliminomethyl)phenyl 4-n-alkyloxycinnamates.
 a 

 

 

Compound m n Cr  Sm-Ca  Sm-Cs  N  I 

1 8 8  

58.2
a
 

[47.4] 

59.1 
 

 
- 

100.8 

[1.8] 

99.7 
 

110.8 

[0.49] 

109.6 

 
 

2 8 10  

70.2 

[28.9] 

70.5 
  - 

99.9 

[1.5] 

97.2 
 

108.6 

[0.48] 

107.5 

 
 

3 10 8  

67.5 

[31.3] 

65.8 
 

b 

 

105.4 
 

107.0 

[2.0] 

106.1 
 

112.8 

[0.23] 

110.6 

 
 

4 10 10  

66.9 

[38.2] 

67.5 
 

104 

[0.03] 

103.1 
 

107.2
 

[2.6] 

107.2 
 

112 

[0.98] 

111.8 

 
 

5 12 10  

73.1 

[68.7] 

74.6 
 

107.2 

[0.15] 

103.6 
 

109.5 
c 

109.7 
 

111.0 

[5.8]
c 

110.1 

 
 

 

Notes: 
  

a
 Transition temperatures: calorimetrically determined values (onset, on heating) (first 

line) with their transition enthalpies in brackets (second line) and those from the 

optical transmission measurements (third
 
 line).  

b
 Phase transitions not observed by DSC. 

c
 Phase transitions Sm-Cs–N–I not sufficiently resolved in the DSC curves. 

: Represents the corresponding phases are present; —: represents the absence of the 

phase. 

 

 

 

 

 

ζ 
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4.3.   Texture observation 

The compounds 1–5 exhibit a nematic (N) phase which preferably shows 

homeotropic orientation. The clearing temperatures are near to 110 °C and 

surprisingly, they are about 10 K higher than that of corresponding compounds 

without lateral methyl group [5]. This effect is remarkable because small lateral 

alkyl groups attached to rod-like molecules generally decrease the mesophase 

stability. The finding is in agreement with results for other hockey-stick shaped 

compounds reported by Wu et al. [9, 10]. 

Upon cooling the nematic phase of the compounds 1 and 2, a schlieren 

texture of a Sm-Ca phase appears. It shows disclination points with two brushes 

in addition to those with four brushes. This is evidence for an anticlinic 

arrangement of adjacent layers. It is in agreement with the symmetric 

diffraction pattern found by X-ray measurements (section 4.5) and allows to 

classify the phase as Sm-Ca. 

A schlieren texture or a broken fan-shaped texture typical for synclinic 

Sm-Cs phases appears on cooling the nematic phases of the compounds 3–5 

[figures 4.1(a) and (b)]. The transition into the low temperature Sm-Ca phase is 

accompanied by a clear change of the optical textures. The schlieren texture of 

the Sm-Cs phase differs strongly from that of the Sm-Ca phase [figure 4.1(c)]. 

Moreover, near the Sm-Cs–Sm-Ca transition the schlieren texture strongly 

fluctuates, which is a characteristic behavior at synclinic–anticlinic transitions. 

The fluctuations appear in a certain temperature range, and in some cases it is 

difficult to decide whether the transition is really finished. The reason is that 

the reorientation of the molecular tilt can proceed step by step in every second 

layer [2]. The broken fan-shaped texture of the Sm-Cs phase transforms by 

cooling into the Sm-Ca modification with a fan-shaped texture with irregular 

stripes across the fans [figure 4.1(d)]. The birefringence decreases as indicated 

by the change in the interference colors. 



                                         

                                                                                                          Chapter 4 

115 

 

               

                               (a)                                                        (b) 

             

                               (c)                                                        (d) 

Figure 4.1. Compound 5: (a) schlieren texture of the Sm-Cs phase, (b) broken 

fan-shaped texture of the Sm-Cs phase, (c) schlieren texture of the Sm-Ca 

phase, (d) fan-shaped texture of the Sm-Ca phase with irregular stripes: (a) and 

(b): 108 °C, (c) and (d): 100 °C. 

4.4.   Optical transmission study 

An optical transmission method was used for the identification of 

different liquid crystalline phases in these compounds along with texture study, 

X-ray and DSC measurements. It was found that this method is an excellent 

tool for the determination of the phase transition temperatures, particularly for 

hockey stick compounds [4, 11]. The three phase transitions, I–N, N–Sm-Ca 

and Sm-Cs–Sm-Ca, of these compounds were clearly identified from the sharp 

change of the transmitted intensity values or change in the slope of the 

temperature dependent intensity curve. Since the Sm-Cs–Sm-Ca phase 

transition   temperatures   were    not   or   only   hardly   detectable    by   DSC  
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        (e) 

Figure 4.2. Transmitted intensity as a function of temperature during cooling 
of compounds (a) 1, (b) 2, (c) 3, (d) 4 and (e) 5. 
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measurements in some of these compounds due to their very small transition 

enthalpies, the optical transmission method proved to be very helpful in clearly 

pinpointing this transition. Figure 4.2 shows the temperature dependence of the 

optical intensity for the compounds 1–5.  From the transmitted intensity curve 

it can be concluded that compounds 1 and 2 have a N and a Sm-Ca phase only. 

On the other hand compounds 3–5 exhibit an N–Sm-Cs–Sm-Ca phase sequence. 

For compounds 3 and 4 the N, Sm-Cs and Sm-Ca phases exist in a sufficiently 

broad range to make physical measurements possible. It is to be noted that the 

intensity of the transmitted laser light depends upon the phase difference, 

 , where Δn is the birefringence of the sample and d represents the 

cell thickness. Due to the oscillatory nature of Δφ, for a large change in the 

birefringence of the medium within the N phase, one minimum was observed 

for each sample except compound 5.     

4.5.   X-ray investigations 

X-ray diffraction measurements on surface-aligned samples of 

compounds 1 [figures 4.3(a) and 4.3(b)] and 2 clearly show the patterns of the 

high-temperature N phase (diffuse halos in the wide and in the small angle 

region, the high intensity of the inner halo indicating the existence of 

cybotactic groups of the smectic type) and that of the smectic phase at lower 

temperatures (very strong first and very weak second order layer reflections on 

the meridian of the pattern along with diffuse halos in the wide angle region). 

The layer spacing of compound 1 (2) decreases from 34.2 (37.4) Å at 

99 (97) °C to 32.8 (36.5) Å at 70 (70) °C, respectively, while the tilt angle 

estimated from the positions of the maxima for the outer diffuse scattering 

increases from 22 (20)° to 29 (29)° in the same temperature interval. The 

azimuthal (-) distribution of the wide angle scattering around the trace of the 

primary beam shows four maxima for both compounds. The two maxima above 

the equator have equal intensities within experimental error indicating the co-

existence of equal numbers of molecules with opposite tilt. (The part of the 
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pattern below the equator is shadowed by the heating stage.) This may arise 

from equally distributed domains of opposite tilt in the Sm-Cs phase or from an 

anticlinic tilt of molecules in adjacent layers, as found in the Sm-Ca phase. 

Analogous X-ray investigations on compound 4 confirm the presence of 

three liquid crystalline phases. The pattern at 108 °C [figure 4.3(c)] shows 

diffuse scattering in both the inner and outer diffraction range with 

comparatively strong maxima on the equator (inner scattering) and on the 

meridian of the pattern (outer scattering), respectively, which is the typical 

pattern of a N phase showing cybotactic groups as in case of compounds 1 and 

2, but this time the nematic director is oriented on the average parallel to the 

aligning surface. At about 107 °C, the pattern changes, the small angle and 

wide angle diffraction maxima move to completely different positions and 

indicate that now the smectic layers are parallel to the glass plate. The maxima 

of the two outer diffraction arcs are rotated out off the equator by about 17° in 

the same sense of rotation indicating a structure with synclinically tilted 

molecules – the Sm-Cs phase [figure 4.3(d)]. At about 104°C, the X-ray pattern 

changes once more, now exhibiting broader halos for the outer diffuse 

scattering centered about the equator [figure 4.3(e)] closely resembling those in 

the patterns of the Sm-C phases of compounds 1 and 2. The -distribution of 

their intensity was fitted by four Gaussian curves, the positions of the four 

maxima yielding a tilt angle of about 23°. The tilt slightly increases with 

decreasing temperature
 

[figure 4.4(a)]. The statistical uncertainty for the 

determination of the tilt angles in one experimental setting is in the range of 

1° and the experimental error for the absolute value of the tilt due to the 

shadowing of the pattern is expected to be somewhat larger. As stated above, 

the X-ray diffraction measurements cannot distinguish between a rotationally 

disordered synclinic structure and an anticlinic molecular packing. However, 

considering the results of the other experiments, it can be safely concluded that 

the low-temperature phase is Sm-Ca. In accordance with the temperature 

dependence  of  the  molecular  tilt, the  layer  spacing  decreases  sharply from    
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(a)                                                     (b) 

            

(c)                                                       (d) 

 

(e) 

Figure 4.3. 2D X-ray diffraction patterns of surface-aligned samples of 

compounds 1 and 4 on cooling, meridian of the pattern normal to the aligning 

surface; compound 1: (a) N phase at 102 °C, nematic director parallel to the 

meridian, (b) Sm-Ca phase at 95 °C, layers parallel to the aligning surface; 

compound 4: (c) N phase at 108 °C, nematic director parallel to the aligning 

surface (d) Sm-Cs phase at 106 °C with a majority of domains showing the 

same tilt direction, layers parallel to the aligning surface, (e) Sm-Ca phase at  

80 °C, layers parallel to the aligning surface. 
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37.6 Å at the N–Sm-Cs transition to 36.6 Å at the transition to Sm-Ca and then 

only slightly decreases to 36.0 Å at 80 °C [figure 4.4(b)], which means it 

remains more or less constant throughout the Sm-Ca phase. 
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                                 (a)                                                           (b) 

Figure 4.4. Temperature dependence of (a) average tilt of the molecules with 
respect to the layer normal and (b) layer spacing on cooling as derived from the 
2D X-ray patterns of compound 4.   

4.6.   NMR investigations 
13C-NMR investigations have been performed on a few selected hockey 

stick-shaped compounds (compounds 3 and 4) to obtain knowledge of the 

molecular ordering in the mesophases. The proton decoupled 13C NMR spectra 

in the isotropic phase as well as at different temperatures in the N, Sm-Cs and 

Sm-Ca phases for compound 4 are shown in figure 4.5. The acquisition of all 

the spectra was carried out during cooling from the isotropic phase. The 

assignment of the lines in the isotropic spectrum rests upon the increment 

system. The assignment of the lines in the mesophases was made on the basis 

of both chemical shift anisotropies and also observing the trends of variation of 

the signals with temperature. Moreover, a comparison of the spectra with those 

of similar compounds reported earlier [1], also has provided additional support.  
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Figure 4.5. Proton decoupled 
13

C NMR spectra (1D) of compound 4: (a) I 

phase at 116.5 °C, (b) N phase at 111.5 °C. 
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Figure 4.5. (cont’d). Proton decoupled 
13

C NMR spectra (1D) of compound 4: 

(c) Sm-Cs phase at 107.5 °C and (d) Sm-Ca phase at 90.5 °C.     
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4.7.   Optical birefringence measurements 

Birefringence measurements were carried out on compounds 1–5, the 

temperature dependence of which has been shown in figures 4.6(a)–(e). Upon 

cooling, a significant increase of birefringence was observed within the N 

phase which is due to the increase in nematic order. For all the samples studied, 

the birefringence value was found to decrease at the Sm-Cs–Sm-Ca phase 

transition and remained more or less constant throughout the Sm-Ca phase. 

Such lowering of birefringence has also been observed from the color change 

of the optical texture during the phase transition. 
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Figure 4.6. Temperature dependence of birefringence for the compounds (a) 1, 
(b) 2, (c) 3, (d) 4. 
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Figure 4.6. (cont’d). Temperature dependence of birefringence for the 
compound (e) 5. 

4.8.   Orientational order parameter 

The optical birefringence, Δn, obtained from the measured transmitted 

intensity data of the homogeneously aligned cell [12, 13] of thickness 5.1 µm 

was utilized to determine the temperature variation of the orientational order 

parameter in the liquid crystalline phases of these compounds. The order 

parameter is defined as <P2> = Δn/Δn0, where Δn0 is the birefringence in the 

completely ordered state and was obtained from the temperature dependence of 

Δn, which can be approximated well for liquid crystals by [14] 

                                             ∆ ∆ 1                                          (4.1) 

where Δn0, T
* and β are adjustable parameters. T* is about 1–2 K above the 

clearing temperature. The exponent β depends on the molecular structure and 

its value is close to 0.2. This procedure is correct only for oriented phases of 

single axis system. Therefore, equation (4.1) has been fitted for the compounds 

1–4 by taking the values of Δn only for the N phase. As an attempt, equation 

(4.1) was applied for the Sm-Cs phase of compound 5. 

In table 4.2, the Δn values at a temperature 5 K below the Sm-Cs–Sm-Ca 

phase transition for all the five compounds along with the extrapolated 
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birefringence at the absolute zero temperature (Δn0) has been represented. It is 

evident that for a fixed value of the chain length (n = 10), Δn decreases with 

increasing chain length m. Again, if m is kept constant (m = 10), Δn decreases 

with increasing chain length (n = 8–10). A similar behavior is also observed if 

one considers the extrapolated birefringence at the absolute zero temperature, 

Δn0. 

Table 4.2. Optical birefringence (Δn) in the Sm-Ca phase at a temperature 5 K 

below the Sm-Cs–Sm-Ca phase transition for all the five compounds and 

calculated values of Δn0 and β (m, n: chain lengths as stated in table 4.1).
 
 

Compound 

(m, n) 
Δn Δn0 β 

1 (8, 8) 0.1589 0.318 0.162 

2 (8, 10) 0.1941 0.403 0.172 

3 (10, 8) 0.1912 0.371 0.153 

4 (10, 10) 0.1827 0.344 0.150 

5 (12, 10) 0.1867 0.380 0.145 

 

The data presented in table 4.2 were used to calculate the order parameter 

<P2>. This procedure was extended to the Sm-C phases in order to observe 

special orientation effects of the molecules during the formation of the different 

SmC modifications. The temperature dependence of <P2> is shown in figures 

4.7(a)–(e). The experimental order parameter in the N and Sm-Cs phases 

increases with decreasing temperature. For compounds 3, 4 and 5, a drop is 

observed in the order parameter values at the Sm-Cs–Sm-Ca phase boundary. 

This may be due to the fact that the molecular long axes in the Sm-Cs phase of 

the surface aligned bulk sample are oriented parallel to the aligning surface and 

the layers are tilted with respect to the surface. Therefore a normal temperature 

dependence of the order parameter is observed in the Sm-Cs phase. However,  
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                                                       (e) 

Figure 4.7. Temperature variation of <P2> for compounds (a) 1, (b) 2, (c) 3, 
(d) 4 and (e) 5 (open circles show <P2> from birefringence measurements, 
closed ones in (d) show <P2> calculated from X-ray patterns and triangles in 
(c) and (d) show <P2> obtained from NMR measurements). 
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since the transition to the Sm-Ca phase in these compounds leads to an effective 

reorientation of the molecules to form an anticlinic arrangement, the molecules 

in this phase are now tilted with respect to the surface. This tilt of the 

molecules in the Sm-Ca phase causes a drop in the parallel component of the 

polarisability, i.e., along the molecular long axis, thereby reducing the 

polarisability anisotropy and hence, the birefringence of the material. Within 

the Sm-Ca phase the birefringence and hence, the order parameter <P2> remain 

constant. 

The orientational distribution function f(β) and hence the orientational 

order parameter <P2> of compound 4 have been determined from X-ray 

intensity data using the method suggested by Bhattacharya et al. [15]. For this 

purpose, a χ– scan (i.e., X-ray intensity I (χ) vs. azimuthal angle (χ) curve) of 

the outer diffraction arc for χ = -15 to χ = 335° (omitting the trace of the beam 

stop) was first performed for the patterns of the Sm-C phases and for that of the 

isotropic liquid. Then, the intensity data were calibrated by those of the 

isotropic liquid to correct them for influences of the experimental setting using 

Irel = I(80 °C) / I(115 °C, isotropic liquid) assuming an isotropic χ– distribution 

of the outer diffuse scattering for the sample in the isotropic liquid [figure 

4.8(a)]. This intensity distribution Irel(χ) was then utilized to determine the 

orientational distribution function f(β) and the order parameter P2 . From the 

values of I(χ), the distribution function f(β) and hence the order parameter 

( P2 ) have been calculated following Leadbetter’s expression [16]. For 

determining the experimental f(β) values and the order parameter P2 , the 

azimuthal distribution of the X-ray intensities I(χ) in one quadrant (e.g., from χ 

= 0° to χ = 90°) is sufficient. In the present case, due to the shadowing of the 

pattern by the heating stage the average values of I(χ) to calculate f(β) and 

hence P2 , have been determined from the non-shadowed upper quadrants, 

i.e., from χ = 90° to χ = 270° only. The temperature variation of <P2> for 

compound 4 from the X-ray diffraction measurements has been shown in figure 

4.7(d).   
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                                (a)                                                           (b) 

Figure 4.8. χ scans of the 2D X-ray patterns for compound 4: (a) outer diffuse 
scattering at 80 °C with Gaussian fit for four maxima [intensity calibrated by 
that of the isotropic liquid using Irel = I(80 °C) / I(115 °C, isotropic liquid)], the 
distribution function calculated from the two intense peaks which are situated 
well within the non-shadowed part of the diffraction pattern was used to 
calculate the order parameter; (b) layer reflections at 80 °C and 106 °C with 
Gaussian fits; the full width on half maximum for both peaks are 9.9° at 80 °C 
and 11.6° at 106 °C. 

The 1D 13C NMR spectra recorded in the different mesophases, have 

also been utilized to measure the orientational order parameter of compounds 3 

and 4. For each ith carbon nucleus in the molecule, the chemical shift,  as 

obtained from the static 1H-decoupled 13C spectra in the uniaxial LC phases 

[figure 4.9], represents the average component of the shift tensor along the 

applied magnetic field. It has been assumed that throughout the mesophases, 

the rings A and B maintain a nearly parallel orientation with respect to the 

molecular long axis. The effective order parameter (S) can be approximated by 

[1, 17, 18]  

                                                                                                           (4.2)  

where  represents the average anisotropic shift in the molecular frame of 

reference. The order parameter has been calculated for the carbon atoms in the 
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para-positions, i.e., 1, 4, 5 and 8. The  values have been collected from 

measured rod-like reference molecules and fitted by their ratios (84.5, 85.75 

97.49 and 91.30 ppm for i = 1, 4, 5 and 8 respectively) [1]. An average of these 

yielded four order parameter values at a particular temperature gives the mean 

order parameter at this temperature. The temperature dependence of <P2> as 

obtained from the NMR measurements in compounds 3 and 4 is shown in 

figures 4.7(c) and (d). The order increases in all materials within the N phase 

and decreases in the Sm-Cs and Sm-Ca phases.    
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Figure 4.9. Temperature dependence of the line shifts in the 13C NMR 
spectrum of compound 4.   

It is observed that the order parameter, <P2> from X-ray diffraction 

measurements varies quite strongly in the Sm-Cs phase. As shown in figure 

4.7(d) such a pronounced temperature dependence of the <P2> values in the 

Sm-Cs phase has also been observed in the birefringence measurements. 

Furthermore, close to the clearing temperature, <P2> values obtained from the 

birefringence measurements were always found to be lower than those obtained 

from the NMR studies. Such a shortcoming is perhaps due to the fact that in 

NMR measurements one probes the short-range order, which drops slowly on 
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approaching the nematic-isotropic (N–I) transition while in birefringence 

measurements one investigates the long-range order, which again decreases 

much rapidly in vicinity of the  N–I transition.  

Similarly to the procedure for deriving the birefringence from 

measurements of the transmitted intensity, the approach that was used for 

calculating the order parameters <P2> from X-ray diffraction measurements 

was originally developed for a well-aligned nematic phase of calamitic 

molecules [16]. Here, it is applied to the surface-aligned smectic phases of 

more or less calamitic (Sm-Cs) and hockey-stick shaped (Sm-Ca) molecules to 

get a qualitative impression about the changes in the order with temperature. 

The resulting <P2> values in the Sm-Ca phase are very large in comparison to 

those in the Sm-Cs or N phase. Again, similar to the birefringence 

measurements, the orientational order parameter values determined from both 

the X-ray diffraction and NMR measurements also show only weak 

temperature dependence in the Sm-Ca phase. The orientational order parameter 

values obtained from the birefringence and NMR measurements were found to 

be in well agreement, specifically at the high temperature region. Figure 4.7(d) 

shows that in the Sm-Ca phase, the <P2> values obtained from X-ray diffraction 

measurements are considerably larger than those obtained from both optical 

birefringence and NMR studies. This apparent contradiction between the two 

sets of values may be due to the different uncertainties in the three different 

approaches used. From the X-ray diffraction measurements the <P2> values 

have been determined after extracting the azimuthal intensity distribution from 

the χ–scan [figure 4.8]. However, such intensity distribution may get 

influenced to some extent by the shadowing of the pattern due to the heating 

stage and hence, affects the evaluated <P2> values. The χ–distribution is also 

influenced by the degree of the alignment of the layers in different regions of 

the irradiated portion of the sample. Here, a mosaic spread of the layers has to 

be taken into account [16]. Qualitatively, the alignment in the Sm-Ca phase was 

found to be  slightly improved than that in the Sm-Cs phase as can be seen by 
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comparing the χ–distribution of the intensity of their layer reflections, which is 

related to the distribution of the directions of the layer normal [figure 4.8(b)]. 

Generally speaking, the uncertainties are rather large in case of a surface 

aligned smectic sample. If it is considered that parts of the sample can 

gradually reorient during cooling within one phase, even the trend in the 

change of the orientational order parameters becomes a little uncertain. On the 

other hand, as mentioned earlier, the tilting of the molecules with respect to the 

layer normal lowers the value of the orientational order parameter from 

birefringence measurements. Moreover, the same reason also causes decrease 

in the <P2> values in the Sm-Cs phase obtained from the NMR studies. Again, 

the fact that certain degree of arbitrariness involved in the estimation of the 

absolute birefringence Δn0 [equation (4.1)] also imparts a relative shift to the 

values of the order parameters <P2>, as determined from the birefringence 

measurements. It may be mentioned that the process of determination of the 

orientational order parameter from optical and X-ray studies involves taking 

into consideration the average effect of the contribution from the entire 

molecule. However, in contrast, an NMR measurement endows the possibility 

of accessing the local orientational order corresponding to different segments 

of the molecule. 

4.9.   Dielectric spectroscopy investigations 

The dielectric spectra of compound 5 were taken in the frequency range 

between 0.1 Hz and 10 MHz. Figure 4.10 shows the real and imaginary part of 

the complex dielectric function *
(f) =  - j (j2

 = -1) parallel to the director. 

The measured values perpendicular to the director are illustrated in figure 4.11. 
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   (a)                                                         (b) 

Figure 4.10. The complex dielectric function of compound 5 for the starting 

orientation parallel to the nematic director, measured in (a) the N phase (110 

°C) and (b) the Sm-Cs phase (107.5 °C). 

 

Figure 4.11. The complex dielectric function of compound 5 at 107.7 °C. The 

director was oriented in the N phase perpendicular to the electric field. It is 

difficult to separate the low frequency absorption at about 200 Hz due to the 

influence of double layer. 

Evaluation of the measured values was carried out using equation (4.3), 

taking into account two COLE-COLE mechanisms (terms 2 and 3) and the 

contribution of conductivity in terms 4 and 5 to describe the double layer at low 

frequencies: 

                                           (4.3) 

with i as low, middle and high frequent limiting values of the dielectric 

constant,  = 2f (f  = frequency), i = 1/2f (i = relaxation time), i = Cole-
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Cole distribution parameter (phenomenological description of the distribution 

of relaxation times or the superposition of discrete relaxation processes), the 

conductivity term A as well as M, B and N as further parameters. The 

conductivity  calculated according to  = 2A0 in parallel direction, is 

shown in figure 4.12. 

 

Figure 4.12. Conductivity of compound 5 measured parallel to the director. 

The conductivity clearly reflects all the phase transitions. The phase 

transition Sm-Cs–Sm-Ca is clearly identifiable in the specific conductivity, 

certainly as a result of the tilt change. To evaluate the limiting values of the 

dielectric permittivities with the starting orientation of the measuring field 

parallel to the director by equation (4.3), two relaxation mechanisms with 

relaxation frequencies at approximately 200Hz and 5 MHz were assumed for 

the Sm-C phases. In the perpendicular direction only the mechanism at 5 MHz 

could be detected clearly. 

Figure 4.13 shows the limiting values of the dielectric function. At the 

transition from the isotropic to the nematic state, εP1 increases, indicating a 

small positive dielectric anisotropy of about 0.35. The low-frequency 

absorption could neither be observed in the nematic [figure 4.10(a)] nor in the 

isotropic phase. In both phases only the high-frequency absorption region was 

visible. The evaluation of the data becomes difficult in the nematic phase 

because of the influence of standing waves in the measuring cell. For this 
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reason all values for εP2 given in figure 4.13 as closed triangles and the related 

relaxation times in figure 4.14 as closed squares show a systematic error in the 

nematic phase. Nevertheless, it has to be mentioned that this relaxation range 

exists in the nematic phase too. Relaxation time calculated by equation (4.3) 

has been illustrated in figure 4.14. Activation energies (54 kJ mol
-1

 for the low 

frequency mechanism and 92 kJ mol
-1

 for the high frequency mechanism) have 

also been calculated. 
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Figure 4.13. Limiting values of the dielectric constant of compound 5 parallel 

to the director. 

 

Figure 4.14. Relaxation times of compound 5 measured in the parallel 

direction. 
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The relaxation times of the high frequency process agree well with those 

measured in the parallel direction indicating that it arises from the same 

mechanism [figures 4.10(b) and 4.11]. The low frequency process could be 

separated in the perpendicular direction only at high temperatures. This less 

intensive mechanism is strongly disturbed by the conductivity and the double 

layer. The relaxation frequencies agree approximately with those found in the 

parallel direction. For the nematic phase, the low frequency process is not 

observable. The high frequency relaxation process could be well separated. The 

dielectric permittivities εP2 and εS2 are larger than 3.5 in the Sm-C phase. Thus, 

there must be at least one further high frequency relaxation process to decrease 

the dielectric permittivities to about 2.8. From the facts that the relaxation times 

of the low frequency mechanism are of about 500 Hz and that the associated 

activation energy is much lower than that of the high frequency mechanism it 

may be concluded that this process can be compared with the slow dynamics of 

banana-shaped molecules [19]. It should be noted that in “classical” Sm-C 

phases only one reorientation process in the MHz range with activation energy 

of about 120 kJ mol
-1

 is usually observed [20]. This process is related to the 

reorientation of the molecules about the short axes. Also, in this case, the high 

frequency limit of the dielectric permittivity is more than 3. Assuming that the 

hockey stick-like molecules form small “soft” ferroelectric clusters the low 

frequency mechanism can be interpreted as a collective motion of the clusters 

like that in the phases of banana-shaped molecules [21]. Then the high 

frequency mechanism should be related to the reorientation of the molecules 

about the short axes whereas the reorientation around the long molecular axes 

appearing at higher frequencies was not visible in the present investigated 

range. 

4.10.   Electro-optical investigations 

Electro-optical measurements were carried out on compound 4 using 

commercial polyimide coated EHC cells of different thickness. Figure 4.15(a) 
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shows the fan-shaped texture of the Sm-Ca phase. On applying an electric field 

the texture nearly remains the same, but the colors clearly change depending on 

the strength of the field. The textures of the switched states are independent of 

the polarity of the applied field. 

         

(a)                                                                (b) 

Figure 4.15. (a) Fan-shaped texture of the Sm-Ca phase without electric field 

(compound 4, cell thickness 6 µm, 100 °C); (b) texture after applying a dc field 

of ±40 V. 

The electro-optical behavior was found to be similar in 2 µm EHC cells. 

It should be noted that only in such very thin cells unusually nice pictures of 

the Sm-Cs–Sm-Ca phase transition could be observed [figure 4.16, without 

electric field]. The texture of the Sm-Cs phase of compound 4 at 104 °C is 

shown in figure 4.16(a). On slow cooling, zig-zag patterns grow [figure 

4.16(b)], until the entire area consists of the Sm-Ca phase [figure 4.16(c)]. 

Decrossing the polarizer by ±15° causes dark and bright domains to appear 

proving that the tilt of the molecular long axes is opposite in the different 

domains [figures 4.16(d)–(f)]. 

Hockey-stick mesogens have a molecular shape that is neither rod-like 

nor banana-shaped. Therefore, efforts to measure the spontaneous polarization 

are of great interest. However, the results are not really conclusive. Using a 

triangular wave voltage (e.g., EHC cell, 6 µm, 10Hz, 320 Vpp) a current 

response with two peaks can be observed in both Sm-C phases, which however 
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(a)                                       (b)                                      (c) 

   

                  (d)                                       (e)                                       (f) 

Figure 4.16. Compound 4, 2µm EHC cell polyimide coated, without electric 

field. (a) Sm-Cs phase at 104 °C; (b) growing of the Sm-Ca phase from the 

SmCs phase, 103 °C; (c) Sm-Ca phase at 100 °C. (e) Sm-Ca phase, crossed 

polarizer at 93 °C; (d) and (f) decrossing the polarizer by +15° or -15°. 

does not completely disappear on heating into the isotropic liquid phase. 

Therefore conductivity measurements did not yield a conclusive polar answer 

for the compounds under investigation. It can be assumed that the field- 

induced switching shown in figure 4.15 corresponds to a Freedericksz 

transition [22] driven by the dielectric anisotropy, because it did not depend on 

the polarity of the voltage applied. 

Yu et al. have reported exactly the same behavior and similar problems 

for other hockey stick-shaped compounds [23, 24]. From electro-optical 

measurements using mixtures consisting of a hockey stick-shaped compound 

and a chiral dopant the authors have extrapolated a low spontaneous 

polarization for the pure non-chiral hockey stick-shaped compound if the 

concentration of the chiral dopant goes to zero. Furthermore, there is a 

controversial finding concerning the properties of free-standing films formed 
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by hockey stick-shaped compounds. Stannarius et al. have reported a low, but 

clearly measurable spontaneous polarization for the high-temperature phase of 

hockey stick mesogens [2]. The research group of C. C. Huang prepared thin 

films of definite number between two and ten layers using the same materials. 

Null transmission ellipsometry and depolarized reflected light microscopy have 

not given evidence for polar or chiral properties of both smectic phases [3, 25]. 

Probably, the smectic phases formed by hockey stick mesogens could exhibit a 

latently polar behavior, which cannot be clearly proved or rejected by the 

measuring methods used up to date. 

4.11.   Conclusions  

The physical properties of a series of new hockey stick-shaped liquid 

crystals with a lateral methyl group introduced in the obtuse angle of the 

molecule, between the meta-alkyloxy chain and azomethine connection group 

have been investigated. It is significant that such a lateral substitution into the 

molecular core of these mesogens results in the suppression of the Sm-A phase 

and in the introduction of the N phase. Steric interactions between the methyl 

group and the neighboring alkoxy chain in the meta-position perhaps induce a 

more rod-like shape thereby facilitating the formation of the nematic phase at 

higher temperatures. The N–Sm-Ca phase sequence, as observed in 1 and 2, is 

also quite remarkable. In addition to the nematic phase, compounds 3–5 form 

two tilted smectic phases – Sm-Cs with synclinic and Sm-Ca with anticlinic 

molecular arrangement. Together with the other measuring methods used, the 

optical transmission method conclusively proved the existence of the N, Sm-Cs 

and Sm-Ca phases in these compounds. The two-dimensional X-ray diffraction 

pattern in the Sm-Cs phase clearly shows the synclinic structure, the pattern in 

the Sm-Ca phase is caused by an anticlinc arrangement of the molecules in 

adjacent layers. As observed from previous NMR measurements on closely 

related hockey stick- shaped compounds, this arrangement of alternating tilt in 

adjacent layers is accompanied by a pronounced change in the overall shape of 
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the molecules from a more or less rod-like one in the high temperature Sm-Cs 

phase to a bent hockey stick-like shape in the lower temperature Sm-Ca phase. 

The orientational order parameter values determined from the birefringence 

and NMR measurements agree well with one another and decrease at the Sm-

Cs–Sm-Ca transition. However, the <P2> values determined from X-ray 

diffraction measurements on compound 4 increase in going from Sm-Cs to Sm-

Ca phase and the obtained values are significantly large relative to the other two 

measuring procedures. This apparent contradiction may be referred to the 

uncertainties in these methods suffering mainly (but not only) from a differing 

alignment of the surface-aligned samples in the smectic phases and a differing 

change in this alignment with temperature for the different experimental 

settings. Furthermore, a more precise extraction of the X-ray intensity 

distribution data [I (χ)] and elimination of the background contribution from 

the same employing other more refined techniques may also help in eliminating 

such contradicting outcomes. 

The dielectric measurements show a low frequency absorption, which is 

interpreted as signal from ferroelectric clusters in analogy to the polar 

ferroelectric smectic phases of banana-shaped molecules. It is likely that the 

clusters formed by hockey stick molecules show stronger fluctuations. 

Therefore, it may be difficult to detect ferroelectricity by the reversal current 

methods. 
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CHAPTER 5 

 

Visco-elastic measurements in the nematic 
phase of a few hockey stick-shaped liquid 
crystals  
 

 

5.1.   Introduction  
Bent-core nematics (BCNs) have attracted considerable interest because 

of a number of unusual features and exceptional properties demonstrated by 

this class of liquid crystalline phases. The nematic (N) phases of bent-core 

compounds have been characterized by several remarkable properties like great 

flexoelectric response [1, 2], extraordinary electro-convection patterns [3–5], 

low frequency dielectric relaxation [6], magnetic field induced isotropic to 

nematic phase transition [7], biaxiality [8–11] and ferro-nematic phase [12], 

some of which again may be related to the presence of smectic-like clusters in 

this phase. Bent-core nematic phases are regarded as potential candidates for 

electro-optic applications.  

From the view point of practical applications of liquid crystals, 

rotational viscosity (1) serves as a very important material parameter, deciding 

device performance through the switching behavior of the concerned material 

in external fields. The rotational viscosity, which is related to the torque 

associated with the rotation of liquid crystal (LC) directors during molecular 

reorientations and thereby describes the force of internal friction among LC 

directors, depends on the structural form and constitution of the LC molecules, 

intermolecular interactions and sample temperature. For calamitic LCs 
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although the typical magnitude and temperature dependence of molecular 

relaxation time (τ0) and hence, rotational viscosity are reasonably well 

ascertained [13–15], reports related to the study of rotational viscosity in bent-

core or hockey stick-shaped molecules exhibiting a nematic phase are still 

scarce [16–19]. For bent-core LCs, the angular design of the molecules and 

hence, the steric hindrance and molecular association have a crucial influence 

on the visco-elastic behavior. Recent investigations on some bent-core 

nematics do reveal rotational and flow viscosities respectively of about one 

order and two orders of magnitude higher than calamitic nematics [16, 17]. 

Furthermore, there is also evidence of BCN demonstrating a slightly higher 

value of 1 compared to usual rod-like LCs [18]. Again the hockey stick-shaped 

molecules possess a shape intermediate between the classical rod-like 

molecules and the conventional bent-core molecules and therefore are expected 

to exhibit 1 values relatively lower than the symmetric bent-shaped molecules. 

Hence, it is interesting to study the visco-elastic properties in the nematic phase 

of hockey stick-shaped compounds.  

In the preceding chapter (i.e., chapter 4) the study on structural and 

mesomorphic properties of five members of a homologous series of laterally 

methyl substituted hockey stick-shaped compound 4-(3-n-alkyloxy-2-methyl-

phenyliminomethyl)phenyl 4-n-alkyloxycinnamates from polarizing optical 

microscopy, X-ray diffraction, NMR, optical birefringence, dielectric and 

electro-optical techniques have been reported. Interestingly, in these 

compounds the lateral substitution by a methyl group in the obtuse angle 

between the m-alkyloxy-chain attached to the terminal phenyl ring and the 

azomethine connecting group leads to the suppression of the smectic A phase 

along with the emergence of the nematic phase in a certain temperature range. 

Such occurrence of nematic phases is quite remarkable among the mesophases 

of bent LCs and their presence certainly enhances their potential for 

application. In continuation of the previous work, in this chapter the results on 

the measurements of rotational viscosity in the nematic phase of four members 
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of the above mentioned hockey stick-shaped compounds have been presented 

[20]. In order to determine the rotational viscosity as a function of temperature, 

knowledge of the splay elastic constant and also the relaxation time is required. 

Similar to the previous study on the 4-cyanoresorcinol bent-core compounds, 

the measurements of relaxation time have been performed by two different 

probing methods viz. capacitive decay and optical phase-decay-time 

measurement methods. Necessary splay elastic constant was determined from a 

study of the electric field induced Freedericksz transition and from the 

dielectric anisotropy of the molecules. Moreover, for the determination of the 

relaxation time by optical method, the optical phase retardation of the sample 

filled cell is required which was obtained from optical birefringence 

measurements as described in chapter 4. The birefringence values were also 

compared with those determined from thin prism technique. In addition, the 

temperature dependence of bend elastic constant has also been determined to 

observe the nature of the temperature dependence of elastic anisotropy. From 

an analysis of the dielectric permittivity data in the isotropic phase, close to the 

nematic–isotropic (N–I) phase transition, the pretransitional behavior has also 

been explored. Thus, in this work the temperature dependence of birefringence, 

dielectric anisotropy, splay and bend elastic constants, relaxation time and 

hence the rotational viscosity of the hockey stick-shaped compounds have been 

determined. The results have been compared with the conventional rod-like 

nematics and also those for traditional symmetric bent-core nematogens and 

explained by considering the exotic structural geometry of the hockey stick-

shaped molecules and the related unusual inter-molecular interactions 

appearing within the mesophase.  

5.2.   Refractive index measurements 

The temperature dependant variation of the birefringence (Δn = ne - no) 

at a wavelength of λ = 632.8 nm as obtained from the thin prism method for the 

compounds is shown in figures 5.1(a)–(e). Birefringence obtained from the 
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optical transmission (O.T.) measurements as presented in the previous chapter, 

has also been included for comparison. The agreement between the two sets of 

values obtained from these two different approaches is fairly good in the 

limited temperature range. However for all compounds, well within the nematic 

phase, the values of n obtained from the transmission method are found to be 

slightly higher than those measured by the thin prism technique. Such a trivial 

disparity for these two measuring procedures has been interpreted in terms of 

the greater sample thickness (~20–40 times) and the resulting decrease in the 

surface anchoring due to which the molecular ordering is retained somewhat 

less than in thin cells of much smaller dimensions [21].  
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Figure 5.1. Experimental values of refractive indices no and ne and 
birefringence (Δn = ne - no) as a function of temperature for (a) compound 1.  
 : no;  : ne;  : niso;  : nav;  : birefringence (from thin prism method);  
 : birefringence (from optical transmission measurement). 
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        (b) 
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      (c) 

Figure 5.1. (cont’d). Experimental values of refractive indices no and ne and 
birefringence (Δn = ne - no) as a function of temperature for (b) compound 2; 
(c) compound 3.  : no;  : ne;  : niso;  : nav;  : birefringence (from thin 
prism method);  : birefringence (from optical transmission measurement). 
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      (d) 
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        (e) 

Figure 5.1. (cont’d). Experimental values of refractive indices no and ne and 
birefringence (Δn = ne - no) as a function of temperature for (d) compound 4; 
(e) compound 5.  : no;  : ne;  : niso;  : nav;  : birefringence (from thin 
prism method);  : birefringence (from optical transmission measurement). 
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The temperature dependence of the principal refractive indices no and ne, 

the average refractive index (nav) as well as the refractive index in the isotropic 

phase (niso) are also shown in the insets of figures 5.1(a)–(e). Both, no and ne 

slightly vary within the nematic phase. For most of the compounds the 

isotropic refractive index niso is found to have more or less the same value as 

the average component nav of the refractive index in the N phase while for 

compounds 1 and 3, niso is slightly lower than nav. This result is in agreement 

with the finding of others for distinct oxazole based bent-core nematogens 

revealing no divergence of the nematic mean refractive index from the 

isotropic value (niso) [22]. Moreover, for calamitic LCs it is rather usual to have 

a slightly higher value of nav than niso. 

On cooling from the isotropic phase, a sharp enhancement in the 

birefringence (Δn) is observed at the nematic–isotropic transition, essentially 

due to the increase in the nematic order via a significant growth of the 

cybotactic clusters from the disordered fluid state and their alignment by strong 

surface anchoring which in turn is facilitated in the rapid growth of the optical 

anisotropy of the media. For these compounds such kind of short range 

ordering has also been revealed by small angle X-ray diffraction measurements 

(discussed in chapter 4). On further cooling, well within the mesophase the 

increase in Δn is relatively small. Fortunately, for compound 2, it was possible 

to measure both the ordinary and the extraordinary components of the 

refractive indices in the anticlinic smectic C phase, even though it is well 

known that the measurement of Δn is considerably difficult in the higher 

ordered smectic phases due to the poor alignment compared with that in the N 

phase and sometimes also due to strong absorption in the medium. It has been 

observed that the birefringence values remain more or less constant in that 

region.  In the case of compound 5 it was possible to determine the no and ne 

values in both the N and Sm-Cs phases. Within the Sm-Cs phase both refractive 

indices (no, ne) and hence the birefringence remain more or less constant 

throughout the mesophase. It is also observed that in general the change in 
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birefringence is continuous across the Sm-Cs–N transition indicating a very 

weak first order or a second order nature of that transition while the 

discontinuity in the Δn curve at the Sm-Ca–N transition (compound 2) clearly 

implies the first order nature of that transition. 

5.3.   Static dielectric permittivity measurements 

The temperature dependences of the dielectric parameters [ε, ε, εiso and 

εav = {1/3(2ε+ε)}] for two representative compounds 2 and 4 are illustrated in 

figures 5.2(a)–(b) while variation of the dielectric anisotropy (ε = ε - ε) for 

all the mesogens are shown in figure 5.3. In compounds 2 and 4 it is observed 

that on cooling from the isotropic state, ε [inset of figures 5.2(a)–(b)] 

primarily grows with decreasing temperature in the N phase and then remains 

more or less constant or slightly diminishes after attaining a maximum and 

further continues to decrease sharply throughout the entire Sm-Cs phase. 

Hence, within the N and Sm-Cs phases the anisotropy (ε) always assumes 

small positive values. Interestingly, a pronounced drop is observed in the ε 

values at the transition from the nematic to the smectic Ca phase (compound 2) 

while the drop is somewhat smaller at the smectic Cs to smectic Ca phase 

transition (compound 4). However, in both the cases, it leads to a cross over in 

the two dielectric components ( < ε) just on entering the low temperature 

anticlinic phase, i.e., causing the ε values to be negative in the Sm-Ca phase. 

On further cooling, the two permittivity components (ε, ε) retain their trends 

but the enhancement in ε or the decrease in ε is now quite gradual. Hence, a 

temperature dependent sign reversal in the dielectric anisotropy is observed 

within the anticlinic smectic C phase for all the hockey stick-shaped 

compounds under study. Similar sign inversion in  has formerly been 

observed in the Sm-Ca phase for a related three ring hockey stick-shaped 

compound [23] and has also been reported by others for symmetric bent-shaped 

nematogens [24] and for some calamitic molecules as well [25]. This anomaly 

may be explained by considering a drastic re-orientation of the molecules at the 
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phase transition: the molecular long axes are oriented parallel to the aligning 

surface in the Sm-Cs phase of the surface aligned bulk sample and the layers 

are tilted with respect to the surface. However, the anticlinic arrangement of the 

molecules in the Sm-Ca phase forces the layers to align parallel to the surface 

and the molecular long axes to be tilted with respect to it. Such a tilted 

molecular arrangement in the Sm-Ca phase certainly causes a significant drop 

in the parallel component of the molecular dipole moment (), i.e., along the 

molecular long axis and thereby reduces the longitudinal component of 

dielectric permittivity (ε) to a considerable extent. Additionally, the dipole–

dipole interactions between molecules of the same smectic layer are stronger 

than those between molecules of adjacent layers. This causes an enhancement 

in the antiparallel dipolar correlation along the molecular director which lowers 

the ε values, too. For calamitic molecules the details of the analysis regarding 

such interactions and their influence on the molecular parameters have already 

been reported by de Jeu et al. [25]. Moreover, from previous NMR 

conformational studies [26] for a group of closely related hockey stick-shaped 

compounds, it has also been found that the hockey stick-shaped molecule 

behaves more or less like a calamitic (rod-like) molecule in orthogonal and 

synclinically tilted smectic phases, resulting in the normal temperature 

variation of the dielectric parameters. However, at the transition to the smectic 

Ca phase due to the reorientation in the molecular part containing the 3-

alkyloxyphenyl fragment a more hockey stick like shape is attained and the 

effect of the structural bent on the mesogenic behavior becomes more 

pronounced. Such conformational change of molecular fragment may also be 

associated with the present system as well, although the entire scenario may be 

more complex and an exact knowledge requires a precise conformational 

analysis as have been done based on NMR measurements in Ref. [26]. 

Recently, an inversion in dielectric anisotropy has also been observed for an 

achiral bent-shaped nematogen at the Sm-C–N transition by Sathyanarayana et 

al. [24]. They have argued that along with the effect of enhanced antiparallel 
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dipolar correlation along the molecular long axis, the formation of smectic 

layering and the rotational hindrance emerging from the local layer packing of 

the bent molecules also have a crucial influence both on the reduction of the ε 

values as well as affecting the rate of variation of the same with temperature. 

The present study seems to fit well with the above model in which the plausible 

conformational alteration of the hockey stick-shaped compounds indeed causes 

the molecules to behave more like a bent shaped structure rather than the 

simple straight-core geometry and leads to a considerable diminution in ε for 

the reasons discussed above. 

For compounds 1 and 2, a significant pretransitional effect is observed in 

the vicinity of the Sm-Ca–N phase transition, may be due to the strong growth 

of the cybotactic clusters and the enhancement in their dimension which again 

stimulates the smectic like behavior prior to that transition. 
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(a) 

Figure 5.2. Temperature variation of dielectric parameters [ε║, ε, εav, εiso and 

ε (inset)] for (a) compound 2. 
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        (b) 

Figure 5.2. (cont’d). Temperature variation of dielectric parameters [ε║, ε, εav, 

εiso and ε (inset)] for (b) compound 4. 
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Figure 5.3. Temperature dependence of the dielectric anisotropy (Δε) in the 
nematic phase for the compounds 1–4. 
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Moreover, due to the contribution from the orientational polarization and 

density, although it is anticipated that the average component of the dielectric 

permittivity (εav) will increase with the lowering of temperature [27], in the 

present case for all the compounds it was found that the value of the isotropic 

dielectric permittivity (εiso) extrapolated in the mesophase is always greater 

than the average component of the dielectric permittivity (εav). Such a behavior 

is perhaps due to the antiparallel correlation between the neighboring molecular 

dipoles in the mesogenic medium [28].  

Furthermore, recently, a number of attempts have been made to 

investigate the pretransitional effects at the N–I phase transitions in calamitic 

molecules [29–33]. However, for hockey stick-shaped molecules, no such 

report has been made so far. Hence, it is also of much interest to study the 

pretransitional behavior at the N–I phase transitions in the hockey stick-shaped 

compounds under investigation. For this purpose, the temperature dependence 

of the static dielectric permittivity in the isotropic phase can suitably be 

employed for obtaining a reliable description of the pretransitional behavior at 

the N–I phase transition. In the last few decades, the mean field model has been 

found to be unsuccessful in explaining the experimental observations from 

linear and non-linear dielectric permittivity studies. Recently, a fluid like model 

[34, 35] has been proposed which has successfully described the pretransitional 

behavior at the N–I transition. According to this model, the temperature 

dependence of the isotropic dielectric permittivity can be well described by the 

following fluid-like equation [29, 30, 33, 35, 36]:  

                                              (5.1) 

where T* represents the extrapolated temperature of a virtual continuous phase 

transition. ε* is the value of iso at T = T*. aT and AT refer to the critical 

amplitudes and α is the critical exponent similar to the specific heat capacity 

critical exponent.  
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In this study, all the hockey stick-shaped compounds were heated to 15 ° 

to 20 °C above the sample clearing temperature (TNI) and then the dielectric 

permittivity data were recorded upon slow cooling (rate 0.5 °C min-1) at a 

frequency of 10 kHz. The temperature dependences of iso for all the 

compounds so obtained were fitted with equation (5.1). An overview of the 

temperature-dependent variation of iso for all the compounds is shown in figure 

5.4. The fits to equation (5.1) are displayed as solid lines and the corresponding 

outcomes for the fit parameters are listed in table 5.1. As reflected from table 

5.1, the extracted α values lie between 0.498 and 0.508 for the different 

compounds and thereby concurs well with the tricritical hypothesis (TCH) 

(αTCH = 0.5) of Keyes [37] and Anisimov et al. [38, 39], indicating a first-order 

character of the N–I transition. Furthermore, the discontinuity of the N–I 

transition ΔT*(= TNI - T
*) has  been found  to be in the range of 5.5–9 K for the 
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Figure 5.4. Temperature dependent variation of the dielectric permittivity (εiso) 
in the isotropic phase for the compounds 1–5. The solid lines are fit to equation 
(5.1). Star symbol presents the fitted dielectric permittivity value corresponding 
to the temperature T*. Arrow denotes the nematic–isotropic phase transition 
temperature (TNI). 
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compounds under investigation, being least for compound 5. This discontinuity 

may be treated as a measure of the bending in the temperature dependence of 

εiso, being less for a greater bending and vice-versa. Hence, in this study a 

relatively small ΔT* value for compound 5 indicates a greater bending of εiso vs. 

T curve close to the N–I phase transition perhaps owing to greater pre-nematic 

fluctuations induced by the pseudo nematic domains formed within the 

isotropic phase.     

Table 5.1. Results corresponding to the fit for εiso in the isotropic phase 
obtained in accordance with equation (5.1).  

Comp-
ound 

T* in K ε* aT AT α 

1 373.6 ± 1.6 3.91 ± 0.02 
-0.0138 ± 

0.0003 
0.0051 ± 
0.0004 

0.498 ± 0.009 

2 373.7 ± 0.9 3.93 ± 0.02 
-0.0177 ± 

0.0003 
0.0087 ± 
0.0004 

0.502 ± 0.006 

3 374.8 ± 0.7 3.84 ± 0.01 
-0.0142 ± 

0.0002 
0.0055 ± 
0.0002 

0.508 ± 0.004 

4 377.7 ± 0.5 3.43 ± 0.01 
-0.0134 ± 

0.0001 
0.0050 ± 
0.0003 

0.501 ± 0.003 

5 377.6 ± 0.6 3.34 ± 0.02 
-0.0151 ± 

0.0005 
0.0056 ± 
0.0004 

0.507 ± 0.007 

 

5.4.   Elastic constant measurements 

In the present system, an electrically driven Freedericksz transition was 

achieved in the N and Sm-Cs phases by applying a threshold field (Vth) of about 

2–3.5 V and 3.5–4 V respectively. The voltage dependence of the capacitance 

for compound 3 filled planar cell (thickness 5 µm) has been presented in figure 

5.5. For all the compounds, the Freedericksz threshold increases more or less 

monotonically with lowering of temperature and then exhibits a continuous 

variation across the Sm-Cs–N transition. Such a smooth change may be 
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attributed to the short range smectic fluctuations existing throughout the N 

phase. However, a finite discontinuity is observed in the measured value of Vth 

at the Sm-Ca–N or Sm-Ca–Sm-Cs transition with Vth attaining a value of about 

10.5 V, after which the threshold again continues to increase with further 

lowering of temperature. 
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Figure 5.5. Voltage dependence of the capacitance of the sample-filled planar 
cell at different temperatures for compound 3. 

Figures 5.6(a)–(b) depict the temperature dependence of the splay (K11) 

and bend (K33) elastic moduli for the four hockey stick-shaped molecules 1–4. 

In the N phase, it is observed that the splay modulus exhibits a linear 

enhancement in magnitude from ~ 0.5 pN to ~ 6–8 pN with decrease in 

temperature. In agreement with the continuous nature of the variation of the Vth 

values, the K11 values too show no pretransitional divergence in the vicinity of 

the nematic to the low temperature smectic phase transition. The bend elastic 

constant (K33) however, is more or less independent of temperature in the entire 

nematic range except for compounds 1 and 2, where a strong divergence is 

observed on approaching the low temperature anticlinic smectic phase perhaps  
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                                                                 (b) 

Figure 5.6. Temperature dependence of the splay (K11) and bend (K33) elastic 
constants for (a) compound 1 and compound 2; (b) compound 3 and  
compound 4. 
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due to the pre-smectic type influences. Such divergence in K33 values has also 

been revealed for rod-like and other various reduced symmetry molecules by 

different research groups [24, 40–42] as well as in converse, for a few other 

bent-core compounds the absence of any trace of pre-transitional divergence 

have also been reported [17, 43]. However, for bent-core nematogens the non-

existence of any divergence for K11 clearly infers the contradiction to the 

theories developed by de Gennes [44] and Chen and Lubensky [45] predicting 

divergence of all the three components of Frank elastic constants near the    

Sm-C–N transition. 

The most intriguing feature is that although the values of K33 near the 

clearing temperature and close to the Sm-Ca–N transition are comparable to 

those for K11, well within the nematic phase the values of K33 are always 

substantially smaller than the corresponding K11 values giving rise to negative 

values of the elastic anisotropy (K33 - K11) with K33 achieving values even less 

than one fourth of that of K11. Such an atypical behavior is nearly non-existent 

in the field of conventional calamitic LCs. Nevertheless, the present result is in 

good agreement with the previous findings for the bent-core resorcinol 

derivatives (as mentioned in chapter 3) as well as with that of others for distinct 

bow-shaped nematogens embracing diverse form of core structures [17, 19, 24, 

43, 46]. For a number of symmetric and asymmetric bent-shaped nematogens it 

has been found that the elastic anisotropy remains negative in the entire 

nematic range with K33 being either independent of or reluctantly dependent on 

temperature, while in some cases K33 is found to be strongly diverging on 

approaching the low temperature higher ordered phase. Sathyanarayana et al. 

[24] have accounted for such behavior by considering the coupling of the kink 

shape of the molecules with the bend-distortion in the medium leading to lower 

effective K33 values, while, Majumdar et al. [46] have suggested that along 

with the molecular shape, the formation of the highly correlated local domains 

with tilted smectic configuration also remarkably influences the softening of 

both K22 and K33 relative to K11. From atomistic modeling calculations, Cestari 
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et al. [47, 48] have shown that a minor diversity in the extent of curvature in 

the bent molecular conformation has a dramatic influence on the bend elastic 

constant while a strong enhancement in the molecular non-linearity can 

deliberately reduce K33 and even may yield negative values for a significantly 

higher ordering. Recently, for an oxadiazole bent-core material Kaur et al. [43] 

have also reached the same conclusion evoking the extreme dependence of K33 

on the structural geometry, especially on the magnitude of bend in the core 

moiety. They have also argued that for bent-core molecules along with the 

molecular form and population of conformers, the possibility of the existence 

of short range cybotactic clusters can merely lead to a state where the effective 

molecular width (Weff) becomes greater than the length (L) of the molecules 

and thereby results in a smaller value of K33 than K11. The present hockey stick-

shaped compounds also possess a more or less bent molecular shape. Here, the 

steric interaction between the methyl group and the neighboring alkoxy chain 

in meta-position perhaps induces a more rod-like shape thereby facilitating the 

formation of the nematic phase at higher temperatures. However it is probable 

that the divergence from the angular shape is not very significant which 

perhaps leads to a considerably smaller value of K33. The K33 values as obtained 

from the experimental data are of the order of 1–2 pN which are nearly of the 

same order for symmetric bent-core molecules. Moreover, small angle X-ray 

diffraction measurements also clearly indicate a smectic like short range 

ordering, present as an intrinsic part of the nematic phase structure, which 

further lowers K33 by enhancing the effective molecular width.  

5.5.   Rotational viscosity measurements 

The molecular relaxation time (τ0) was determined in the nematic phase 

from both the optical and capacitive study of the molecular decay dynamics. 

For all the four samples (compounds 1–4) the temperature dependant variations 

of the relaxation time (τ0) are presented in figures 5.7(a)–(b). It is observed that 

the results obtained from the two independent methods are in good agreement 
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with one another, having a small difference of about 10%–15%. Determination 

of rotational viscosity (γ1) was also carried out by utilizing equation (2.19) and 

the temperature dependences of the same are illustrated in figures 5.8(a)–(b). 

Rotational viscosity is found to assume values between ~ 30 mPa s and          

90 mPa s in the immediate vicinity of the N–I transition, following which it 

increases monotonically with decreasing temperature, certainly due to an 

increase in the orientational ordering of the mesogenic medium and finally 

diverges on approaching the low temperature smectic phase. Recently a 

number of experimental studies revealed that the rotational viscosity assumes 

dramatically high values for angular mesogenic structures [16, 17, 19], in some 

circumstances being nearly an order of magnitude higher than those of normal 

calamitics. Such an intriguing behavior has been attributed to the formation of 

smectic-like clusters utilizing the shape anisotropy and the strong transverse 

dipolar contribution, emerging from the kink shape of the bent-core molecules 

[16]. The occurrence of such clusters and their rigorous influence on the phase 

behavior of bent-core nematics has also been demonstrated by different 

research groups [12, 46, 49–53]. As stated above, for the system under study, 

small angle X-ray data also clearly validates the presence of such short range 

Sm-C like ordering. However, despite such clustering, the γ1 values are found 

to be considerably smaller than in many pure bent-core systems [16, 17]. 

Moreover, these values are slightly higher than those obtained for several usual 

calamitic systems and their mixtures [14, 15]. In spite of the presence of bend, 

such a calamitic like behavior is perhaps due to the fact that the steric 

interaction between the methyl group and the neighboring alkoxy chain in meta 

position of the terminal phenyl ring possibly partially trims down the effect of 

molecular curvature, thereby lowering the short range macroscopic clustering 

effect to some extent over the mesomorphic range. 
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                                                                 (b) 

Figure 5.7. Temperature dependence of the relaxation time (τ0) in the nematic 
phase for (a) compound 1 and compound 2; (b) compound 3 and compound 4 
measured from both optical method and capacitance method. 
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                                                                 (b) 

Figure 5.8. Temperature dependence of the rotational viscosity (γ1) in the 
nematic phase for (a) compound 1 and compound 2; (b) compound 3 and 
compound 4 as obtained from both optical and capacitance method. 
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The temperature dependence of γ1 was fitted with equation (3.5) using 

the values of the orientational order parameter (S) determined from 

birefringence measurement. The variations of ln(γ1/S) with 1/T for compound 1 

from capacitance measurement is illustrated in figure 5.9. From the slope of the 

curve the associated activation energy (Ea) can be evaluated. Activation energy 

is found to be about 145 kJ mol-1 and 153 kJ mol-1 for compounds 1 and 2 

respectively. However, due to the limited range of the nematic phase, it was not 

possible to measure the Ea values with the desired degree of accuracy for 

compounds 3 and 4 because of the unavailability of an adequate number of data 

points. It is observed that the measured Ea values are about an order of 

magnitude higher than those for conventional calamitic molecules. Probably in 

the vicinity of phase transitions, due to the rapid increase in the cluster size, the 

molecular motion is affected by the strong pretransitional fluctuations leading 

to  such  quite  high  Ea  values.  However,  as  the  Ea  values  obtained  are  the  
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Figure 5.9. Variation of ln(γ1/S) with (1/T) for compound 1 () from 
capacitance method. Solid line () represents best fit of the data to equation 
(3.5).  
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average over the entire N phase, the narrowness of the N phase and the 

presence of strong correlation among the smectic like structural aggregates may 

also be responsible for such high activation energies. The occurrence of high 

activation energy near the transition concurs well with the findings of Jadżyn et 

al. [32] from dielectric measurements in rod-like molecules. 

The molecular curvature and inter-molecular interactions certainly have 

a remarkable influence on the phase behavior and structure-property 

correlations of bent-shaped nematogens. Unlike interactions in conventional 

nematics, comprising only nearest neighbor correlations, the shape induced 

periodic interactions suffered by the bent molecules preferably lead to a 

simultaneous breaking of translational symmetry along the molecular long axis 

facilitating the formation of short range structural aggregates of the smectic 

type, persisting as an intrinsic part of the nematic phase structure throughout 

the mesophase. Furthermore, it has also been observed that for bent molecules 

a small modification in the molecular conformation and bend can significantly 

alter the phase behavior of the concerned mesogen [54]. Hockey stick-shaped 

mesogens have a molecular shape neither rod-like nor banana-shaped with the 

location of the bend quite shifted from the centre of the molecular core 

therefore exhibiting a number of mesophase sequences and phase 

characteristics intermediate between that for the classical calamitic and banana 

shaped molecules [55, 56]. For instance, despite the shape non-linearity for a 

group of five ring hockey stick-shaped materials with ester linkage, Novotná 

and others have observed no trace of dipolar order in the tilted smectic phases 

[57] perhaps indicating the absence of banana like packing, i.e., revealing a 

more rod-like behavior. Furthermore, as described in the previous chapter 

(chapter 4) conductivity measurements on the present hockey stick molecules 

also did not yield a conclusive polar answer. 

Hence, in this study a fascinating alliance of both rod-like properties (as 

to the magnitude and temperature variation of γ1) and angular like behavior (as 

to the temperature variation of dielectric constants and elastic moduli) has been 
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explored for the similar molecules. Such a remarkable feature is perhaps due to 

the collective domination of both the molecular curvature and segregation, on 

the static and dynamic behavior of bent molecules; however, the dependency 

on these two factors gets varied from one property to another one. Recently, for 

a five-ring achiral hockey stick-shaped nematogen the γ1 values have been 

found to be considerably higher than for classical calamitic ones [19]. Such a 

behavior is explained as partially due to the greater molecular weight of hockey 

stick molecules and to the presence of cybotactic clusters emerging from the 

rotational hindrance along the long axis of bent molecules. Comparing the 

present hockey stick-shaped compounds (3 aromatic rings) with those reported 

in Ref. [19] (5 aromatic rings) and with conventional bent-core compounds (in 

general 5 aromatic rings or more) their smaller aromatic cores and alkyl chains 

certainly induce less clustering in the nematic range. 

5.6.   Conclusions  
A systematic physical investigation has been carried out in the nematic 

phase of a few hockey stick-shaped liquid crystals with a laterally attached 

methyl group in the molecular core between the m-alkyloxy chain and 

azomethine connection group from optical birefringence, static dielectric, splay 

and bend elastic constants, relaxation time and rotational viscosity 

measurements. From birefringence measurements it has been observed that the 

Sm-Ca–N transition is of first order while the Sm-Cs–N transition is either of 

second order or weakly first order. The temperature variation of the dielectric 

permittivity exhibits a strong dependence on the anisotropic correlations among 

the hockey stick-shaped molecules while the dielectric anisotropy undergoes a 

sign-reversal from positive to negative values on entering the Sm-Ca phase, 

conceivably due to a substantial enhancement in the antiparallel dipolar 

correlation for the longitudinal dipolar component. From an analysis of the 

temperature dependence of dielectric permittivity in the isotropic phase, the 

pretransitional behavior at the nematic–isotropic phase transition has also been 
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explored. The extracted critical exponent (α) values have been found to be 

close to 0.5 and thus are in agreement with the tricritical hypothesis. Similar to 

the traditional bent-core compounds, in the present system as well, the bend 

elastic modulus (K33) was found to be significantly smaller than the splay one 

(K11), perhaps owing to the collective influence of both the coupling between 

the curved molecular profile and the bend deformation in the medium as well 

as the existence of comparatively highly ordered molecular aggregates within 

the N phase. Furthermore, although existing theoretical models demand the 

occurrence of a pretransitional divergence in the vicinity of the Sm-C phase for 

all the components of the curvature elastic constant (Kii), in the present study 

the K11 data do not demonstrate any such behavior, indicating an insufficiency 

of those models for dealing with bent-core as well as with hockey stick-shaped 

nematogens. Surprisingly, the measured nematic rotational viscosity (γ1) values 

being in the order of few tens to few hundreds of mPa s, certainly characterize 

the present materials with a more or less calamitic like behavior and thereby 

contradict the banana like appearance asserted by the elastic constant 

measurements. Such a fascinating outcome can merely be accounted for by 

considering the fact that like in conventional bent core compounds, for hockey 

stick-shaped nematogens as well, different shape correlated molecular 

interactions and eccentric phase-structure modifications (e.g., strong rotational 

hindrance, significant clustering within the mesophase) take place but to a 

somewhat less extent and that is why they promote a number of such 

remarkable phenomena some of which pertain to calamitic LCs while some 

other are related to the bent core compounds, again some are completely 

intermediate between both of them. However, the entire scenario is still not 

clear requiring further investigations including synthesis of new mesogenic 

compounds with a variety of conformations and also detailed theoretical 

approaches. 
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CHAPTER 6 

 

Mesomorphic properties of a few multi-
component liquid crystalline mixtures of 
hockey stick-shaped molecules 
 

 

6.1.   Introduction  
Molecular conformation and their association in the mesophases are of 

fundamental importance in determining the structure-property correlations and 

hence, the phase behavior of mesogenic compounds. The hockey stick-shaped 

liquid crystals (LCs)bear an intriguing resemblance to a linkage between the 

two most extensively studied and interesting class of liquid crystalline 

materials –the rod-like and the banana-shaped compounds. They possess a 

kinked molecular shape that is highly asymmetric in nature regarding the 

position of molecular bend in their structure and thus demonstrates properties 

not being absolutely matching to any one of a single calamitic or symmetric 

bent-core liquid crystal. In the previous chapters (i.e., chapter 4 and 5), detailed 

investigations on mesomorphic properties, phase behavior and structural 

characteristics of five members of a homologous series of laterally methyl 

substituted hockey stick-shaped mesogens, 4-(3-n-alkyloxy-2-methyl-

phenyliminomethyl)phenyl 4-n-alkyloxycinnamates, from several experimental 

techniques have been reported. It has been found that steric interactions 

between the methyl group in the molecular core and the neighboring alkoxy 

chain in the meta-position have appeared to play a vital role in deciding the 

overall molecular conformation and the resulting phase-structure in them. A 
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fascinating coexistence of both calamitic and bent-core like features has also 

been found in these molecules.  

Furthermore, the constant development in the field of display and other 

technological applications of liquid crystals such as optical switches, 

temperature sensors, optical imaging and recording, medical applications, non-

destructive mechanical testing of materials under stress, beam steering, 

tweezers, laser projection etc., necessitates LC materials with desired 

temperature range of mesophase stability, such as wide nematic range and 

suitable combination of physical characteristics, for example, high optical 

birefringence (Δn), large dielectric anisotropy (), low rotational viscosity 

(γ1), small absorption coefficient, good photo- and thermal stability etc. Such 

optimum combination of material properties cannot be manifested in a single 

compound requiring the formulation of multi-component liquid crystalline 

mixtures for optimizing the parameters for a specific application [1–9].  

The multi-component liquid crystalline mixtures have usually been 

observed to demonstrate properties, varying significantly from those of the 

pure compounds used for formulating those mixtures. In such mixtures, the 

range of different mesophases has also usually been observed to be modified 

considerably relative to those in the pure mesogens. Even in some cases they 

have also been found to be associated with the appearance of new mesophase 

sequences. Moreover, the properties of the mixtures can be suitably tuned by 

proper choice of compounds and their relative composition in those mixtures. 

Therefore, it is of great interest to study the mesomorphic properties of multi-

component eutectic mixtures comprising of hockey stick-shaped liquid crystals 

and to observe the resultant molecular influence on the nematic range, ordering 

and material parameters. Wide nematic range is essential if the LC device is to 

be operated in a broad temperature range. 

This chapter deals with the study of optical, dielectric and visco-elastic 

properties of a few multi-component eutectic mixtures of the above mentioned 

laterally methyl substituted hockey stick-shaped liquid crystals. Three mixtures 
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were prepared, comprising of varying number of pure components and their 

mesomorphic properties, were studied from the measurements of the 

temperature dependence of the optical birefringence, static dielectric constants, 

splay elastic modulus, relaxation time and rotational viscosity. The outcomes 

have been compared with those of the pure compounds used for formulating 

those mixtures and accounted for by considering the unusual shape-determined 

correlation among the molecules of different homologs and their association in 

the mesophases.    

6.2.   Formulation of multi-component mixtures 

The phase transition behavior of the pure hockey stick-shaped 

compounds, 4-(3-n-alkyloxy-2-methyl-phenyliminomethyl)phenyl 4-n-

alkyloxycinnamates 1–5, have already been presented in chapter 4 (table 4.1). 

They demonstrate a nematic (N) phase in addition to an anticlinic smectic C 

(Sm-Ca) phase or the I–N–Sm-Cs–Sm-Ca phase sequence. Tri-, tetra- and penta- 

component systems were prepared from suitably chosen members of the above 

homologous series. The molar ratios of the individual components in the 

mixtures at the eutectic composition were theoretically computed by solving 

the Le Chatelier, Schröder and Van Laar (CSL) equation [10–15]: 

                                             ln ∆
                                       (6.1) 

satisfying the condition,   

                                                     ∑ 1                                                (6.2) 

where, T presents the melting point of the eutectic mixture having xi moles of 

the component “i”. ∆  and  are the molar enthalpy of fusion (in J mol-1) 

and the melting temperature values (in K) of that pure component respectively 

and R is the universal gas constant (8.31 J mol-1 K-1). The different mesophases 

and related phase transition temperatures of these mixtures were identified by 

studying the sample texture under a polarizing optical microscope (Motic BA 
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300) equipped with a Mettler FP900 hot stage and also from the optical 

transmission measurements (table 6.1).  

Table 6.1. Transition temperatures (°C) of the mixtures consisting of the 4-(3-
n-alkyloxy-2-methyl-phenyliminomethyl)phenyl 4-n-alkyloxycinnamates. a  

Mixture Compound Cr  Sm-Ca  Sm-Cs  N  I 

1 1+2+4  33.4   - 100.4  109.5  

2 1+2+4+3  38.5   - 98.9  107.4  

3 1+2+4+3+5  36.2  101.7  102.5  110.1  
 
Notes:   
a Transition temperatures from optical transmission measurements. 
: Represents the corresponding phases are present; —: represents the absence of the phase. 

The theoretical eutectic values of transition temperatures were compared 

with those obtained from the optical transmission study (table 6.2) and were 

found to be fairly in accord with one another. 

Table 6.2. Molar composition of the pure components and comparison of the 
theoretical and experimental transition temperatures of the eutectic mixtures.   

Mixture Compound Mole ratio Theoretical Experimentala 

1 

1 

2 

4 

0.343 

0.361 

0.296 

Tm = 38.9 °C 

Tc = 110.4 °C 

Tm = 33.4 °C 

Tc = 109.5 °C 

2 

1 

2 

4 

3 

0.228 

0.282 

0.213 

0.276 

Tm = 32.0 °C 

Tc = 111.0 °C 

Tm = 38.5 °C 

Tc = 107.4 °C 

3 

1 

2 

4 

3 

5 

0.217 

0.273 

0.205 

0.267 

0.037 

Tm = 31.2 °C 

Tc = 110.9 °C 

Tm = 36.2 °C 

Tc = 110.1 °C 

 
Notes:   
a Transition temperatures from optical transmission measurements.  
Tm: Represents the melting temperature; Tc: represents the clearing temperature. 



                                         

                                                                                                          Chapter 6 

175 
 

It has been observed that the tri-component mixture or mixture 1 and the 

tetra-component mixture or mixture 2 exhibits only the Sm-Ca phase below the 

N phase whereas the penta-component mixture or mixture 3 shows the N–Sm-

Cs–Sm-Ca mesomorphism. The nematic width is nearly identical in mixtures 1 

and 2 and is slightly less in mixture 3. Interestingly, despite the sufficient 

proportions of the higher homologs (those with longer terminal chain) with 

nematic ranges ~ 5 °C in them, all the mixtures demonstrate a relatively 

increased nematic ranges of about 7.5 °C – 9 °C.  Perhaps, the lower homologs 

play the key role in deciding the phase-structure, favoring the stabilization of 

the nematic phase in the mesogenic medium. 

 6.3.   Optical birefringence measurements 

Measurement of optical birefringence (Δn = ne - no, where no and ne 

represents the ordinary and extraordinary components of the refractive indices 

respectively) has been carried out from both from thin prism method and high 

resolution optical transmission technique. The temperature dependence of Δn 

for the three mixtures at a wavelength of λ = 632.8 nm as obtained from these 

two methods has been displayed in figures 6.1(a)–(c). Such dual measuring 

procedures enable one to get a rather precise description of the measured 

parameter (i.e., Δn) within the mesophases. The measured data covers the 

nematic as well as the low temperature smectic C phase or phases from the 

optical transmission method. However, in thin prism technique the 

measurements were carried out in the nematic phase only due to strong 

absorption in the LC medium within the Sm-C phase. Now, similar to the 

previous work concerning the characterization of the pure hockey stick-shaped 

compounds, in this study as well, the agreement between these two sets of data 

is found to be reasonably good within the limit of experimental uncertainty. 

Even though, well within the N phase, n values obtained from the thin prism 

technique are found to be slightly smaller than those obtained from the optical 

transmission  measurements.  The  reason  behind  such  trivial  discrepancy  is   
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        (b) 

Figure 6.1. Experimental values of refractive indices no and ne and 
birefringence (Δn = ne - no) as a function of temperature for (a) mixture 1; (b) 
mixture 2.  : no;  : ne;  : niso;  : nav;  : birefringence (from thin prism 
method);  : birefringence (from optical transmission measurement). 
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      (c) 

Figure 6.1. (cont’d). Experimental values of refractive indices no and ne and 
birefringence (Δn = ne - no) as a function of temperature for (c) mixture 3.       
 : no;  : ne;  : niso;  : nav;  : birefringence (from thin prism method);  
 : birefringence (from optical transmission measurement). 

perhaps the difference between the thicknesses of sample between the substrate 

plates of thin prisms and thin liquid crystal cells as used in the two methods 

and the related surface anchoring strength. 

The temperature dependent variation of the principal refractive indices 

no and ne, the average refractive index (nav) and the refractive index in the 

isotropic phase (niso) for the three mixtures, are also shown in the insets of 

figures 6.1(a)–(c). Both no and ne demonstrates a sharp change close to the N–I 

phase transition and then vary relatively slowly within the N phase. The 

average component of the refractive index nav has values close to the isotropic 

refractive index niso, which again is in agreement with the findings for the pure 

hockey stick-shaped compounds and also for few other bent-shaped mesogens 

[16].  
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The temperature dependence of Δn has also been found to be quite 

similar to that of the pure compounds i.e., on cooling demonstrates a sharp 

increase following the N–I phase transition, then enhances relatively slowly 

throughout the N and Sm-Cs phases, shows a rapid decrease at the Sm-Cs–Sm-

Ca phase transition and finally becomes more or less constant over the entire 

Sm-Ca phase. Now, in an attempt to make a comparison between the 

magnitudes of Δn in the N phase for the different mixtures from the two 

dissimilar procedures, a comparative presentation of the same is made in 

figures 6.2(a)–(b) from refractive index study and optical transmission 

measurements respectively. Mixtures 1 and 2 are found to possess almost 

identical values of Δn over the N phase from both the measuring processes 

while Mixtures 3 shows a slightly lower values of Δn well within the N phase 

relative to the other two. Furthermore, all the mixtures demonstrate Δn values 

relatively less than that of the pure compounds (except for compound 1).  
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        (a) 

Figure 6.2. Temperature dependence of the birefringence (Δn) in the nematic 
phase for the mixtures 1–3 from (a) thin prism method. 
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      (b) 

Figure 6.2. (cont’d).  Temperature dependence of the birefringence (Δn) in the 
nematic phase for the mixtures 1–3 from (b) optical transmission measurement. 

6.4.   Static dielectric permittivity measurements 

The temperature dependences of the dielectric parameters [, ε, iso and 

εav = {1/3(2+)}] for two representative mixtures 1 and 3 are shown in 

figures 6.3(a)–(b). The variation of the dielectric anisotropy ( =  - ) in the 

N phase for all the mixtures are also shown in figure 6.4. On cooling from the 

isotropic phase, below the N–I phase transition,  values have been found to 

enhance rapidly, leading to the formation of a broad maximum within the N 

phase and then gradually decrease on approaching the low temperature smectic 

C phase. A noticeable pretransitional depression in  has been observed in 

vicinity of the Sm-Ca–N or Sm-Cs–N phase transition, perhaps owing to the 

considerable growth of the Sm-C like cybotactic clusters in the mesogenic 

medium close to those transitions in which the tilted organization of the 

molecules causes a significant drop in the longitudinal component (i.e., along 

the molecular long axis) of the molecular dipole moment () and hence, in the 
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related component of dielectric permittivity (). Within the nematic and Sm-Cs 

phases, the anisotropy () has always been found to take on small positive 

values. However,  exhibits a pronounced drop on entering the low 

temperature anticlinic smectic C phase, causing a cross over in the two 

dielectric components ( < ε) just below the Sm-Ca–N or Sm-Ca–Sm-Cs phase 

transition, resulting in negative values of  which continues throughout the 

entire low-temperature Sm-Ca phase. Thus, similar to those observed for pure 

components, here as well, a temperature dependent sign reversal in the 

dielectric anisotropy is observed within the Sm-Ca phase of all the investigated 

mixtures. Similar sign inversion in  has been reported for other symmetric 

bent-core and hockey stick-shaped liquid crystals [17, 18] as well and the 

possible reasons behind such a typical behavior have previously been discussed 

in chapter 5. Moreover, the average component of the dielectric permittivity 

(av) for the mixtures in  all  the  mesophases  is observed  to  be always smaller  
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        (a) 

Figure 6.3. Temperature variation of dielectric parameters (ε║, ε, εav and εiso) 
for (a) mixture 1. 
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        (b) 

Figure 6.3. Temperature variation of dielectric parameters (ε║, ε, εav and εiso) 
for (b) mixture 3. 
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Figure 6.4. Temperature dependence of the dielectric anisotropy (Δε) in the 
nematic phase for the mixtures 1–3. 
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than the extrapolated isotropic dielectric permittivity (iso). As mentioned 

previously in chapter 5, such a lowering is probably due to the antiparallel 

correlation among the neighboring mesogenic molecules [19]. In fact, such an 

outcome also indicates that the dipole–dipole interactions are relatively much 

stronger in the mesophases compared to that in the isotropic state. 

The dielectric anisotropy (∆ε) values have been found to be more or less 

identical for the three mixtures over the nematic range. Interestingly, the 

obtained ∆ε values are relatively greater than that for all the pure components.  

6.5.   Elastic constant measurements 

The temperature dependence of the splay elastic modulus (K11) for the 

three multi-component mixtures, consisting of the hockey stick-shaped 

molecules is illustrated in figure 6.5. In the N phase, it has been observed that 

the splay modulus is nearly identical for all the three mixtures and exhibits a 

monotonic enhancement in magnitude from ~ 0.7 pN to ~ 11.9–13.8 pN with 

decrease in temperature. Similar close resemblance in magnitude of K11 has 

also been reported by Sathyanarayana et al. for mixtures comprising of bent-

core and calamitic units [20]. With change in mole fraction of the bent-core 

compound, they have found almost no variation in K11 values at a specific 

temperature and explained that by considering the structural similarity between 

two different kinds of molecules present in those mixtures. In our study as well, 

the near likeness in the molecular structure of the pure hockey stick-shaped 

compounds leads to practically identical values of K11 at a particular 

temperature for the different mixtures. These obtained K11 values are again 

slightly higher than those for the pure components, where the magnitude of K11 

has found to vary between ~ 0.5 pN and ~ 6–8 pN within the N phase. For all 

the mixtures, the increase in K11 is linear on the temperature scale in the N 

phase. Moreover, like the pure components, here as well, no trace of 

pretransitional divergence is observed in the temperature dependence of K11 in 

vicinity of the nematic to the lower smectic C transition. Such non-existence of 



                                         

                                                                                                          Chapter 6 

183 
 

pretransitional divergence of K11 has also been observed in many symmetric 

bent-core [18, 21, 22] and hockey stick-shaped liquid crystals [23] and also in 

their mixtures with calamitic molecules [20], which again contradict the 

theories developed by de Gennes [24] and Chen and Lubensky [25], envisaging 

divergence of all the three components of Frank elastic moduli in vicinity of 

the Sm-C–N transition.  
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Figure 6.5. Temperature dependence of the splay elastic constant (K11) for the 
three mixtures under study. 

6.6.   Rotational viscosity measurements 

In this study, the molecular relaxation time (τ0) of the multi-component 

mixtures was determined from the capacitive study of the molecular decay 

dynamics in the N phase. The temperature dependant variations of τ0 for all the 

three mixtures (mixtures 1–3) are presented in figure 6.6. From the measured τ0 

and K11 values, the rotational viscosity (γ1) values have also been evaluated 

following  equation (2.19)  and the temperature dependence of  the same for all  
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of the investigated mixtures are shown in figure 6.7. On cooling from the I 

phase, rotational viscosity takes on values between ~ 53 mPa s and 91 mPa s in 

the immediate vicinity below the N–I transition, following which it enhances 

monotonically with decrease in temperature, indicating a steady increase in 

orientational order. In the neighborhood of the Sm-C–N transition, γ1 is found 

to assume values close to 352–456 mPa s. These obtained values are again 

relatively higher than those for many known rod-like molecules [26, 27] and 

also their mixtures. However, they are significantly smaller than the reported 

values of γ1 for different bent-core compounds [21, 28]. Moreover, similar to 

the temperature dependence of K11, in the temperature variation of γ1 as well, 

no appreciable pretransitional divergence is observed close to the Sm-C–N 

transition. Such outcome is possibly due to the fact that formation of cybotactic 

clusters with smectic-like layered structure and their subsequent growth on 

lowering the temperature causes a significant obstruction to molecular 

rotational motion and results in a relatively larger γ1 values with respect to 

normal calamitics. As discussed in chapter 4, the existence of such Sm-C like 

clusters in the N phase in the pure hockey stick-shaped compounds, has already 

been confirmed from the study of the small angle X-ray scattering data. 

  The extracted γ1 values at the same reduced temperature are found to be 

either slightly higher or close to those of the pure compounds. Furthermore, γ1 

values are nearly identical for all the three mixtures. However, for mixture 1, 

well within the phase, γ1 is slightly lower than the other two mixtures. Such 

outcomes in fact indicate that the different factors influencing the molecular 

motions, such as formation and growth of smectic-like clusters utilizing the 

kinked molecular shape and transverse dipolar contribution from the bent-

molecules, remain almost unaltered in these combined systems compared to 

those in the pure components. Furthermore, variation of the components and 

their compositions in the mixtures also possess almost no impact on the 

resultant temperature dependence of rotational viscosity coefficient. 
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Figure 6.6. Temperature dependence of the relaxation time (τ0) in the nematic 
phase for the mixtures under study. 
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Figure 6.7. Temperature dependence of the rotational viscosity (γ1) in the 
nematic phase for the mixtures under study. 
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In an attempt to obtain an estimate of the activation energy (Ea) values in 

the N phase, the temperature dependence of γ1 is also fitted with equation (3.5). 

The required orientational order parameter (S) is extracted from the measured 

birefringence values following the procedures as discusses in section (2.2.5) of 

chapter 2. The variation of ln(γ1/S) with 1/T for mixture 3 is shown in figure 

6.8. From the slope of the curve the associated Ea values could be determined. 

Activation energy was found to be about 212 kJ.mol-1, 130 kJ.mol-1 and 169 

kJ.mol-1 for mixtures 1, 2 and 3 respectively. These values are close to those of 

the pure components, except mixture 1, for which Ea value is comparatively 

higher than those for the pure hockey stick-shaped liquid crystals.  
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Figure 6.8. Variation of ln(γS) with (1/T) for mixture 3 (). Solid line () 
represents best fit of the data to equation (3.5).  

6.7.   Conclusions  
Mesomorphic properties of a few multi-component liquid crystal 

mixtures of hockey stick-shaped compounds have been investigated. All the 

mixtures exhibit a N phase. In addition to that, the tri- and tetra- component 

mixtures show the Sm-Ca phase while the penta- component system shows two 



                                         

                                                                                                          Chapter 6 

187 
 

tilted smectic phases – the Sm-Cs and Sm-Ca with synclinic and anticlinic 

molecular configuration respectively. The nematic range in all the investigated 

mixtures is around 7.5 °C – 9 °C and is relatively greater than that in the three 

higher homologs (i.e., those with relatively longer terminal chain length) of the 

pure compounds. The optical birefringence assumes comparatively lower 

values for all the mixtures than that of the pure components. Similar to the pure 

hockey stick-shaped compounds, here as well, the dielectric anisotropy exhibits 

a temperature-dependent sign-inversion from positive to negative values on 

entering the low-temperature anticlinic smectic C phase. Furthermore, the 

obtained dielectric anisotropy and splay elastic modulus values have found to 

be relatively larger than those for the pure components. Also, the splay elastic 

modulus exhibits no trace of pretransitional divergence near the nematic to 

lower smectic C transition. At a fixed reduced temperature, the rotational 

viscosity values are either somewhat higher or nearly identical to those of the 

pure compounds. Moreover, the dielectric anisotropy, splay elastic constant and 

rotational viscosity have found to assume nearly identical values for all the 

mixtures. It is quite clear that in spite of the difference in composition of the 

mixtures and also the major variation in concentration of the constituents from 

one mixture to another, the various physical properties exhibit no significant 

variation. Perhaps it is the structural resemblance of the individual hockey 

stick-shaped molecules which lead to such alike behavior. Such outcomes also 

signify the key role of the molecular structure in deciding the intermolecular 

interactions in molecular association and hence, the phase-structure and 

mesomorphic behavior of liquid crystalline compounds.  
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CHAPTER 7 

 

Electro-optical properties of a few binary 
mixtures of chiral rod-like and achiral 
hockey stick-shaped molecules  
 

 

7.1.   Introduction  
Since the remarkable discovery of polar switching in achiral bent-core or 

banana-shaped compounds by Niori et al. [1], this class of mesogens has 

emerged as a field of considerable interest in liquid crystal research. Such a 

strong interest results from the exclusive structure-induced mesomorphic 

behavior and the exotic mesophase sequences revealed by the so-called banana-

shaped compounds [2–4]. Notably, the structural uniqueness of the banana 

molecules (i.e., presence of a structural bend at the molecular core between the 

two flexible side chains) causes a spontaneous breaking of mirror symmetry 

and thereby leads to the formation of several exceptional columnar and smectic 

modifications with ferro-, antiferro- or ferrielectric properties and even unique 

chiral mesophase morphologies [1–10]. Such exceptional findings, including 

the observation of giant flexoelectricity [11, 12], unprecedented behavior of 

electroconvection patterns [13–15], a considerable Kerr effect [16], unique 

rheological properties [17, 18] in such mesogenic compounds has had a 

tremendous impact on the general field of soft condensed matter research. 

It has also been observed that a trivial modification in conformation or 

structural composition or an alteration in the bend angle in such molecules can 

dramatically modify the phase-characteristics of the associated bent mesogens 
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and can even induce calamitic-like mesomorphism including nematic and 

layered smectics in them [19–22]. An intriguing example of such modulated 

structure is the hockey stick-shaped liquid crystals (LCs), where the lateral 

moieties attached to the central core, are asymmetrically configured on either 

sides of it, i.e., they possess a molecular shape, somewhat intermediate between 

the traditional rod-like and banana-shaped molecules. Such compounds are 

again much attractive in the sense that they can demonstrate a variety of 

atypical combinations of features pertaining to the fields of both symmetric 

bent-core and calamitic LCs. Moreover, the polar character of such compounds 

in calamitic-like Sm-C phases still remains not properly been understood. For a 

number of hockey stick-shaped mesogens, no feasible polar answer could be 

extracted from electro-optical measurements [23, 24]. However, there are also 

contradictory evidences of low, but clearly measurable spontaneous 

polarization in freestanding films formed by hockey stick-shaped liquid 

crystals [25]. Hence, it is of significant interest to study the resultant polar 

behavior from suitably prepared binary mixtures of hockey stick-shaped 

compounds with chiral rod-like liquid crystals. 

In this chapter, the results on electro-optical measurements of a few 

binary liquid crystal mixtures consisting of the hockey stick-shaped 4-(3-n-

decyloxy-2-methyl-phenyliminomethyl)phenyl 4-n-dodecyloxycinnamate and 

the antiferroelectric liquid crystal, (S)-MHPOBC have been described. 

Temperature dependences of spontaneous polarization, relaxation time, 

effective torsional viscosity and anchoring energy coefficients of the 

formulated mixtures have been investigated. The underlying aspects of the 

mutual interactions between the hockey stick-shaped and chiral mesogenic 

molecules and hence, the resultant modification in chiral environment of the 

host mesogenic medium has also been discussed.  
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7.2.   Materials    

The hockey stick-shaped liquid crystal, used for formulation of the 

mixtures, belongs to the homologues series of laterally methyl substituted, 4-

(3-n-alkyloxy-2-methyl-phenyliminomethyl)phenyl 4-n-alkyloxycinnamates 

with m = 12, n = 10 (compound 5 as described in chapter 4). The 

antiferroelectric compound (S)-4-(1-methyl-heptyloxy carbonyl) phenyl 4′-

octyloxybiphenyl-4-carboxylate (MHPOBC) was procured from Sigma 

Aldrich, USA (having purity higher than 99%) and has been used without 

further purification. The structural formulae and mesophase behavior of both 

the compounds (transition temperatures for MHPOBC are taken from Ref. 

[26]) are illustrated in figure 7.1. 

 

Cr 74.2 °C Sm-Ca 101.4 °C Sm-Cs 109.8 °C N 110.1 °C I 

(a) 

 

 

Cr 30 °C Sm-IA* 66.0 °C Sm-CA* 118.3 °C Sm-Cγ* 119.0 °C Sm-Cβ* 

120.7 °C Sm-Cα* 122.0 °C Sm-A 156 °C I 

(b) 

Figure 7.1. The chemical structure and phase behavior of (a) the hockey stick-
shaped compound (compound 5) and (b) the antiferroelectric calamitic 
compound [(S)-MHPOBC]. 
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Four mixtures have been prepared with molar concentrations of the 

hockey stick-shaped compound (xcomp.5) equal to 0.1, 0.2, 0.4 and 0.5. The 

phase behavior of the mixtures and phase transition temperatures were 

identified by studying the temperature dependant variation of microscopic 

sample texture under a polarizing optical microscope (Motic BA 300) equipped 

with a Mettler FP900 hot stage and also from the polarization reversal current 

response.  

7.3.   Texture observation  

The phase sequence and related phase transition temperatures of the four 

chiral-achiral mixtures consisting of hockey stick-shaped molecules are shown 

in figure 7.2. Upon cooling from the isotropic (I) phase, all the mixtures exhibit 

the following stable mesophase sequence, I–Sm-A–Sm-C*–Sm-CA*–Cr. 

However, the Sm-IA* phase could not be resolved in the present study both 

from polarizing optical microscopy and spontaneous polarization 

measurements.  
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Figure 7.2. Phase transition temperatures of the binary mixtures comprising the 
hockey stick-shaped compound 5 and the antiferroelectric (S)-MHPOBC. The 
transition temperatures correspond to those obtained from polarizing optical 
microscopy and spontaneous polarization measurements. 
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The clearing temperature (TNI) of all the mixtures were found to be 

lower than that of the pure (S)-MHPOBC and decreases linearly with increase 

in concentration of the achiral hockey stick-shaped compound, following the 

additive rule of mixture. 

The characteristic photographs in different mesophases of one of the 

mixtures with concentration xcomp.5 = 0.1 from polarizing optical microscopy 

(POM), are illustrated in figures 7.3(a)–(e). Upon cooling from the isotropic 

phase, just below the transition, a bâtonnets-shaped texture, characteristic of 

Sm-A phase appears [figure 7.3(a)]. With lowering of temperature, the 

bâtonnets grow anisotropically and then coalesce to form a fan-shaped texture 

of Sm-A phase [figure 7.3(b)]. From Sm-A phase the transition to the low 

temperature Sm-C* phase is accompanied by a very little or almost no change 

in optical texture [figure 7.3(c)]. Therefore, the observations from spontaneous 

polarization measurements were also considered in ascertaining the Sm-A–Sm-

C* phase transition temperatures of all the mixtures under investigation. In two 

of the mixtures with lower concentration of the hockey stick-shaped 

compound, i.e., xcomp.5 = 0.1and 0.2, the Sm-A widths are found to be close to 

one another and also to that observed in pure (S)-MHPOBC. However, 

considerable decrease has been observed in the other two mixtures having 

higher proportions of the hockey stick-shaped molecules, indicating a 

significant destabilization of the Sm-A phase in these mixtures. 

The transition into the low temperature Sm-CA*phase is accompanied 

by a distinctly observable change in the optical textures. The fan-shaped texture 

of the Sm-C* phase was found to be transformed into the Sm-CA* 

modification of a fan-shaped texture with irregular stripes across the fans 

[figure 7.3(d) and (e)]. Similar to the pure chiral component, in all the 

investigated mixtures, the antiferroelectric Sm-CA* phase was found to be the 

dominant one over the mesophases sequence, always possessing the maximum 

width compared to the other smectic modifications. Nevertheless, the Sm-CA* 
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range also suffers a substantial decrease for mixtures having greater share of 

the achiral mesogenic compound (xcomp.5 ≥ 0.4), indicating a significant 

influence of the hockey stick-shaped molecules on the packing arrangement 

and hence the phase-structure of the investigated binary system.  

 

                

                              (a)                                                          (b) 

              

                            (c)                                                              (d) 

 

(e) 

Figure 7.3. Photographs of the polarized optical microscopic textures for 
binary mixture with xcomp.5 = 0.1 during cooling in: (a) Sm-A phase at 141.8 °C, 
(b) Sm-A phase at 129.7 °C, (c) Sm-C* phase at 112.4 °C, (d) Sm-CA* phase at 
110.8 °C, (e) Sm-CA* phase at 108 °C. 
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7.4.   Spontaneous polarization measurements 

The dynamics of the polarization switching behavior in both the Sm-C* 

and Sm-CA* phases has been investigated in 5 μm planar or homogeneously 

aligned (HG) cells using a square wave field. The time-dependent switching 

response for one of the mixtures (xcomp.5 = 0.2) at 93.5 °C is shown in figure 7.4 

(Vpp = 38V, f = 20Hz). The extracted spontaneous polarization (Ps) values for 

the mixtures plotted as a function of reduced temperature (T/TC) from the Curie 

point TC (Sm-C*–Sm-A transition) is shown in figure 7.5. The overall profile of 

the temperature dependence of Ps was found to be similar to that of pure chiral 

compound, i.e., (S)-MHPOBC [27]. Furthermore, the change in the Ps curve is 

subtle in going from the Sm-C*–Sm-CA* transition, suggesting a second order 

nature of that transition. All the mixtures were found to demonstrate relatively 

lower values of polarization than that of (S)-MHPOBC [27]. At a fixed T/TC 

value, the spontaneous polarization assumes maximum value for the mixture 

comprising the highest share of the chiral component (xcomp.5 = 0.1), the 

obtained peak value being close to 110 nC cm-2 at T/TC = 0.858. An 

enhancement  in  concentration  of  the  achiral  hockey  stick-shaped  molecule  
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Figure 7.4. Switching voltage response observed in the Sm-CA* phase of the 
mixture xcomp.5 = 0.2 at 93.5 °C under the applied square wave voltage. 
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causes a subsequent drop in polarization values. The mixture with xcomp.5 = 0.5 

has been found to possess the least Ps value at a specific reduced temperature 

with a maximum value of 28 nC cm-2 at T/TC = 0.974. Such a concentration-

dependent reduction is probably due to the dilatation effect of spontaneous 

polarization caused by addition of the achiral non-calamitic compound. Also, 

there may be a weakening of the core-core correlation among the molecules in 

these combined mesogenic systems [28–30]. The significant disparity in 

terminal chain length between the guest and host molecules also perhaps 

contributes to such decrease in Ps [31, 32].      
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Figure 7.5. Spontaneous polarization (Ps) plotted as a function of reduced 
temperature for the four binary mixtures under investigation. Inset shows 
temperature dependence of Ps for the mixture with xcomp.5 = 0.1. The solid line 
presents a fit to equation (7.1). 

A plot of spontaneous polarization as a function of concentration of 

compound 5 at T/TC = 0.982 is displayed in figure 7.6. Here, an extrapolation of 

the linear fit to the Ps values to xcomp.5 = 1 yields a zero polarization value for 

the hockey stick-shaped molecule implying a non-polar character of the same. 

Such null outcome is in agreement with the result from direct measurement of 
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Ps for the investigated hockey stick-shaped compound using triangular wave 

voltage as described chapter 4. 
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Figure 7.6. Spontaneous polarization (Ps) plotted as a function of concentration 
of compound 5 at T/TC = 0.982 for the binary mixtures under investigation. The 
solid line is a linear fit to the data. 

In an attempt to obtain an idea of the order-character of the Sm-C*–Sm-

A transition in the mixtures under investigation, the temperature dependence of 

Ps was fitted to the following expression [33],  

                                                                                           (7.1) 

where, TC is the Sm-C*–Sm-A phase transition temperature, Po and β are 

adjustable parameters. However, due to the limited availability of the Ps data, 

the above fit process cannot be accomplished for the two mixtures with higher 

fraction of the hockey stick-shaped compound, i.e., xcomp.5 = 0.4 and 0.5. The 

measured Ps data were found to be well described by this equation for the 

remaining two mixtures (i.e., xcomp.5 = 0.1 and 0.2). The yielded values of the fit 

parameters have been listed in table 7.1. Here, β values have been found to be 

0.404 ± 0.006 and 0.384 ± 0.004 for mixtures with xcomp.5 = 0.1 and 0.2 
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respectively and hence, they are neither in agreement with the classical mean-

field value, β = 0.5 nor with that expected for a tricritical system, i.e., β = 0.25 

[34] and correspond to a second order nature of the ferroelectric–paraelectric 

transition in the mixtures under study.  

Table 7.1. Values of the fit parameters obtained from the fit of the 
temperature dependence of Ps to equation (7.1).  

xcomp.5 P0 in nC cm-2 Tc in K β 

0.1 22.9 ± 0. 5 384.7 ± 0. 1 0.404 ± 0.006 

0.2 20.0 ± 0.3 377.2 ± 0.1 0.384 ± 0.004 

 

7.5. Response time and effective torsional bulk 
viscosity measurements 

Figure 7.7 depicts the reduced temperature dependent variation of the 

response time (τ) for the mixtures under study. At a specific reduced 

temperature, the τ values are observed to be enhanced monotonically with 

increase in concentration of the hockey stick-shaped compound. The 

magnitudes of response time for the two mixtures with relatively lower 

concentration of hockey stick-shaped molecules, i.e., xcomp.5 = 0.1 and 0.2 are 

found to be always higher than that of the other two mixtures over their entire 

mesogenic range. However, the difference in τ values among all the mixtures is 

not more than 3–4.5 μs at a fixed T/TC value. The maximum values of the 

response time are observed to be in the range between 6 and 27 μs for the 

different mixtures. At a specific reduced temperature, τ values are found to be 

minimum for the mixture with xcomp.5 = 0.1 and maximum for that with xcomp.5 = 

0.5.  
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Figure 7.7. Response time (τ) plotted as a function of reduced temperature for 
the four binary mixtures under investigation. 

The effective torsional bulk viscosity (η), which is related to the 

molecular reorientation around the Sm-C* cone and decides the switching time 

of the director, is one of the most crucial parameters in describing the dynamics 

of chiral molecules. For the binary mixtures under investigation, the variation 

of η against T/TC is illustrated in figure 7.8. The magnitudes of the torsional 

viscosity coefficient for the mixtures with xcomp.5 = 0.1 and 0.2 have been 

observed to be close to one another over a wide range of temperature (up to 

T/TC ~ 0.92). Notably, at a specific reduced temperature, the remaining two 

mixtures also exhibit no significant deviation in η values from those of the 

other members of this binary system. Such a reluctant concentration 

dependence of η is also in agreement with subtle variation of τ on the 

concentration scale. This trivial variation in torsional viscosity coefficient and 

the related relaxation time may be accounted for qualitatively on the basis of 

the Boulder model [35, 36]. According to this model, in the combined 

mesogenic medium, the chiral molecues causes a modification in the 

orientational distributions of the transverse dipole momemt of achiral 
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molecules with regard to the polar C2 axis. Now, depending on the structural 

resemblance of the chiral and achiral components present in the mixture, such 

interactions via core-core interactions may either favor or oppose orientations 

of the transverse dipole moment along the polar C2 axis [28]. In this case, 

probably such effect of redistributing the component of transverse dipole 

moment is relatively less effective (i.e., less chiral perturbation) in redefining 

the distribution of dipolar contribution from the achiral bent-mesogenic 

molecules in the association. 
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Figure 7.8. Effective torsional bulk viscosity (η) plotted as a function of 
reduced temperature for the four binary mixtures under investigation. 

In an attempt to obtain knowledge of the associated activation energy 

(Ea) related to the reorientation of molecule on the cone of reversal of the 

applied field, the temperature dependence of η was fitted with the following 

expression [37]: 

                                                                                            (7.2) 
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where kβ is the Boltzmann’s constant and T is the temperature on absolute 

scale. The Arrhenius plot of the effective torsional bulk viscosity for two 

binary mixtures with xcomp.5 = 0.1 and 0.2 are illustrated in figure 7.9. The slope 

of the linear region in those plots, far away from transition, can be utilized to 

evaluate the Ea values. Activation energy has been found to be about 0.58 eV 

and 0.65 eV for mixtures with xcomp.5 = 0.1 and 0.2 respectively. However, due 

to the relatively smaller width of the chiral smectic phase, it was not possible to 

measure the Ea values with the desired degree of accuracy for mixtures with 

xcomp.5 = 0.4 and 0.5 due to an inadequate number of data points. The obtained 

Ea values are again relatively higher than those reported by others for dissimilar 

mesogenic systems [37].  
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Figure 7.9. Logarithmic plot of effective torsional bulk viscosity versus 
(1000/T) for mixtures with xcomp.5 = 0.1 and 0.2. Solid line () represents best 
fit of the data to equation (7.2).  

7.6.   Anchoring strength coefficient measurements 

The anchoring energy coefficient gives a quantitative description of the 

strength of alignment of liquid crystal molecules relative to cell-substrate. 
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Depending on the nature of interactions between the molecules of liquid 

crystals and those in the aligning layer, these coefficients can be categorized as 

(i) the dispersion anchoring energy coefficient (WD) (related to the non-

electrostatic interaction among the molecules, i.e., those due to the dispersion 

or van der Waals forces) and (ii) polarization anchoring energy coefficient (WP) 

(related to the electrostatic part of interaction) [38–41]. In this study, 

magnitude of both the dispersion anchoring strength coefficient and 

polarization anchoring strength coefficient have been determined at different 

temperature using the following equations [38–41] 

                                                                                                        (7.3) 

and                                                                                         (7.4) 

Variations of WD and WP as a function of reduced temperature are shown 

in figures 7.10 and 7.11 respectively.  
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Figure 7.10. Dispersion anchoring energy coefficient (WD) plotted as a 
function of reduced temperature for the four binary mixtures under 
investigation.  
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Figure 7.11. Polarization anchoring energy coefficient (WP) plotted as a 
function of reduced temperature for the four binary mixtures under 
investigation.  

The overall shape of the reduced temperature dependences of both WD 

and WP are as expected, wherein they exhibit a decreasing trend with 

enhancement in temperature towards the Sm-C*–Sm-A transition. Such a 

behavior is due to the fact that an enhancement in temperature causes a related 

augmentation in enthalpy of the concerned mesogenic medium which 

eventually leads to a breaking of their interaction barrier [42]. Furthermore, at a 

fixed reduced temperature, both of WD and WP are found to be diminished 

continually with increase in concentration of the hockey stick-shaped 

compound, being least for the mixture with xcomp.5 = 0.5. An inspection of 

figure 7.10 also reveals that in the neighborhood of the Sm-C*–Sm-A 

transition, the WD values are nearly proportional to the T/TC values. Such 

observation again is in agreement with those reported by others [38]. 

Moreover, from the plot displaying the variation of WD against WP (figure 

7.12), it is apparent that for all of the mixtures at a particular temperature, the 
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magnitude of two anchoring energy coefficient are nearly identical suggesting 

equal contribution from the polar and non-polar parts of interaction.  

0.000 0.003 0.006 0.009 0.012

0.000

0.003

0.006

0.009

0.012
 x

comp. 5
 = 0.1

 x
comp. 5

 = 0.2

 x
comp. 5

 = 0.4

 x
comp. 5

 = 0.5

W
P
 in Jm-2

W
D
 in

 J
m

-2

 

 

 
Figure 7.12. Plot of dispersion anchoring energy coefficient (WD) as a function 
of polarization anchoring energy coefficient (WP) for the four binary mixtures 
under investigation.  

7.7.   Conclusions  
Electro-optical measurements have been carried out in the mesophases 

of a few binary liquid crystal mixtures, comprising an achiral hockey stick-

shaped compound and the chiral (S)-MHPOBC. In these mixtures, the 

spontaneous polarization has been found to be significantly influenced by the 

addition of bent-mesogenic molecules in chiral environment where an 

enhancement in concentration of the hockey stick-shaped molecules causes a 

significant reduction in Ps. An extrapolation of the linear fit to the Ps values 

yields a zero polarization value for the investigated hockey stick-shaped 

compound, confirming the non-polar character of the same. Interestingly, the 

response time and effective torsional bulk viscosity coefficient are found to 

demonstrate a feeble dependence on achiral compound concentration and 
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assume values close to 2–10 μs and 10–50 mPa s respectively, over a wide 

range of temperature in the mesophases. Such an outcome is conceivably due 

to the weak perturbation, experienced by the hockey stick-shaped molecules in 

the chiral environment. Moreover, for a specific mixture, resemblance in 

magnitudes of the dispersion and polarization anchoring strength coefficients 

indicates nearly equal share in anchoring energy from electrostatic and non-

electrostatic parts of interaction. Hence, the considered asymmetric bent-

shaped molecules induce a considerable reduction in magnitude of spontaneous 

polarization and hence, a related elongation of the helix [as the pitch of the 

helix has found to be approximately inversely proportional to spontaneous 

polarization (43)] in the investigated antiferroelectric system without affecting 

the molecular relaxation time considerably. Even though a number of issues 

need to be resolved, such chiral–achiral mixtures involving bent-structures may 

prove to be a viable route for designing materials with potential for different 

electro-optic applications, especially where low polarization and long pitch are 

required.  
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CHAPTER 8 

 

Effect of hockey stick-shaped molecules on 
the critical behavior at the nematic to 
isotropic and smectic-A to nematic phase 
transitions in octylcyanobiphenyl 
 

 

8.1.   Introduction  
In recent years, liquid crystalline mixtures incorporating rod-like and 

other reduced symmetry molecules have gained considerable attention owing to 

their competence in bringing out the effect of the molecular conformation on 

the intermolecular interaction and thereby on the phase behavior of combined 

systems. Mixtures obtained by combining rod-like and bent-core mesogenic 

molecules have frequently been endowed with a number of remarkable 

properties such as enhancement of chirality in cholesteric [1, 2] and smectic C* 

fluids [3], induction of novel smectic mesophases [4], generation of 

antiferroelectric order in smectics [5, 6], inimitable temperature dependence of 

elastic constant [7], or nanophase segregations [8, 9]. It has been observed that 

introduction of a very little quantity of  bent-core dopant in a rod-like 

environment can also significantly revise the phase behavior of the host 

mesogen, including the order of their mesophase transitions [10, 11] and extent 

of a mesophase region, and may even induce odd characteristic phenomena in 

known calamitic mesophases. Thus the exact treatment of phase transitions in 

such doped systems is of unparallel advantage for obtaining a deeper insight 
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into the unresolved issues regarding transitional phenomena in soft condensed 

matter systems. 

Furthermore, over the past few decades the characteristic behavior of the 

smectic-A–nematic (Sm-A–N) phase transition has been a subject of extensive 

theoretical and experimental studies in an effort to determine the order of that 

transition and the universality class to which it belongs. Considerable progress 

has been made so far, but still remains a controversial issue in the field of 

equilibrium statistical mechanics of soft condensed matter [12–16]. The one-

dimensional positional order in the Sm-A phase can be well described in terms 

of a two-component complex order parameter (Ψ) and one may expect a three-

dimensional XY (3D-XY) nature of the transition. But owing to the coupling 

between the molecular ordering and their fluctuations, consistent non-universal 

type behavior has often been observed for the critical coefficients [17]. 

Previous mean-field predictions of Kobayashi [18] and McMillan [19] 

suggested that depending on the ratio of the smectic-A–nematic (Sm-A–N) to 

nematic–isotropic (N–I) transition temperatures (i.e., on the extent of the 

nematic range), the Sm-A–N transition can either be of first order or second 

order along with the existence of a tricritical point (TCP) where the transition 

makes a crossover from second-order to first-order nature. A more realistic 

model of de Gennes along with the introduction of a Landau-Ginzburg–like 

functional for type I superconductor, and hence considering a coupling between 

the nematic (S) and smectic (Ψ) order parameters, envisages the transition to be 

in the three-dimensional XY (3D-XY) universality class (corresponding critical 

exponent αXY = -0.007) like that for the normal-superconducting transition in 

metal or the lambda transition in He4 [14]. However, the transition is driven to 

a crossover from XY-like second order to Gaussian tricritical (αTCP = 0.5) with a 

decrease in the nematic width indicating a stronger coupling between S and Ψ; 

i.e., the 3D-XY model is an approximation only unless the nematic order has 

completely been saturated [13, 17, 20]. The subsequent work of Halperin, 

Lubensky, and Ma (HLM) [21] revealed that the coupling between the nematic 
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director fluctuation and the smectic order parameter also put forward a 

significant contribution by introducing a correction in the free energy term ~Ψ3, 

thereby making the transition always weakly first order. It was anticipated that 

the transitional discontinuity reduces with a decrease in the McMillan ratio 

(defined as TSN /TNI, where TSN and TNI are the Sm-A–N and N–I phase transition 

temperatures, respectively); however, it never completely dies out. Afterward, a 

model embracing type II superconductor–like continuous behavior has also 

been proposed, expecting a 3D-XY–like behavior with inverted heat capacity 

amplitude ratios and ruling out the possibility of any first-order-type behavior 

[22, 23]. But, the experimentally measured specific heat capacity values 

consistently reveal a noninverted XY-like nature, thereby indicating the 

insufficiency of the above said model [24–27]. Further attempts have also been 

made from the study of the anisotropy in the critical behavior associated with 

the parallel and perpendicular components (with respect to the director) of the 

correlation length and its subsequent analysis employing various physical 

models such as gauge transformation theory [28–30], dislocation-loop melting 

theory [31, 32], and self-consistent one-loop theory [33, 34]. 

However, none of the above theoretical models fit completely with all 

the available experimental data and hence they fail to portray a clear scenario 

of universality. It has been observed that the effective critical exponent is 

extremely sensitive to the nematic temperature range and demonstrates a 

systematic variation depending on it. A value of 0.87 of the McMillan ratio 

points toward the tricritical limit, but experimental findings provide somewhat 

higher values, ranging between 0.942 and 0.994, suggesting a nonuniversal- 

type behavior, which again is found to rely on the molecular properties [16]. In 

the past few decades, the specific heat capacity measurements, light scattering, 

X-ray diffraction, volumetric studies, and dielectric techniques have been 

widely employed to study the nature of the phase transitions as well as the 

universality class of the critical exponents in a wide range of calamitic 

mesogens embracing the diverse form of core structures, and also in their 
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mixtures. However, reports relating the study of such transitional phenomena in 

mixtures consisting of rod-like and bent-core molecules are still scanty [10,11] 

even though such unconventional candidates may prove to be quite helpful in 

extracting valuable information regarding transitional anomaly and order 

character of a transition. 

Furthermore, in the field of liquid crystal research the N–I phase 

transition has also appeared to be quite attractive due to its several surprising 

features. In a mean-field approach Landau and de Gennes [14] have given a 

simple description of the dynamical behavior of the N–I phase transition by 

expressing the free energy density in powers of the nematic order parameter 

S(T). It has been observed that the mean-field theory [35] can satisfactorily 

explain the behavior of the mesophase over most of the temperature ranges, but 

at very close to transition it fails to describe the critical region. In an effort to 

analyze this critical region and as well as to disclose the unique aspects of the 

N–I phase transition, a number of attempts employing diverse experimental 

techniques have been considered so far. Yet, none of them have been able to 

offer a complete description depending upon the molecular features. However, 

besides a few disagreements, most of them reveal a tricritical nature [36–38] 

for the N–I phase transition which again can be explained in the context of 

Landau-de Gennes theory with the free energy density expanded up to sixth 

order in powers of the nematic order parameter S(T). 

The work envisaged in this chapter is principally dedicated to focus on 

an extensive optical investigation of the critical behavior in vicinity of both the 

N–I and Sm-A–N phase transitions in a binary system comprising calamitic 

octylcyanobiphenyl (8CB) and a laterally methyl substituted hockey stick-

shaped compound, 4-(3-n-decyloxy-2-methyl-phenyliminomethyl)phenyl 4-n-

dodecyloxycinnamate (compound 5 as mentioned in chapter 4), from a simple 

yet quite high resolution (in both the birefringence and temperature) 

temperature scanning measurement of optical birefringence (Δn) [39]. This 

technique provides a sufficient number of data points for Δn near the phase 
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transitions, thus enabling the characterization of the transitional anomaly quite 

precisely. The critical behavior near the N-I phase transition has been analyzed 

and compared with the available literature data. By analyzing the temperature 

derivative of optical birefringence Δn near the Sm-A–N phase transition, a 

power-law divergence with the critical exponent α' has also been observed and 

found to be in accord with that obtained from the specific heat capacity 

measurements. Moreover, from an analysis of the Δn data below the Sm-A–N 

phase transition, the effective order parameter critical exponent β' has been 

assessed and from the extracted α' and β' values it has also been possible to 

estimate the susceptibility critical exponent γ'. The effective critical exponents 

(α', β', γ') have been explored along the path of the variation of dopant 

concentration and the observed outcomes for the exponents have been 

discussed in light of crossover behavior. The effect of the bent-shaped dopant 

on the intermolecular interactions and hence on the resultant molecular 

ordering in the host medium has also been discussed.  

8.2.   Materials    

The hockey stick-shaped compound 5 is one of the members (m = 12, n 

= 10) of the laterally methyl substituted hockey stick-shaped compounds, 4-(3-

n-alkyloxy-2-methyl-phenyliminomethyl)phenyl 4-n-alkyloxycinnamates, as 

discussed in chapter 4. The compound 8CB was purchased from E. Merck, UK 

(having purity higher than 99.9%) and was used without further purification.  

O
N

OC12H25O
H

H3C OC10H21  

Cr 74.2 °C Sm-Ca 101.4 °C Sm-Cs 109.8 °C N 110.1 °C I 

(a) 

Figure 8.1. The chemical structure and phase behavior of (a) the hockey stick-
shaped compound (compound 5). 
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CNC8H17

 

Cr 21.5 °C Sm-A 33.7 °C N 40.5 °C I 

(b) 

Figure 8.1. (cont’d). The chemical structure and phase behavior of (b) the rod-
like compound (8CB). 

The structural formulae and the mesophase behavior of both the dopant and 

host molecules are given in figure 8.1. 

Several mixtures have been prepared by adding small amounts of the 

hockey stick-shaped compound (having molar concentrations ranging between 

0.021 and 0.08) into the host medium. The phase diagram has been constructed 

by studying the sample-texture under a polarizing optical microscope (Motic 

BA 300) equipped with a Mettler FP900 hot stage. 

8.3.   Phase diagram 

The pure 8CB compound on being cooled from the isotropic phase 

shows the following stable mesophase sequence I–N–Sm-A–Cr, where the 

smectic phase is partially bilayer in nature (smectic layers comprising two 

strongly interdigitated polar sublayers with oppositely faced terminal dipoles). 

Such a smectic structure is realized owing to some sort of dimerization, 

induced by the dipole-dipole or dipole-induced dipole interactions, which again 

tend to cause an antiparallel arrangement of the neighboring polar molecules 

with one terminal dipole being next to the other or next to a strongly 

polarizable biphenyl unit [40, 41]. On the other hand the present hockey stick-

shaped compound as previously mentioned in chapter 4, comprises a nematic 

phase, appearing in a quite small temperature range (~ 0.3 K) and two 

polymorphic tilted smectic phases – the synclinic smectic C (Sm-Cs) as well as 

the anticlinic smectic C (Sm-Ca) phases [42]. In the Sm-Cs phase, the direction 

of the tilt is the same in adjacent smectic layers, whereas it alternates between 

the layers of the Sm-Ca phase. Figure 8.2 depicts the phase diagram of the 



                                         

                                                                                                          Chapter 8 

216 
 

present binary system where the nematic–isotropic (TNI) and smectic-A–

nematic (TSN) transition temperatures of the mixtures have been plotted against 

the mole fractions of the hockey stick-shaped compound (compound 5). Both 

the transition temperatures have been ascertained during cooling cycles with 

the aid of polarizing optical microscopy and the optical transmission 

techniques. This work is particularly focused on the region where the 

concentration of the guest compound is much less compared to that of the host.  
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Figure 8.2. Partial phase diagram of the binary system comprising compound 5 
and 8CB. xcomp.5 denotes the mole fraction of compound 5. I: isotropic phase; 
N: nematic phase; Sm-Ad : smectic Ad phase. : nematic to isotropic transition 
temperature; ■: smectic-Ad to nematic transition temperature. Inset shows 
concentration dependence of the nematic range for the present system. Dashed 
and solid lines are drawn for guidance to eye. 

It has been observed that addition of the hockey stick-shaped molecules 

enhances both the N–I and Sm-A–N transition temperatures. However, the 

enhancement in transition temperature relating to the concentration variation is 

a little more gradual for the N–I phase transition than for the Sm-A–N phase 

transition. The variation of the nematic range against molar concentration has 

also been presented in the inset of figure 8.2. Nematic range has been found to 
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decrease from a value of 6 °C to 3 °C, where the shrinkage follows a nearly 

linear trend with the variation of molar concentration. It is obvious that 

addition of the angular mesogenic molecules leads to a destabilization of the 

nematic phase in the host medium and thereby decreases the nematic range. 

8.4.   Optical birefringence measurements 

Figure 8.3 portrays an overview of the experimentally measured 

birefringence (Δn = ne - no) values for pure 8CB at a wavelength of λ= 632.8 

nm over a temperature range embracing both the nematic and smectic-A 

mesophases. Now in the present context, along with quality, the reproducibility  
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Figure 8.3. Experimental values of birefringence (Δn = ne - no) for 8CB as a 
function of temperature. The solid line presents a fit to equation (8.3), 
extrapolated to the Sm-A phase. Inset shows comparison of the temperature 
dependence of birefringence close to the Sm-A–N phase transition for the same 
compound. : first run; : second run. Dashed vertical arrow denotes the Sm-
A–N phase transition temperature (TSN). 

of the experimental data is also very important for extracting a proper 

knowledge of critical anomaly near a transition. Hence, testing of the 
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reproducibility of the measured Δn values, particularly near the critical region, 

is also quite necessary. Measurements have been carried out in repeated heating 

and cooling cycles and the outcomes have been compared. The measured 

values of birefringence in two such consecutive runs are illustrated in the inset 

of figure 8.3. Excellent agreement has been obtained between the two sets of 

data with a maximum deviation of ~1%, thus certainly validating the high 

accuracy and reproducibility of the data from this experimental method. 

The temperature dependence of the birefringence (Δn) for two 

representative mixtures with molar concentrations xcomp.5 = 0.021 and 0.035 has 

also been displayed in figures 8.4(a) and 8.4(b). On cooling from the isotropic 

phase, a sharp enhancement in Δn is observed following the N–I phase 

transition, essentially due to an enhancement in the nematic order. On further 

cooling, well within the mesophase, Δn retains an identical trend but now the 

increase is comparatively sluggish. The resultant temperature dependence of 

birefringence (Δn) as well as its magnitude in the mesophase is fairly in accord 

with those reported by others employing refractometers [43] and a high 

resolution rotating-analyzer technique [44]. However, the resolution of the 

present data is comparatively higher relative to the refractometer data but 

comparable with those obtained from the rotating-analyzer method. From 

figures 8.3 and 8.4 it is apparent that all the Δn vs. T curves are accompanied 

with a small but finite measurable change in birefringence (Δn) on entering the 

Sm-A phase, essentially due to the impartation of translational ordering into the 

mesophase structure. Moreover, there is no noticeable discontinuity in the Δn 

curves at the Sm-A–N phase transition. This birefringence measurement has 

been succeed in probing the transitional variation quite accurately, thus 

facilitating a more insightful description of that transition. 
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Figure 8.4. Experimental values of birefringence (Δn = ne - no) as a function of 
temperature for different mixtures. (a) xcomp.5 = 0.021, (b) xcomp.5 = 0.035. Solid 
lines present fit to equation (8.3), extrapolated to the Sm-A phase. Dashed 
vertical arrow denotes the Sm-A–N phase transition temperature (TSN). 
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8.5.   Critical behavior at the N–I phase transition 

According to theoretical requirements, a faithful manifestation of the 

optical characteristics of a liquid crystalline media needs a precise reckoning of 

the local field surrounding a molecule. Now, in order to probe the exact 

behavior of the scalar order parameter S(T) [35], specifying the orientational 

ordering of a nematic mesogenic medium, one necessitates a theoretical model 

relating particular macroscopic and microscopic properties of the concerned 

medium. In this connection the two most widely accepted models are – (i) the 

isotropic internal field model, proposed by of Vuks, Chandrasekhar, and 

Madhusudana (VCM model) [45, 46], and (ii) the anisotropic internal field 

model of Neugebauer, Maier, and Saupe (NMS model) [47–49]. Under the 

conjecture of the isotropic nature of the local molecular field (i.e., VCM 

model), one may relate molecular polarizability (α) of a mesogenic medium 

with the birefringence (Δn) of the same through the following relation: 

                                                  
∆ ∆

                                           (8.1) 

where ∆  is the anisotropy of the square of the refractive index; 

2 3⁄  and ne and no are, respectively, the extraordinary and 

ordinary components of the refractive index. The molecular polarizability 

anisotropy is termed as ∆  and the mean polarizability 

3⁄  where αl and αt are the longitudinal and transverse polarizibilities 

with reference to the long molecular axis, respectively. 

Moreover, in an attempt to precisely probe the temperature dependence 

of the nematic order parameter, one may take the recourse of a four-parameter 

power-law expression, which is in accord with the mean-field theory for both 

critical and tricritical behaviors of weakly first-order transitions [38, 50], 

                                                1                            (8.2) 
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where, T** is the temperature corresponding to the effective second-order 

transition point, i.e., the absolute limit of superheating of the nematic phase and 

slightly higher than the observed N–I transition temperature (TNI); at T = T**, 

S(T**) = S** and β represents the critical exponent. 

Equations (8.1) and (8.2) may suitably be coupled and modified with the 

introduction of appropriate scaling condition and few approximations yielding 

[43, 51, 52] 

                                    1 1                     (8.3) 

where, Δ ⁄ 1 2⁄  and nI is the refractive index in the 

isotropic phase just above TNI. This equation contains four fit parameters, ζ, S**, 

T**, and β, and is found to be superior to the previous efforts to fit the 

temperature variation of ∆n by means of Haller’s procedure [53] which 

involves a relatively smaller number of fit parameters. Additionally, the 

Haller’s method frequently yields comparatively lower values of β with β ≤ 0.2 

and is also quite unsuited for its incompatibility with the weakly first-order 

character of the N–I phase transition [50]. 

In this study, in an attempt to characterize the critical anomaly 

associated with the N–I phase transition, the temperature dependences of ∆n for 

pure 8CB as well as that for few other mixtures (xcomp.5 = 0.0209, 0.0350, and 

0.0521) are fitted with equation (8.3). Fits to the data have been displayed as 

solid lines in figures 8.3 and 8.4 and corresponding outcomes for the fit 

parameters are listed in table 8.1. The qualities of the fits have been assessed 

with the aid of a reduced error function  which is defined as the ratio of the 

variance of the fit (s2) to the variance of the experimental data ( ) [54], 

                                    ∑ Δ Δ                     (8.4) 

where, N is the total number of data points, p is the number of adjustable 

parameters, Δ  is the ith fit value corresponding to the measurement Δ , 

and  is the standard deviation corresponding to Δ . For an ideal fit  
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value equals unity but, in general, values ranging between 1 and 1.5 yield good 

fits. To facilitate a consistent fitting, a few data points have been eliminated 

successively from either ends of the nematic range in order to get rid of the 

nematic–isotropic coexistence region at the high-temperature end as well as to 

preclude the appearance of the pretransitional effect in the vicinity of the     

Sm-A–N phase transition. Such a range shrinkage excludes a considerable 

number of data points from the fit process and for the highest concentration 

considered, i.e., xcomp.5 = 0.052; it leaves only 1 K of usable data range, which 

again has clearly been signaled by the comparatively larger uncertainty 

associated with the corresponding β value. Such limitation also restricts the 

applicability of the above fit procedure for mixtures with still higher 

concentrations  (i.e., xcomp.5 = 0.06-0.08),  i.e.,  for  those with relatively smaller 

Table 8.1. Values of the fit parameters obtained from the four-parameter fit of 
the temperature dependence of ∆n to equation (8.3).  

xcomp.5 ζ S** T** in K β  

0 0.310 ± 0.005 0.13 ± 0.03 313.54 ± 0.10 0.245 ± 0.012 1.14 

0.021 0.324 ± 0.004 0.11 ± 0.02 314.11 ± 0.07 0.249 ± 0.009 1.05 

0.035 0.332 ± 0.009 0.09 ± 0.03 316.47 ± 0.15 0.250 ± 0.021 1.23 

0.052 0.341 ± 0.014 0.08 ± 0.04 317.92 ± 0.28 0.251 ± 0.034 1.09 

 

 extent of nematic phase. As reflected from table 8.1, the extracted β values 

have been found to lie between 0.245 and 0.251 for the different concentrations 

considered and thereby are in excellent agreement with the tricritical 

hypothesis (TCH) (βTCH = 0.25) of Keyes [36] and Anisimov et al. [37, 38]. Fit 

quality remains almost unaffected if β is kept fixed at 0.25. The outcomes for 

8CB are also in line with those reported by Chirtoc et al. from precise 

refractive index measurement [43]. Moreover, an identical behavior has also 

been revealed for a number of nematogenic and smectogenic compounds as 
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well as their mixtures from diverse experimental approaches including specific 

heat capacity, birefringence, dielectric and volumetric measurements [52, 55–

61].  Thus the present study once again confirms the validity of the tricritical 

nature of the N–I phase transition and discards the possibility of higher β values 

as ascertained by the critical hypothesis and also that required for describing an 

Ising system with nearest neighbor interactions.     

8.6.   Critical behavior at the Sm-A–N phase transition 

The Sm-A–N phase transition in mesogenic media can always be 

endowed with a consequent enhancement in the orientational ordering, 

provoked by the mutual coupling between the nematic and smectic-A order 

parameters. It may be shown [44, 51, 52, 55, 62] that the characteristic behavior 

of the order parameter S(T) near the Sm-A–N phase transition can be exploited 

to extract a quite accurate description of the critical fluctuation associated with 

that transition and hence to evaluate a critical exponent α' matching with the 

relevant specific heat capacity exponent α, which again is found to appear in an 

expression depicting the temperature dependence of the smectic-A order 

parameter (Ψ), as follows [63–65] 

                                            |Ψ| 1                           (8.5) 

where κ = 1-α, TSN corresponds to the Sm-A–N phase transition temperature, 

and the + and – signs refer to quantities above and below TSN, respectively. 

Following the conjectures of the mean-field model one may stipulate the 

quantity (S - S0) to be proportional to |Ψ| , where S0 is the nematic order 

parameter in absence of any smectic ordering [63, 66]. Moreover, to a first 

approximation, ∆ . Hence, it is plausible to assume that the behavior of Δn 

at the Sm-A–N phase transition is also governed by an identical power-law 

divergence at a second-order phase transition as that of the specific heat 

capacity data with an identical critical exponent α. A similar character has also 

been found to be valid for the critical temperature dependence of the isobaric 
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thermal expansion coefficient and the isothermal compressibility coefficient, 

obtained from precise molar volume measurements [67, 68]. 

In the present investigation, despite the presence of a substantial 

pretransitional change, the Δn curves do not exhibit any visible discontinuity 

near the Sm-A–N phase transition. However, the extremum of the temperature 

derivative of Δn may be utilized to exactly locate the said transition. 

Furthermore, the quantity ∆ ⁄  has been found to be related to the 

specific heat capacity anomaly [16, 52] and may be analyzed to take a proper 

look into the critical variance coupled with that transition. Yet, because of the 

small temperature interval between the two consecutive measured data, the 

numerically obtained first-order temperature derivative of Δn is too scattered 

and is not properly suited for the present analysis. Hence, it is reasonable to 

assume a new differential quotient having the following form [52]: 

                                              
∆ ∆

                                    (8.6) 

where Δn(TSN) is the birefringence value at the transition temperature TSN, 

identified by differentiating the measured ∆n values. Such an incompatibility of  
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Figure 8.5. Temperature dependent variation of Q(T) for pure 8CB. Inset 
shows temperature dependence of ∆ ⁄  for the same compound. 
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∆ ⁄  is also clearly reflected from the representative temperature 

dependence of Q(T) and ∆ ⁄  for pure 8CB, as illustrated in figure 8.5. 

The quantity Q(T) is rather similar to the term 

⁄  appearing in the adiabatic scanning 

calorimetry measurement [13] with H(T) being the temperature-dependent 

enthalpy, and similar to the correspondence between C(T) and Cp [= (dH/dT)p], 

Q(T) and n′ also share the same power-law behavior with an identical critical 

exponent α' related to the transitional singularity. Previously, a similar quotient 

[68] was also chosen by others for studying the critical anomaly at the Sm-A–N 

transition from molar volume measurements as well.  In this study, in an 

attempt to describe the limiting behavior of the quotient Q(T) at the Sm-A–N 

phase transition, the following renormalization group expression including the 

corrections to scaling has been used [16, 44]: 

                         | | 1 | |∆              (8.7) 

Here, ⁄ , the superscripts ± denote those above and below TSN, 

 refers to the critical amplitudes, α' is the critical exponent similar to the 

specific heat critical exponent α,  are the coefficients of the first corrections-

to-scaling terms, Δ is the first corrections-to-scaling exponent. Theoretically, 

the expected value of Δ is 0.524 for a 3D-XY case and in this analysis it is set 

fixed at 0.5 without any further variation [16, 17]. B is a constant presenting the 

combined critical and regular backgrounds while the term  

corresponds to a temperature-dependent part of the regular background 

contribution. According to theoretical considerations, the 3D-XY universality 

class demands the occurrence of a critical amplitude ratio ( ⁄ ) of 0.971, a 

critical exponent (α) of -0.007 and ( ⁄ ) ~ 1, while for a tricritical point the 

critical amplitude ratio ( ⁄ ) is nearly 1.6, critical exponent (α) is equal to 

0.5, and ( ⁄ ) is close to unity. 

An overview of the temperature-dependent variation of Q(T) for pure 

8CB as well as those for the six other mixtures comprising the hockey stick-
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shaped molecules has been shown in figure 8.6. The fits to equation (8.7) are 

displayed as solid lines while the corresponding fit values have been listed in 

table 8.2. In all the fits, data very close to the transition are excluded for the 

presence of experimental uncertainty and sample inhomogeneity. To locate the 

best possible fit range, dependence of the fit parameters on the data range 

shrinkage has also been investigated. Fits have been carried out for different 

temperature limits (i.e., | |  and | | ) and values corresponding to which 

the extracted parameters remain practically stable for a small change in 

temperature range along with a minimum regular pattern in the residuals have 

been selected [69]. 
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Figure 8.6. Temperature dependent variation of the quotient Q(T) in the 
vicinity of smectic-A–nematic phase transition at different mole fractions x of 
compound 5 in the mixtures of  compound 5 and 8CB. Data are arranged in 
sequence of increasing mole fraction x of compound 5 from left to right with 1: 
8CB; 2: xcomp.5 = 0.021; 3: xcomp.5 = 0.035; 4: xcomp.5 = 0.052; 5: xcomp.5 = 0.06; 6: 
xcomp.5 = 0.07; 7: xcomp.5 = 0.08. The solid lines are fit to equation (8.7). 
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Table 8.2. Results corresponding to the best fit for Q(T) near Sm-A–N phase 
transition obtained in accordance with equation (8.7) and related 

 values associated with the fits. | |  presents the upper limit of reduced 
temperature considered for these fits.  

xcomp.5 α' ⁄  ⁄  | |   

0 0.319 ± 0.009 1.05 ± 0.07 1.02 ± 0.05 4.4×10-3 1.10 

0.021 0.359 ± 0.019 0.97 ± 0.14 1.13 ± 0.16 4.4×10-3 1.07 

0.035 0.390 ± 0.011 1.06 ± 0.08 1.00 ± 0.19 4.3×10-3 1.04 

0.052 0.407± 0.010 0.88 ± 0.05 1.31 ± 0.24 4.2×10-3 1.16 

0.060 0.426± 0.008 1.19 ± 0.12 1.10 ± 0.12 4.4×10-3 1.30 

0.070 0.453± 0.017 1.28 ± 0.09 0.81 ± 0.07 4.4×10-3 1.12 

0.080 0.460± 0.016 1.48 ± 0.22 1.01 ± 0.08 4.3×10-3 1.22 

 

In each preliminary fit, the transition temperatures were first isolated by 

resolving the maxima of the temperature variation of ∆ ⁄  and then 

were kept fixed at these values. This helps in reducing the instability appearing 

in the least-squares minimization to a considerable extent. The goodness of the 

fit has been assessed with the aid of the same reduced error function  

 as defined in equation (8.4) with Δn being replaced by the corresponding 

Q(T). The concentration dependence of the critical exponent α' for the present 

investigated system including that for the pure 8CB is displayed in figure 8.7 

while the variation of the same against the McMillan ratio (i.e., TSN /TNI) has 

been illustrated in figure 8.8. For pure 8CB, α' comes out to be 0.319 ± 0.009 

while both the quotients ⁄  and ⁄  assume values close to unity. 

These values are in excellent agreement with those obtained from high-

resolution calorimetry measurements by Thoen and co-workers [13] and also 

those reported by Kasting et al. [70]. Recently, from precise Δn measurements 

by rotating-analyzer technique, Çetinkaya et al. have also proposed an α value, 
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quite identical to the present outcome [44]. Hence, the outcomes from the 

present measuring procedure once again validate the conformity between the 

effective critical exponents α' and α obtained from the birefringence and 

calorimetric measurements, respectively. For the lowest concentration 

considered, i.e., xcomp.5 = 0.021, the exponent α' takes on a value of 0.359 ± 

0.019 and then enhances monotonically with the increase in the concentration x 

of the angular mesogen, reaching a value of α' = 0.460 ± 0.016 for the highest 

concentration considered, i.e., xcomp.5 = 0.08. Both the quotients incorporating 

the critical amplitudes and the corrections-to-scaling terms remain nearly unity 

for most of the mixtures, indicating a symmetry of the Q(T) wings in the Sm-A 

and N phases. An examination of figures 8.7 and 8.8 reveals that an 

extrapolation of a quadratic fit to the extracted α' values yields a tricritical 

nature (i.e., where the Sm-A–N transition undergoes a crossover from second-

order to first-order character) for a composition with xcomp.5 ~ 0.105 with α' = 

0.5,   while   the   corresponding   McMillan   ratio   is   0.9936.   Although   the  
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Figure 8.7. Concentration dependence of the critical exponent (α') obtained by 
fitting Q(T) to equation (8.7). The vertical dashed line corresponds to the 
tricritical point (TCP). The solid line is a second-order polynomial fit to the 
data. 
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Figure 8.8. Variation of the critical exponent (α') with McMillan ratio         
(TSN /TNI). The vertical dashed line corresponds to the tricritical point (TCP). 
The solid line is a second-order polynomial fit to the data. 

concentration variation of α' exhibits a fairly regular trend with the McMillan 

ratio, no such regular pattern has been observed for both ⁄  and ⁄  in 

going from one end of this system to the other. 

Moreover, as stated above, |Ψ| , where S0 is the nematic 

order parameter in absence of any smectic ordering and Ψ presents the Sm-A 

order parameter [63, 66]. Hence, an attempt has also been made to analyze the 

critical behavior below the Sm-A–N transition using the following expression: 

                                             Δ                                       (8.8) 

where 1 ⁄  and z gives the critical coefficient. W again is the 

combined critical and regular background term while  presents the 

temperature-dependent part of the regular background. The variation of Δn 

below the Sm-A–N transition as a function of the reduced temperature τ' for 

three representative mixtures with concentrations xcomp.5 = 0.02, 0.052, 0.07 is 

shown in figure 8.9. The fits to equation (8.8) are displayed as solid lines while 

the corresponding fit values are listed in table 8.3. Such a scaling to the 
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birefringence data leads to a z value of 0.556 ± 0.004 for xcomp.5 = 0.021, which 

is then found to decrease with increasing hockey stick-shaped molecule 

concentration and reaches a value of 0.516 ± 0.01 for the highest concentration 

studied i.e., xcomp.5 = 0.08. Moreover, from the Landau-de Gennes theory it has 

been envisaged that this exponent z is equal to (1-α) which again has been 

found to be valid for a few mesogenic systems [65]. For a number of mesogens 

it has been observed that 1  [65]. Furthermore, for a system with true 

long-range order, scaling theory requires 2  with β giving the critical 

exponent related to the limiting behavior of order parameter at the Sm-A–N 

phase transition. Hence, it is plausible to expect the z values to lie in a region 

2 1 . In the present study, the extracted z values are found to be 

relatively smaller than the computed (1-α) values with  being taken from 

fits to equation (8.7) and thus discard the possibility of the equality, 

1 . Interestingly, an extrapolation to a quadratic fit to the yielded 2⁄  

values defines a tricritical point at a McMillan ratio of 0.9933 (figure 8.10) 

which is again in excellent conformity with that yielded by the fit to α' values. 

Therefore, in the present case it can safely be considered that 2⁄ . 

As a further confirmation, the related susceptibility critical exponent γ' has also 

been estimated following the Rushbrooke equality [71], 

                                                  2 2                                           (8.9) 

with , , and . The variation of the γ' thus obtained has been 

plotted in the inset of figure 8.10. It has been observed that γ' lies within the 

range 1.02 1.10 for the different mixtures, which is again in line with 

those expected for systems exhibiting crossover character, i.e., between γ = 1 

and 1.316 expected for a tricritical and 3D-XY system, respectively. Hence, the 

estimated γ' value also definitely indicates the validity of 2  in the present 

case. 
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Table 8.3. Values of the fit parameters obtained from the fit of the 
temperature dependence of ∆n to equation (8.8).   

xcomp.5 U ⁄  V W  

0 0.240± 0.042 0.289± 0.006 -0.329± 0.012 
0.15552± 
0.00008 

1.15 

0.021 0.238± 0.006 0.278± 0.002 -0.244± 0.008 
0.15335± 
0.00003 

1.09 

0.035 0.246± 0.008 0.271± 0.003 -0.116± 0.02 
0.14851± 
0.00005 

1.10 

0.052 0.276± 0.010 0.271± 0.004 -0.354± 0.031 
0.14704± 
0.00004 

1.08 

0.060 0.296± 0.013 0.260± 0.004 -0.511± 0.036 
0.13968± 
0.00010 

1.19 

0.070 0.270± 0.024 0.252± 0.007 -0.649± 0.075 
0.14532± 
0.00017 

1.27 

0.080 0.234± 0.015 0.258± 0.005 -0.510± 0.040 
0.15136± 
0.00012 

1.25 
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Figure 8.9. Plot of birefringence (Δn = ne - no) as a function of reduced 
temperature | | |1 ⁄ | for different mixtures. The solid lines are fit to 
equation (8.8).  
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Figure 8.10. Variation of order parameter critical exponent (β') with McMillan 
ratio (TSN /TNI). The solid line is a second-order polynomial fit to the data. Inset 
shows variation of susceptibility critical exponent (γ') with McMillan ratio   
(TSN /TNI). 

Hence, crossover behavior has been revealed by the present investigated 

system. The effective critical exponents (α', β', γ'), as obtained from the optical 

transmission measurements, assume values in between those predicted by the 

3D-XY and tricritical hypothesis while the critical amplitude quotient 

corresponding to α' measurement (i.e., ⁄ ) also offers magnitudes 

disagreeing with both of the above two models. It is obvious that introduction 

of the hockey stick-shaped molecules in the rod-like environment leads to a 

modification in the effective intermolecular interactions in the host medium. 

Enhancement of concentration of the dopant compound causes an 

augmentation of such resultant effect which is again facilitated through a 

consequent enhancement in the associated Sm-A–N phase transition 

temperature. Besides, such a revision in the intermolecular interactions is also 

followed by a corresponding strengthening of the coupling between the nematic 

and smectic-A order parameters, thus driving the transition towards a first-order 

nature. McMillan ratios of 0.9936 and 0.9933 as attained by extrapolating 
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polynomial fits to the exponents α' and β', respectively, over the investigated 

concentration range, up to the tricritical composition, are in agreement with the 

previous reports for the Sm-A–N tricritical points. Moreover, the corrections-

to-scaling quotient (i.e., ⁄ ) related to α' also yields nonuniversal values, 

thus validating the inference of crossover behavior as put forward by both the 

exponents α' and β'. 

Thus, the addition of the bent-shaped dopant has conveyed a significant 

impact on the phase behavior of the investigated calamitic host. The principal 

features relating modification in transitional behavior of the calamitic 

compound due to the addition of such bent-mesogenic molecules may be 

summarized as (i) enhancement of both the Sm-A–N and N–I phase transition 

temperatures with increasing dopant concentration, (ii) a narrowing of the 

nematic range, and (iii) consequent augmentation in the effective critical 

exponent α' along with a decrease in the exponents β' and γ' associated with the 

Sm-A–N phase transition. In an attempt to achieve a qualitative idea regarding 

such enhancement of transition temperatures, one may consider a comparison 

between the amplitude of the effective intermolecular interaction energy among 

the host LC molecules (Flc-lc) and that between the host LC and dopant LC 

molecules (Flc-dp). In the present case, the attractive intermolecular interaction 

is probably stronger for the host LC– dopant LC pair than the host LC–host LC 

pair, i.e., Flc-dp> Flc-lc, thus increasing local molecular ordering and elevating the 

transition temperatures. Moreover, the shrinkage of the nematic phase also 

points towards the fact that addition of the hockey stick-shaped molecules 

stabilizes the Sm-A phase. Recently, an expansion of the nematic range has 

been reported by Denolf et al. for mixtures involving pure 8CB and non-

mesogenic additive biphenyl [72]. For the Sm-A–N phase transition, they have 

observed a decrease in the effective value of the exponent α with the increase 

in dopant concentration and explained this by considering a coupling term of 

the solute mole fraction with the nematic and smectic-A order parameters, 

appearing in the mean-field free energy density expression. Moreover, the Sm-
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A–N transition temperatures appearing in Ref. [72] always display a descending 

trend against the enhancement of doping concentration. Such outcomes appears 

to be quite inevitable as for a non-mesogenic impurity one may expect Flc-dp< 

Flc-lc, which again lead to a decrease in the associated local molecular ordering 

along with a fall in the related transition temperature. A decrease in transition 

temperature has also been revealed for other nonmesogenic additives [73] and 

confinement in aligned aerosil gels as well [74]. However, to the contrary, 

Sasaki et al. have recently found that for systems comprising the n-alkyloxy-

cyanobiphenyl and a bent-core dopant, the nematic–smectic-Ad transition 

temperature decreases sharply with the enhancement of the dopant 

concentration [11]. The effective critical exponent has been found to lie 

between the 3D-XY and tricritical value for most of the mixtures. They have 

observed that in their investigated case, the addition of bent-shaped dopant 

leads to a stabilization of the nematic phase and a corresponding destabilization 

of the Sm-Ad phase. Such a contradicting feature may be due to the manner of 

interaction undertaken by the bent-core molecules as well as their particular 

arrangement appearing in the calamitic background. 

8.7.   Conclusions  
A temperature scanning measurement of optical birefringence has been 

undertaken to study phase behavior of a binary system consisting of the rod-

like octylcyanobiphenyl (8CB) and a laterally methyl substituted hockey stick-

shaped mesogen, 4-(3-n-decyloxy-2-methyl-phenyliminomethyl)phenyl 4-n-

dodecyloxycinnamate (compound 5). The precise Δn data are quite successful 

in characterizing the transitional anomaly associated with both the N–I and Sm-

A–N phase transitions. For the investigated mixtures, the values of the critical 

exponent β related to the limiting behavior of the nematic order parameter close 

to the N–I phase transition, have been found to be close to 0.25 and thus are in 

agreement with the tricritical hypothesis; this also excludes the possibility of 

any higher β values. 
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Emphasis has also been given to temperature dependence of the 

birefringence close to the Sm-A–N phase transition along the path of 

concentration variation. No visible discontinuity was observed at the Sm-A–N 

phase transition implying a second-order nature of that transition. Power-law 

analysis of the data successfully describes the divergence of the differential 

quotient Q(T) extracted from Δn on both sides of the transition over a broad 

range of reduced temperature. It has been observed that the introduction of the 

angular mesogenic dopant leads to a contraction of the nematic range with a 

corresponding enhancement in the Q(T) anomaly near the Sm-A–N phase 

transition. The yielded effective critical exponent (α') values were found to be 

non-universal in nature, i.e., being intermediate between those predicted for 

3D-XY and tricritical systems. For the pure 8CB, the evaluated α' value has 

been found to be in excellent agreement with those obtained from the high-

resolution adiabatic scanning calorimetry and birefringence measurements by 

others. Moreover, the exponents β' and γ' as extracted from fits to the Δn data, 

were also found to support the crossover character as put forwarded by the α' 

variation. One conspicuous aspect of the present investigated system is the 

considerable influence of the curved mesogenic entities on the resultant de 

Gennes |Ψ| coupling between the nematic and smectic-A order parameter 

in the host medium. Undoubtedly the intermolecular interactions get revised on 

a significant scale by the presence of the bent molecules in the “sea” of the 

rodlike hosts, thus affecting the order of the transition, where perhaps the 

kinked molecular shape of the dopant also plays an important role. However, 

manifestation of the exact dependence of the order character of the Sm-A–N 

phase transition on the molecular profile and also exact treatment of the 

interactions on a molecular level relating the transitional anomaly decided by 

the various coupling forces, is beyond the scope of the present work and 

necessitates future seminal works incorporating both theoretical and 

experimental approaches for distinct dopant-host pairs with diverse core 

structures and molecular profiles. Hence, systems involving nonlinear 
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mesogenic impurity are likely to emerge as a viable route providing rich insight 

into the unexplored aspects of transitional fluctuations and henceforth lead to a 

better understanding of the physics of phase transition and critical phenomena 

in soft matter systems. 
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CHAPTER 9 

 

Conclusions 
 

 The dissertation entitled “Study of physical properties of bent-core mesogens 

having nematic and smectic phases” submitted for the degree of Doctor of 

Philosophy (Physics) of the University of North Bengal embodies the results of 

experimental investigations on the physical properties of several pure bent-core 

and hockey stick-shaped liquid crystals and their mixtures exhibiting  nematic 

and smectic phases. Nematic and calamitic like smectic phases are relatively rare 

among the mesophases formed by banana-shaped compounds and they have 

been found to be accompanied with a number of exotic features, finding no trace 

in classic calamitic liquid crystals. Although extensive research works have been 

carried out to investigate such unconventional mesophases, yet a number of 

questions remain unsolved so far. This dissertation is principally focused on 

determination of the structure-property correlation and characterization of 

mesomorphic properties in the nematic and smectic phases of several symmetric 

bent-core and hockey stick-shaped compounds. Additionally, the influence of 

bent-core molecules on the character of mesophase transitions and mesomorphic 

behavior of a few calamitic molecules has also been investigated. This thesis 

consists of eight chapters. 

 In chapter 1, a brief review of the fundamentals of liquid crystals, their 

classification, different mesophases and related molecular arrangements have 

been presented. However, this dissertation is restricted to the description of the 

general features and mesomorphisms of calamitic and bent-core liquid crystals 

which have been principally discussed here.  
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In chapter 2, an overview of the different experimental techniques, used 

for characterizing the liquid crystalline compounds and mixtures has been 

portrayed. The procedures for extracting different material parameters from 

different experiments have also been presented. Besides, few necessary 

theoretical approaches have also been discussed in brief. 

Chapter 3, describes the physical characterization of three members of a 

homologues series having terminally alkyl substituted bent-core mesogens, 4-

cyanoresorcinols (1/7, 1/9 and 1/10) from birefringence, X-ray, static dielectric, 

splay & bend elastic moduli, relaxation time and rotational viscosity 

measurements. The principal objective of this work was to accomplish a 

systematic study of different mesomorphic properties in the mesophases of the 

compounds under investigation. All the three compounds exhibit a highly 

correlated nematic phase (NcybC) over a wide temperature range followed by a 

phase (CybC) comprising elongated but not yet completely fused strings of 

cybotactic clusters. In addition, the higher homologues (1/9 and 1/10) exhibit 

one or more non-polar, tilted smectic phases (Sm-C(I) , Sm-C(II)). The 

temperature dependence of orientational order parameter (<P2>) has been 

extracted from both X-ray diffraction and birefringence measurements and the 

values are found to be in agreement in the nematic phase. However, the <P2> 

values obtained from these two procedures exhibit opposite trends in the low-

temperature CybC and Sm-C phases. The theoretical <P2> values, calculated 

using the McMillan’s theory, have been found to concur well with those from 

X-ray diffraction measurements after introducing necessary correction for the 

presence of molecular tilt. Remarkably, the two lower homologues (1/7, 1/9) 

demonstrate a temperature-dependent crossover in the two dielectric 

permittivity components (ε  and ε ) in the nematic phase while the higher 

homologue (1/10) exhibits negative values of dielectric anisotropy ( ε = ε  - ε ) 

over the entire mesomorphic range. Such a crossover is possibly due to a 

combined influence of enhancement in the antiparallel dipolar correlation for 

the longitudinal dipolar component and formation of strong short range Sm-C 



                                         

                                                                                                          Chapter 9 

244 

 

type layered structure. In all the investigated compounds, the splay elastic 

modulus has been observed to be relatively smaller (K11) than the 

corresponding bend modulus (K33), thus leading to negative values of elastic 

anisotropy (K33 - K11). The yielded rotational viscosity (γ ) values as obtained 

from two different techniques – the capacitive decay and optical phase-decay-

time measurement methods, are nearly more than an order of magnitude higher 

compared to the conventional calamitic nematics. Such atypical γ  values may 

be owing to the formation of short range cybotactic clusters utilizing the shape 

anisotropy and strong transverse dipolar contribution from the bent-core 

molecules and also the existence of those clusters as an inherent part of the 

nematic phase structure. The strong temperature and chain length dependence 

of the cluster size has also clearly been reflected in the temperature variation of 

γ . Eventually such strange ordering and hence, the huge induced flow 

reluctance and rotational hindrance of the molecules characterize the medium 

with a non-Newtonian like behavior. 

Chapter 4 summarizes the structure–property investigation in the 

mesophases of a few laterally methyl substituted hockey stick-shaped 

compounds by polarizing microscopy, X-ray diffraction, 
13

C-NMR, optical 

birefringence, dielectric and electro-optical methods. Interestingly, the 

introduction of a lateral methyl group in the obtuse angle, between the meta-

alkyloxy chain and azomethine connection group in these molecules, results in 

the emergence of a nematic phase at higher temperatures. Steric interactions 

between the methyl group and the neighbouring alkoxy chain in the meta-

position conceivably induce a more rod-like shape thereby facilitating the 

formation of the nematic phase. The nematic–smectic Ca (N–Sm-Ca) phase 

sequence, as observed in compounds 1 and 2, is also quite remarkable. In 

addition to the nematic phase, compounds 3-5 demonstrate two tilted smectic 

phases – Sm-Cs with synclinic and Sm-Ca with anticlinic molecular 

arrangement. The two-dimensional X-ray diffraction pattern in the Sm-Cs 

phase clearly proves the synclinic structure, the pattern in the Sm-Ca phase is 
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caused by an anticlinc arrangement of the molecules in adjacent layers. The 

orientational order parameter (<P2>) values determined from the birefringence 

and NMR measurements agree well with one another and decrease at the     

Sm-Cs–Sm-Ca transition. However, the <P2> values determined from X-ray 

diffraction measurements on compound 4 increase in going from Sm-Cs to   

Sm-Ca phase and the obtained values are significantly large relative to the other 

two measuring procedures. This apparent contradiction may be owing to the 

uncertainties in these methods suffering mainly (but not only) from a differing 

alignment of the surface-aligned samples in the smectic phases and a differing 

change in this alignment with temperature for the different experimental 

settings. Furthermore, a more precise extraction of the X-ray intensity 

distribution data [I (χ)] and elimination of the background contribution from 

the same employing other more refined techniques may also help in eliminating 

such contradicting outcomes. The dielectric measurements show a low 

frequency absorption, which has been interpreted as signal from small “soft” 

ferroelectric clusters in analogy to the Sm-CP phases of banana-shaped 

molecules. Possibly the clusters formed by hockey stick molecules exhibit 

stronger fluctuations. Therefore, it may be difficult to detect ferroelectricity by 

the reversal current methods. 

Chapter 5 deals with the study of dielectric and visco-elastic properties 

in the nematic phase of four members of the hockey stick-shaped liquid crystals 

as discussed in chapter 4. Remarkably, the nematic phase in these compound 

demonstrate a dual character (i.e., partially calamitic like and partially bent-

core like appearance). Birefringence measurements indicate that the Sm-Ca–N 

transition is of first order while the Sm-Cs–N transition is either of second order 

or weakly first order. The temperature dependence of dielectric permittivity 

exhibits a strong dependence on the anisotropic correlations among the hockey 

stick-shaped molecules and a temperature dependent inversion in the static 

dielectric anisotropy has been observed from positive to negative values on 

entering the Sm-Ca phase. From an analysis of the temperature dependence of 
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dielectric permittivity in the isotropic phase, related critical exponent (α), 

characterizing the critical fluctuations at the N–I phase transition have been 

appeared to be in agreement with the tricritical hypothesis. Similar to previous 

banana-shaped compounds, here as well, in the nematic phase, the bend elastic 

modulus (K33) has been found to be relatively lower than the corresponding 

splay modulus (K11) probably owing to the collective influence of both the 

coupling between the curved molecular profile and the bend deformation in the 

medium as well as the existence of comparatively short-range highly ordered 

molecular domains within this mesophase. Surprisingly, the measured nematic 

rotational viscosity (γ1) values have been found to be slightly higher than those 

obtained for several usual calamitic molecules and thereby contradict the 

banana like appearance as asserted by the elastic constant measurements. Such 

a fascinating outcome can merely be accounted for by considering the fact that 

like in conventional bent core compounds, for hockey stick-shaped nematogens 

as well, different shape correlated molecular interactions and eccentric phase-

structure modifications (e.g., strong rotational hindrance, significant clustering 

within the mesophase) take place but to a somewhat less extent and that is why 

they promote a number of such remarkable phenomena some of which pertain 

to calamitic liquid crystals while some other are related to the bent core 

compounds, again some are completely intermediate between both of them. 

In chapter 6, a comprehensive study of physical properties of a few 

multi-component liquid crystal mixtures incorporating the previously 

mentioned laterally methyl substituted hockey stick-shaped compounds, has 

been presented. Three eutectic mixtures, comprising varying number of pure 

components were formulated. They demonstrate a nematic (N) phase in 

addition to an anticlinic smectic C (Sm-Ca) phase or the I–N–Sm-Cs–Sm-Ca 

phase sequence. Interestingly, despite the sufficient proportions of the higher 

homologs (those with longer terminal chain) in them, all of the mixtures have 

found to demonstrate a relatively broad nematic range. The optical 

birefringence in them assumes comparatively lower values than that of the pure 
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components. Furthermore, the obtained dielectric anisotropy and splay elastic 

modulus values have been observed to be relatively greater than those obtained 

for the pure hockey stick-shaped molecules. At a fixed reduced temperature, 

the rotational viscosity values are either somewhat higher or nearly identical to 

those of the pure components. In spite of the difference in composition of the 

mixtures and also the major variation in concentration of the constituents from 

one mixture to another, no significant departure has been detected in magnitude 

of different material parameters from those for the pure compounds. Probably, 

it is the structural similarity of the component hockey stick-shaped molecules 

which promotes such alike behavior. These outcomes also indicate the key role 

of the molecular structure in deciding the phase-structure and mesomorphic 

behavior of liquid crystalline compounds. 

Chapter 7 is devoted to explore the effect of hockey stick-shaped 

molecules on the electro-optical properties of a chiral anti-ferroelectric liquid 

crystal. Four binary liquid crystal mixtures consisting of the hockey stick-

shaped mesogenic 4-(3-n-decyloxy-2-methyl-phenyliminomethyl)phenyl 4-n-

dodecyloxycinnamate and the antiferroelectric liquid crystal, (S)-MHPOBC 

were prepared and their physical characterization has been performed from the 

study of temperature dependences of spontaneous polarization, relaxation time, 

effective torsional viscosity and anchoring energy coefficients from a 

polarization field reversal technique. In these mixtures, the spontaneous 

polarization (Ps) has found to be significantly influenced by the introduction of 

bent-mesogenic molecules in chiral environment, where an enhancement in 

concentration of the hockey stick-shaped molecules causes a significant 

reduction in Ps value. Such a drop may be due to the dilatation effect of 

spontaneous polarization caused by addition of the achiral hockey stick-shaped 

compound. There may also be a weakening of the core-core correlation among 

the molecules in these combined systems along with additional contribution 

from mismatch in terminal chain length between the guest and host molecules. 

An extrapolation of the linear fit to the Ps values yields a zero polarization 
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value for the investigated hockey stick-shaped compound, confirming the non-

polar character of the same. Interestingly, the response time (τ) and effective 

torsional bulk viscosity coefficient (η) are found to demonstrate only a feeble 

dependence on achiral compound concentration. Moreover, for a specific 

mixture, the magnitudes of dispersion and polarization anchoring strength 

coefficients have been found to be close to one another suggesting nearly equal 

share in anchoring energy from electrostatic and non-electrostatic parts of 

interaction. Hence, the asymmetric bent-shaped molecules have been found to 

induce a considerable reduction in magnitude of spontaneous polarization and 

hence, a related elongation of the helix in investigated antiferroelectric systems 

without affecting the molecular relaxation time considerably. Perhaps, hockey 

stick-shaped molecules suffer a relatively weak perturbation in the investigated 

chiral environment leading to such captivating outcomes. Even though a 

number of issues are to be resolved, such rod-like–bent-core combined systems 

may emerge as a viable route for designing materials with potential for 

different electro-optic applications. 

Chapter 8 focuses on an extensive optical investigation of critical 

behavior at the nematic–isotropic (N–I) and smectic-A–nematic (Sm-A–N) 

phase transitions in a binary system comprising calamitic octylcyanobiphenyl 

(8CB) and one of members, 4-(3-n-decyloxy-2-methyl-

phenyliminomethyl)phenyl 4-n-dodecyloxycinnamate (compound 5), of the 

above discussed hockey stick-shaped liquid crystals, from a high-resolution 

measurement of optical birefringence (Δn). The precise Δn data have been 

quite successful in characterizing the transitional anomaly associated with both 

the N–I and Sm-A–N phase transitions. For the investigated mixtures, the 

critical exponent β related to the limiting behavior of the nematic order 

parameter close to the N–I  phase transition, has come out to be in good 

conformity with the tricritical hypothesis. No visible discontinuity was 

observed in the temperature dependence of Δn at the Sm-A–N phase transition 

implying a second-order nature of that transition. A power-law analysis has 
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found to describe successfully the divergence of the temperature dependence of 

a differential quotient Q(T) extracted from Δn data on both sides of the 

transition, over a broad range of reduced temperature. It has been observed that 

the introduction of the angular mesogenic dopant leads to a contraction of the 

nematic range with a corresponding enhancement in the Q(T) anomaly near the 

Sm-A–N phase transition. The effective critical exponents (α', β', γ') 

characterizing the critical fluctuation near the Sm-A–N phase transition, have 

appeared to be non-universal in nature i.e., being intermediate between those 

predicted for 3D-XY and tricritical systems. Here, the introduction of the 

hockey stick-shaped molecules in the rod-like environment has been found to 

cause a significant modification in effective intermolecular interactions in the 

host medium, thus affecting the order of the transition, where perhaps the 

kinked molecular shape of the dopant also plays a vital role. Now, 

enhancement of concentration of the dopant compound causes an augmentation 

of such resultant effect which again is facilitated through a consequent 

enhancement in the associated Sm-A–N phase transition temperature. Besides, 

such a revision in the intermolecular interactions is also followed by a 

corresponding strengthening of the coupling between the nematic and smectic-

A order parameters, thus driving the transition towards a first-order nature. 

In the past two decades, the bent-core or banana-shaped compounds 

have emerged as a very intriguing class of compounds in the field of soft-

condensed matter. They have found to demonstrate a rich variety of phase 

topologies with exotic molecular arrangement having no counterpart elsewhere. 

Even the calamitic like mesophases in them have also been appeared to be 

coupled with a number of exclusive features finding no trace in traditional rod-

like molecules. Such bent-mesogenic molecules are much promising not only 

for obtaining the knowledge of molecular behavior from the theoretical view 

point, but they are also crucial because some of them are of immense potential 

for technological applications. In the frame of this thesis it not becomes 

possible to answer a number of questions, for example – the exact nature and 
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structural behavior of the cybotactic cluster in bent-core nematic phases and 

their rigorous influence on the mesophase behavior or the detailed dependence 

of the mesogenic features on the molecular curvature, which necessitates 

further seminal research works encompassing both theoretical and experimental 

approaches.   
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Optical, dielectric and visco-elastic properties of a few
hockey stick-shaped liquid crystals with a lateral methyl
group

Anish Chakraborty,a Malay Kumar Das,*a Banani Das,b Ute Baumeisterc

and Wolfgang Weissflogc

Measurements of birefringence (Dn), dielectric permittivity (3k, 3t), elastic moduli (K11, K33) and rotational

viscosity (g1) have been carried out on the nematic (N) phase of a few hockey stick-shaped compounds 4-(3-

n-alkyloxy-2-methyl-phenyliminomethyl)phenyl 4-n-alkyloxycinnamates with a lateral methyl group

inserted between the m-alkyloxy chain and the azomethine connecting group. Interestingly, a dual

characteristic (i.e. partially calamitic like and partially bent-core like) is revealed in the N phase of these

compounds. The SmCa–N transition is found to be of first order in nature while the SmCs–N transition is

either second order or weakly first order. All the mesogens exhibit a temperature dependent inversion

in the static dielectric anisotropy (D3 ¼ 3k � 3t) from positive to negative values on entering the SmCa

phase. Remarkably in the entire nematic range, the bend elastic modulus (K33) is substantially lower

than the corresponding splay modulus (K11). The rotational viscosity coefficient (g1) as obtained by

extracting the relaxation time (s0) values from two precise, independent probing methods, viz. the

capacitive decay technique and the optical phase-decay-time measurement method, are slightly higher

than those of many known calamitic systems. Moreover, the activation energy (Ea) calculated from the

viscosity data is found to be considerably higher in the nematic phase than those obtained for

conventional calamitics. The observed behaviours are accounted for by considering the intriguing

shape-determined inter-molecular interactions and molecular associations appearing in the mesophase.
1 Introduction

Since the remarkable discovery by Niori et al.1 the bent-core or
banana-shaped compounds have emerged as a eld of consid-
erable interest in so matter research. Such a strong interest
results from the exceptional structure-induced mesomorphic
behavior and the exotic mesophase sequences revealed by the
so-called banana-shaped mesogens.2–4 Under steric conditions,
the kinked organization of the bent molecule preferably leads to
a close packing of molecules in layers and simultaneously
generates a polar order along the direction of the structural
bends. This in effect leads to the formation of molecular
monodomains with a signicant macroscopic spontaneous
polarization. Additionally, if the bow planes are tilted with
respect to the layer normal, the combination of the tilt direction
and polar vector may give rise to layer chirality even though the
individual molecules are themselves achiral.2–7 Thus by utilising
h Bengal, Siliguri, Darjeeling, 734 013,

1-353-2699001; Tel: +91-353-2582605

Technology, Siliguri, Darjeeling, 734 009,

g, Institute of Chemistry–Physical

Halle (Saale), Germany

18–7429
the structural feature i.e. the angular non-linearity, introduced
in the central molecular unit, the bent molecules may give rise
to a number of unusual smectic modications with ferroelec-
tric, antiferroelectric or ferrielectric properties and even unique
chiral mesophase morphologies regardless of the occurrence of
molecular domains of equal numbers of opposite
handedness.1–10

Moreover, despite the bent shape of banana molecules,
carefully chosen delicate modications in molecular structure
may yield calamitic like polymorphisms involving smectic C,
smectic A and even nematic phases.11–24 Such banana nematics
are again of great interest for the occurrence of a number of
exceptional features like biaxial nematic ordering,11–14,25

cybotactic clustering with smectic like layer structure,15,26–30

extraordinary electroconvection patterns,31–33 giant exoelec-
tricity,34–36 unique rheological properties,28,37 etc. Thus for
bent-core mesogens the aspects of the molecular structure (i.e.
the number of rings, structural conguration, position and
direction of the linking group, terminal chain length, presence
of lateral substituents etc.) are found to possess a more
profound inuence on phase structure and mesogenic
behaviour relative to those for conventional calamitics and
thereby induce several exotic mesophase sequences, having no
This journal is ª The Royal Society of Chemistry 2013
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trace in the eld of calamitic liquid crystals (LCs). Such
eccentric characteristics and also the discovery of polar
switching in such mesogens stimulate huge research efforts
among the scientic community regarding design and study of
novel bent-core materials with desirable phase sequences and
material properties for application in modern technology as
well as to explore the unrevealed underlying physics in the
branch of so matter.

Now, the pertinent question that arises is to what extent the
mesogenic behavior of such non-linear molecules gets inu-
enced and thereby diverges from that of conventional rod like
compounds by the introduction of a structural modication in
the form of a bend in the molecular congurations. In recent
years, an interesting class of mesogenic compounds with a
shape intermediate between the traditional rod like molecules
and the conventional bent core ones, the “hockey stick-shaped
compounds”, have emerged as a eld of immense interest,
where the “bend” has been introduced in the form of a meta-
substituted alkyl or alkoxy chain in the terminal phenyl ring of
normal three ring calamitic molecules.38–43 In some other
hockey stick molecules having a bent aromatic core, the angle
of the molecular long axis results from a 1,3-phenylene frag-
ment or 2,5-disubstituted heterocyclic ve-membered ring in
strongly non-symmetric four- or ve-ring aromatic
systems.44–49 Some of these compounds are of considerable
interest due to the occurrence of two polymorphic tilted
smectic phases – the synclinic smectic C (SmCs) as well as the
anticlinic smectic C (SmCa) phases. In our earlier publications
the synthesis and detailed structural and conformational
investigations from X-ray diffraction and NMR measurements
of 4-(3-n-decycloxy phenylimino-methyl)phenyl 4-n-alkylox-
ybenzoates, comprising a meta-alkyloxy substituted three-ring
core with a COO and a CH]N linking group between the
phenyl rings, have been reported.50–53 Depending upon the
length of the terminal chains these compounds form a SmA
phase, and SmCs and SmCa phases. From NMR investigations
on these compounds it was conrmed that the SmCs–SmCa

phase transition is accompanied by a conformational change
in the molecular part containing the 3-alkyloxyphenyl frag-
ment.50 This conformational change is associated with a
change in the molecular shape from a more rod like one in the
SmCs phase to a hockey stick like shape in the SmCa phase and
leads to a different packing of the molecules within the layers
of the SmCa phase.

The enlargement of the mesogenic aromatic core of the
three-ring compounds by insertion of a carbon–carbon double
bond results in esters of the cinnamic acid, which again
exhibited SmA–SmCs–SmCa mesomorphism, however at a
slightly higher temperatures.54

Interestingly, in these compounds the lateral substitution by
a methyl group in the obtuse angle between the m-alkyloxy
chain attached to the terminal phenyl ring and the azomethine
connecting group leads to the suppression of the smectic A
phase along with the emergence of the nematic phase in a
certain temperature range.55 As mentioned above the occur-
rence of nematic phases is quite remarkable among the meso-
phases of bent core molecules and their presence certainly
This journal is ª The Royal Society of Chemistry 2013
enhances the potential for application and stimulates further
investigation.

Now, from the viewpoint of practical applications, such as in
modern displays, the visco-elastic properties serve as a very
important material feature deciding the performance of the
concerned device. For calamitic LCs although the typical
magnitude and temperature dependence of visco-elastic
parameters like the Frank elastic moduli (K11 and K33), molec-
ular relaxation time (s0) and rotational viscosity (g1) are
reasonably well ascertained and comprehended,56–65 the general
trend of variations and features relating the visco-elastic
behavior of bent-core or hockey stick-shaped molecules exhib-
iting a nematic phase are still not understood well. For bent-
core LCs, the angular design of the molecules and hence the
steric hindrance and intermolecular association have a crucial
inuence on the visco-elastic behaviour. Thus, it is of great
interest to study the visco-elastic properties in the nematic
phase of bent-core as well as of hockey stick-shaped
compounds. In continuation of our previous work, in the
present article we report the measurement of rotational
viscosity in the nematic phase of four members of a homolo-
gous series of laterally methyl substituted hockey stick-shaped
mesogenic 4-(3-n-alkyloxy-2-methyl-phenyliminomethyl)phenyl
4-n-alkyloxycinnamates. In order to determine the rotational
viscosity as a function of temperature, the splay elastic constant
as well as the relaxation time have to be determined.
Measurements of relaxation time have been conducted by two
different probing methods viz. capacitive decay and optical
phase-decay-time measurement methods which permit a
precise comparison between the two sets of values. The results
obtained by these two techniques are in good agreement with a
small deviation of about 10–15%. The necessary splay elastic
constant was determined from a study of the electric eld
induced Freedericksz transition and from the dielectric
anisotropy of the molecules. Moreover, for the determination of
the relaxation time by the optical method, the optical phase
retardation of the sample lled cell is required which was
obtained from optical birefringence measurements. Thus, in
this work the temperature dependence of birefringence,
dielectric anisotropy, splay and bend elastic constants and
relaxation time of the compounds were determined. The results
are compared with the conventional rod like nematics and
explained by considering the molecular shape non-linearity of
the bent-shaped nematogens, their unusual shape-determined
inter-molecular interactions and molecular associations
appearing in the mesophase.
2 Experimental

For the present study planar or homogeneously aligned (HG)
and homeotropically aligned (HT) standard ITO (indium-tin
oxide) coated cells of thickness 5 and 8.9 mm (procured from
AWAT PPW, Warsaw, Poland) were used. The empty cells were
heated to 5–10 �C above the sample clearing temperature and
then the samples were lled in the isotropic state via capillary
action. Details of the measuring procedures have already been
reported in our earlier publications.66–69
J. Mater. Chem. C, 2013, 1, 7418–7429 | 7419
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2.1 Refractive indices measurements

The thin prism method was utilized to measure the principal
refractive indices (no, ne) and hence the average refractive index
nav ¼ O{(2n0

2 + ne
2)/3} and the birefringence, Dn ¼ ne � no for

l¼ 632.8 nm (He–Ne laser70) within an accuracy of�0.0006, the
details of which has been reported by Prasad et al.66 The
samples were lled into a thin hollow glass prism (refracting
angle < 2�) and aligned with their long axis parallel to the
refracting edges by coating the inside surfaces with polyvinyl
alcohol and rubbing successively. The prism was placed within
a specially constructed brass heater, the temperature of which
was controlled by a Eurotherm PID 2404 process controller with
an accuracy of �0.1 �C. While passing through the aligned LC,
the light beam splits into the ordinary and extraordinary
components, thereby producing two spots on the screen. The
images of the spots were recorded using a digital camera
interfaced suitably with a computer. The high resolution digital
images so obtained were further processed to locate the centre
of the spots from where the ordinary (no) and extraordinary (ne)
refractive indices could be determined.66

2.2 Static dielectric permittivity measurements

The temperature variation of the static dielectric permittivities
3k and 3t along and perpendicular to the molecular long axis
respectively, and hence the dielectric anisotropy D3 (¼ 3k � 3t),
average dielectric permittivity {3avg ¼ 1/3(23t + 3k)} and the
isotropic permittivity (3iso) were measured at 1 kHz by
measuring the capacitance of suitably aligned liquid crystal
lled cells procured from AWAT PPW, Warsaw, Poland using a
precision digital LCR bridge (Agilent 4980A) with a relative
accuracy of �1%. The details of the measuring procedure have
already been reported.67 The cell was placed in a specially con-
structed electrically powered thermostat block, the temperature
of which was controlled within an accuracy of � 0.1 �C by a
process controller (Eurotherm PID 2404).

2.3 Splay and bend elastic constant measurements

Splay elastic constant (K11) for the four hockey stick-shaped
molecules were measured by studying the capacitance–voltage
characteristics in the nematic phase, the initial planar align-
ment being distorted by an electric eld parallel to the layer
normal. The instrument employed for the present measuring
purpose is the same precession LCR meter (Agilent 4980A) and
the details of the procedure have been discussed elsewhere.68

The variation of cell capacitance with the measuring voltage
(at intervals of 20 mV) was studied, from which the Freedericksz
threshold voltage Vth could be obtained. From the knowledge of
the dielectric anisotropy, D3, splay elastic constant K11 could be
ascertained using the following relation:

K11 ¼ 30D3Vth
2

p2
(1)

where 30 is the permittivity of free space and Vth is the critical
eld in r.m.s.

The bend elastic constant K33 was also determined from the
analysis of the dependence of the cell capacitance on the voltage
7420 | J. Mater. Chem. C, 2013, 1, 7418–7429
at voltages sufficiently above the threshold value.71 The
equation describing the voltage (V) dependent capacitance,
C(V), was rst introduced by Gruler, Scheffer and Meier72 and
was subsequently modied by Uchida and Takahashi.73 The
nal expression describing C(V) dependence may be given
as:61,74

C ðVÞ � Ct

Ct

¼ g� 2g

p

Vth

V

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ g sin2

4m

q
�

ð4m

0

� ð1þ k sin2
4Þð1� sin2

4Þ
ð1þ g sin2

4Þðsin2
4m � sin2

4Þ

�1
2

cos 4d4

(2)

where k ¼ K33/K11 � 1, g ¼ 3k/3t � 1, 4 is the tilt angle between
the director n and the cell wall, 4m is the tilt angle at the centre
of the cell and Ct is the capacitance of the cell when the liquid
crystal molecules are homogeneously aligned.

For a eld much higher than the threshold value (Vth), 4m ¼
p/2 and hence eqn (2) assumes the form

CðVÞ � Ct

Ct

¼ g� 2g

p

Vth

V

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ g

p

�
ðp=2
0

�ð1þ k sin2
4Þ

ð1þ g sin2
4Þ

�1
2

cos 4d4 (3)

From eqn (3) it is evident that for V[ Vth, a (C � Ct)/Ct vs.
1/V plot should be linear with a slope

a ¼ 2g

p

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ g

p
Vth �

ðp=2
0

�ð1þ k sin2
4Þ

ð1þ g sin2
4Þ

�1
2

cos 4d4 (4)

The extrapolation of the curve to 1/V ¼ 0 gives directly the
value of g ¼ D3/3t. Therefore by measuring a and g, the
parameter k and hence the elastic constant K33 can easily be
evaluated when the values of K11 are available. These procedures
enable us to determine the K11 and K33 values with an accuracy
of around �3% and �8% respectively.
2.4 Rotational viscosity measurement

2.4.1 Optical method. A relaxation method involving the
time decay of the optical phase retardation was undertaken to
determine the rotational viscosity of the compounds under
investigation. A small voltage was applied to a liquid crystal
cell to deform the nematic directors by a small angle. On the
removal of the eld at time t ¼ 0, the director reorients due to
the relaxation of elastic distortions with a characteristic
relaxation time s0. For a LC lled homogeneously aligned cell
of thickness d, s0 is related to the following material
parameters:

g1 ¼
s0K11p

2

d2
(5)

where K11 is the splay elastic constant and g1 is the rotational
viscosity coefficient of the liquid crystalline material. The
details of experimental technique and data analysis have been
reported by us in our earlier publication.69

2.4.2 Capacitance method. In the capacitance method, the
LC director reorientation time (s0) and hence the rotational
This journal is ª The Royal Society of Chemistry 2013
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viscosity coefficient (g1) was measured by using a digital
impedance analyzer (Agilent 4980A) in programmable mode
and with suitable computer interfacing which provides a
capacitive decay of the sample against time. The sample is lled
in a high precession homogeneously aligned LC cell consisting
two ITO coated glass plates with spacing of about 5 mm. The
operating frequency is kept xed at 10 kHz. As the decay process
of the hockey stick-shaped compounds is comparatively slow, a
delay time of 30 ms is introduced between successive readings.
Now, an ac voltage (V) greater than the corresponding Free-
dericksz threshold (Vth) was applied (V/Vth z 2.5) across the cell
for a time of about 1 minute. On sudden lowering of the eld to
a value about 200 mV (<Vth), the LC directors relax back to their
initial congurations and accordingly the effective cell capaci-
tance changes. For such a change it is found that in the small
signal regime the difference of the instantaneous capacitance
(Ct) at a particular time t and the equilibrium state capacitance
(Ct) (for homogeneous alignment) follows62 the following
simple exponential decay form

DCt ¼ Ct � Ct ¼ DC0(exp(�2t/s0)) (6)

where DC0 z Ct(D3/23t)4m for planar alignment of the LC
molecules, 3t is the static dielectric permittivity along the
molecular long axis, D3 is the dielectric anisotropy, Ct is the
capacitance of the cell when the liquid crystal molecules are
homogeneously aligned and 4m is the director tilt angle at the
middle of the layer at time t ¼ 0, i.e. when relaxation initiates.
The experimental results of Schad62 show that eqn (6) is a good
approximation for 4m < 1.

Fig. 1 represents an example of the transient capacitance
response for reorientation of LC directors aer removal of the
applied high eld. Therefore, to study the switching behavior,
the variation of transient capacitance is recorded against time
at different temperatures. The slope of the logarithmic plot of
(Ct � Ct)/Ct against time yields the relaxation time (s0),
which leads to the rotational viscosity coefficient (g1) following
eqn (5).
Fig. 1 Transient capacitance response of compound 2 placed inside a homo-
geneously aligned LC cell at 103.5 �C. DCt/Ct and ln(DCt/Ct) are plotted against
time.

This journal is ª The Royal Society of Chemistry 2013
3 Results and discussion

The mesophase behavior and the transition temperatures of
compounds 1–5 are summarized in Table 1. Compounds 1–4
exhibit a nematic range of about 4.5 K to 10.0 K while
compound 5 possesses a very narrow nematic range of only
about 0.3 K.
3.1 Refractive index measurements

The temperature dependent variation of the birefringence (Dn
¼ ne � no) at a wavelength of l ¼ 632.8 nm for the ve
compounds is shown in Fig. 2(a)–(e). Birefringence obtained
from the optical transmission (O.T.) measurement55 has also
been included for a precise comparison between the two sets of
data.75 The agreement between the values measured by these
two different approaches is fairly good in the limited tempera-
ture range. However, for all compounds well within the nematic
phase, the values of Dn obtained from the transmission method
are found to be slightly higher than those measured by the thin
prism technique. Such a trivial disparity for these two
measuring procedures has been interpreted in terms of the
greater sample thickness (�20–40 times) and the resulting
decrease in the surface anchoring due to which the molecular
ordering is retained somewhat less than in thin cells of much
smaller dimensions.76

The temperature variation of the principal refractive indices
no and ne, the average refractive index (nav) as well as the
refractive index in the isotropic phase (niso) are also shown in
the insets of Fig. 2(a)–(e). Both no and ne slightly vary within the
nematic phase. For most of the compounds the isotropic
refractive index niso is found to have more or less the same value
as the average component nav of the refractive index in the
N phase, while for compounds 1 and 3 niso is slightly lower than
nav. This result is in agreement with the nding of others for
distinct oxazole based bent-core nematogens revealing no
divergence of the nematic mean refractive index from the
Table 1 Molecular structure and transition temperaturesa (�C) for the 4-(3-n-
alkyloxy-2-methyl-phenyliminomethyl)phenyl 4-n-alkyloxycinnamates

Compound m n Cr SmCa SmCs N I

1 8 8 � 59.2 � — 99.7 � 109.8 �
2 8 10 � 70.5 � — 97.8 � 107.6 �
3 10 8 � 66.4 � 105.3 � 106.4 � 111 �
4 10 10 � 67.5 � 102.9 � 107 � 111.8 �
5 12 10 � 74.2 � 101.4 � 109.8 � 110.1 �
a Transition temperatures from dielectric measurement.

J. Mater. Chem. C, 2013, 1, 7418–7429 | 7421
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Fig. 2 Experimental values of refractive indices no and ne and birefringence (Dn ¼ ne � no) as a function of temperature for (a) compound 1; (b) compound 2; (c)
compound 3; (d) compound 4 and (e) compound 5. : no; : ne; : niso; : nav; : birefringence (from thin prism method); : birefringence (from optical transmission
measurement).
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isotropic value (niso).77 Moreover, for calamitic LCs it is rather
frequent to have a slightly higher value of nav than niso.

On cooling from the isotropic phase, a sharp enhancement
in the birefringence (Dn) is observed at the N–Iso transition,
essentially due to the increase in the nematic order via the
signicant growth of the cybotactic clusters from the disordered
7422 | J. Mater. Chem. C, 2013, 1, 7418–7429
uid state and their alignment by strong surface anchoring
which in turn facilitates the rapid growth of the optical
anisotropy of the media. For the present compounds such a
kind of short range ordering has also been revealed by small
angle X-ray diffraction measurements.55 On further cooling well
within the mesophase the increase is relatively small.
This journal is ª The Royal Society of Chemistry 2013
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Fortunately for compound 2 we have been able to measure both
the ordinary and the extraordinary components of the refractive
indices in the anticlinic smectic phase, even though it is well
known that the measurement of Dn is considerably difficult in
the higher ordered smectic phases due to the poor alignment
compared with that in the N phase and sometimes also due to
strong absorption in the medium. It has been observed that the
birefringence values remain more or less constant in that
region. In the case of sample 5 in which the nematic range is
very narrow we have found no and ne in both the nematic and
SmCs phases. Within the SmCs phase both refractive indices
(no, ne) and hence the birefringence remain more or less
constant throughout the mesophase. It is also observed that in
general the change in birefringence is continuous across the N–
SmCs transition indicating a very weak rst order or a second
order nature of the transition, while the discontinuity in the Dn
curve at the N–SmCa transition (compound 2) clearly implies
the rst order nature of the transition.
3.2 Static dielectric permittivity measurements

The temperature dependence of the dielectric parameters
[3k, 3t, 3iso and 3av ¼ {1/3(23t + 3k)}] for two representative
compounds 2 and 4 is illustrated in Fig. 3 while variations of the
Fig. 3 Temperature variation of dielectric parameters [3k, 3t, 3av, 3iso and D3

(inset)] for (a) compound 2 and (b) compound 4.

This journal is ª The Royal Society of Chemistry 2013
dielectric anisotropy (D3 ¼ 3k � 3t) for all the mesogens are
shown in Fig. 4. In compounds 2 and 4 it is observed that on
cooling from the isotropic state, D3 (inset of Fig. 3) primarily
grows with decreasing temperature in the N phase and then
remains more or less constant or slightly diminishes aer
attaining a maximum and further continues to decrease sharply
throughout the entire SmCs phase. Hence, within the temper-
ature ranges of the nematic and SmCs phases the anisotropy
(D3) always assumes small positive values. Interestingly, we
observe a pronounced drop in the 3k values at the transition
from the nematic to the smectic Ca phase (compound 2) while
the drop is somewhat smaller at the smectic Cs to smectic Ca

transition (compound 4). However, in both the cases, it leads to
a cross over in the two dielectric components (3k < 3t) just on
entering the low temperature anticlinic phase, i.e. causing the
D3 values to be negative in the SmCa phase. On further cooling
the two permittivity components (3k, 3t) retain their trends but
the enhancement in 3t or the decrease in 3k is now quite
gradual. Hence, a temperature dependent sign reversal in the
dielectric anisotropy is observed within the anticlinic smectic
phase for all the hockey stick-shaped compounds under study.
Similar sign inversion in D3 has formerly been demonstrated in
the SmCa phase for a related three-ring hockey stick-shaped
compound78 and has also been reported by others for symmetric
bent-shaped nematogens79 and for some calamitic molecules as
well.80 This anomaly may be explained by considering a drastic
re-orientation of the molecules at the phase transition: the
molecular long axes are oriented parallel to the aligning surface
in the SmCs phase of the surface aligned bulk sample and the
layers are tilted with respect to the surface. However, the anti-
clinic arrangement of the molecules in the SmCa phase forces
the layers to align parallel to the surface and the molecular long
axes to be tilted with respect to it. Such a tilted molecular
arrangement in the SmCa phase certainly causes a signicant
drop in the parallel component of themolecular dipole moment
(mk) i.e. along the molecular long axis and thereby reduces the
longitudinal component of dielectric permittivity (3k) to a
considerable extent. Additionally, the dipole–dipole interac-
tions between molecules of the same smectic layer are stronger
than those betweenmolecules of adjacent layers. This causes an
Fig. 4 Temperature dependence of the dielectric anisotropy (D3) in the nematic
phase for all the experimental compounds 1–4.

J. Mater. Chem. C, 2013, 1, 7418–7429 | 7423
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enhancement in the antiparallel dipolar correlation along the
molecular director which lowers the 3k values, too. For calamitic
molecules the details of the analysis regarding such interac-
tions and their inuence on the molecular parameters have
already been reported by de Jeu et al.80 Moreover, from our
previous NMR conformational studies50 for a group of closely
related hockey stick-shaped compounds, it has also been found
that the hockey stick-shaped molecule behaves more or less like
a calamatic (rod like) molecule in orthogonal and synclinically
tilted smectic phases, resulting in the normal temperature
variation of dielectric parameters. However, at the transition to
the smectic Ca phase due to the reorientation in the molecular
part containing the 3-alkyloxyphenyl fragment a more hockey
stick like shape is attained and the effect of the structural bend
on the mesogenic behavior becomes more pronounced. Such
conformational change of molecular fragment may also be
associated with our present system as well, although the entire
scenario may be more complex and an exact knowledge requires
a precise conformational analysis as has been done based on
NMR measurements in ref. 50.81 Recently an inversion in
dielectric anisotropy has also been observed for an achiral bent-
shaped nematogen at the N–SmC transition by Sathyanarayana
et al.79 They have argued that along with the effect of enhanced
antiparallel dipolar correlation along the molecular long axis,
the formation of smectic layering and the rotational hindrance
emerging from the local layer packing of the bent molecules
also have a crucial inuence both on the reduction of the D3

values as well as affecting the rate of variation of the same with
temperature. Our present study seems to t well with the above
model in which the plausible conformational alteration of the
hockey stick-shaped compounds indeed causes the molecules
to behave more like a bent-shaped structure rather than the
simple straight-core geometry and leads to a drastic diminution
in D3 for the reasons discussed above.

For compounds 1 and 2, a signicant pretransitional effect is
observed in the vicinity of the N–SmCa transition, maybe due to
the strong growth of the cybotactic clusters and the enhance-
ment in their dimension which again stimulates the smectic
like behavior prior to the transition.

Moreover, due to the contribution from the orientational
polarization and density, although it is anticipated that the
average component of the dielectric permittivity (3av) will
increase with the lowering of temperature,82 in the present case
for all the compounds it is found that the value of the isotropic
dielectric permittivity (3iso) (extrapolated) in the mesophase is
always greater than the average component of the dielectric
permittivity (3av). Such a behavior is perhaps due to the anti-
parallel correlation between the neighbouring molecular
dipoles in the mesogenic medium.83
Fig. 5 Voltage dependence of the capacitance of the planar cell at different
temperatures for compound 3.
3.3 Elastic constants measurements

In the present system, an electrically driven Freedericksz tran-
sition could be achieved in the nematic and SmCs phases by
applying a threshold eld (Vth) of about 2–3.5 V and 3.5–4 V
respectively. The voltage dependence of the capacitance for
compound 3 lled planar cell (thickness 5 mm) is presented in
7424 | J. Mater. Chem. C, 2013, 1, 7418–7429
Fig. 5. For all the compounds, the Freedericksz threshold
increases more or less monotonically with lowering of temper-
ature and then exhibits a continuous variation across the SmCs–

N transition. Such a smooth change may be attributed to the
short range smectic uctuations existing throughout the N
phase. However, a nite discontinuity is observed in the
measured value of Vth at the N–SmCa or SmCs–SmCa transition
with Vth attaining a value of about 10.5 V, aer which the
threshold again continues to increase with further lowering of
temperature.

Fig. 6(a) and (b) depict the temperature dependence of the
splay (K11) and bend (K33) elastic moduli for the four hockey
stick-shaped molecules 1–4. In the N phase, it is observed that
the splay modulus exhibits a quite linear enhancement in
magnitude from �0.5 pN to �6–8 pN with decrease in
temperature and in agreement with the continuous nature of
the variation of the Vth values, for K11 as well, no pretransitional
divergence is observed in the vicinity of the nematic to the lower
smectic transition. However, the bend elastic constant (K33) is
more or less independent of temperature in the entire nematic
range except for compounds 1 and 2, where a strong divergence
is observed on approaching the low temperature anticlinic
smectic phase perhaps due to the pre-smectic type inuences.
Such a divergence in K33 has also been revealed for rod like and
other various reduced symmetry molecules by different research
groups;79,84–86 conversely for a few other bent-core compounds
the absence of any trace of pre-transitional divergence has also
been reported.87,88 However, for bent-core nematogens the non-
existence of any divergence for K11 and in some cases for K33 as
well, clearly infers a contradiction to the theories developed by
de Gennes89 and Chen and Lubensky90 predicting divergence of
all the three components of Frank elastic constants near the
SmC–N transition.

Again, the most intriguing feature is that although the values
of K33 near the clearing temperature and close to the SmCs–N
transition are comparable to those for K11, well within the
nematic phase the values of K33 are always substantially smaller
than the corresponding K11 values giving rise to negative values
of the elastic anisotropy (K33 � K11) with K33 achieving values
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 Temperature dependence of the splay (K11) and bend (K33)
elastic constants for (a) compound 1 and compound 2; (b) compound 3 and
compound 4.
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even less than one-quarter of that of K11. Such an atypical
behavior is nearly non-existent in the eld of conventional
calamitic LCs. Nevertheless, the present result is in good
agreement with our previous ndings68 for a homologous series
of bent-core resorcinol derivatives as well as with those of others
for distinct bow-shaped nematogens embracing diverse forms
of core structure.79,87,88,91,92 For a number of symmetric and
asymmetric bent-shaped nematogens it has been found that the
elastic anisotropy remains negative in the entire nematic range
with K33 being either independent of or reluctantly dependent
on temperature, while in some cases K33 is found to be strongly
diverging on approaching the low temperature higher ordered
phase. Sathyanarayana et al.79 have accounted for such behavior
by considering the coupling of the kink shape of the molecules
with the bend distortion in the medium leading to lower
effective K33 values, while Majumdar et al.92 have suggested that
along with the molecular shape, the formation of the highly
correlated local domains with tilted smectic conguration also
remarkably inuences the soening of both K22 and K33 relative
to K11. From atomistic modeling calculations, Cestari et al.93,94

have shown that a minor variation in the extent of curvature in
the bent molecular conformation has a dramatic inuence on
the bend elastic constant while a strong enhancement in the
molecular non-linearity can deliberately reduce K33 and even
This journal is ª The Royal Society of Chemistry 2013
may yield negative values for a signicantly higher ordering.
Recently, for an oxadiazole bent-core material Kaur et al.88 have
also reached the same conclusion evoking the extreme depen-
dence of K33 on the structural geometry, especially on the
magnitude of bend in the core moiety. They have also argued
that for bent-core molecules along with the molecular form and
population of conformers, the possibility of the existence of
short range cybotactic clusters can merely lead to a state where
the effective molecular width (Weff) becomes greater than the
length (L) of themolecules and thereby results in a smaller value
of K33 than K11. The present hockey stick-shaped compounds
also possess a more or less bent molecular shape with an
asymmetry in the length of the side chain. Here the steric
interaction between the methyl group and the neighbouring
alkoxy chain in the meta position perhaps induces a more rod-
like shape thereby facilitating the formation of the nematic
phase at higher temperatures. Now, maybe the divergence from
the angular shape is still not very signicant which perhaps
leads to a considerably smaller value of K33. The K33 values as
obtained from our experimental data are of the order of 1–2 pN,
which is somewhat of the order of the same for symmetric bent-
core molecules. Moreover, small angle X-ray diffraction
measurements55 also clearly indicate a smectic like short range
ordering, present as an intrinsic part of the nematic phase
structure, which further lowers K33 by enhancing the effective
molecular width. Hence all the explanations as discussed above
t quite well with our present system.
3.4 Rotational viscosity measurement

In the present work, measurement of the molecular relaxation
time (s0) was carried out in the nematic range from both the
optical and capacitive study of the molecular decay dynamics.
For all the four samples (compounds 1–4) the temperature
dependant variations of the relaxation time (s0) are presented in
Fig. 7(a) and (b). It is observed that the results obtained from the
two independent methods are in good agreement with one
another, having a small difference of about 10–15%. Determi-
nation of rotational viscosity (g1) is also carried out by utilizing
eqn (5) and the temperature dependences of the same are
illustrated in Fig. 8(a) and (b). Rotational viscosity is found to
assume values between �30 and 90 mPa s in the immediate
vicinity of the Iso–N transition following which it increases
monotonically with decreasing temperature, certainly due to an
increase in the orientational ordering of the mesogenic
medium, and nally diverges on approaching the low temper-
ature smectic phase. Recently a number of experimental studies
revealed that the rotational viscosity assumes dramatically high
values for angular mesogenic structures,37,68,87,91 in some
circumstances being nearly an order of magnitude higher than
those of normal calamitics. Such an intriguing behavior has
been attributed to the formation of smectic-like clusters
utilizing the shape anisotropy and the strong transverse dipolar
contribution, emerging from the kink shape of the bent-core
molecules.37 The occurrence of such clusters and their powerful
inuence on the phase behavior of bent-core nematics has also
been demonstrated by different research groups.15,26–30,68,92 As
J. Mater. Chem. C, 2013, 1, 7418–7429 | 7425
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Fig. 7 Temperature dependence of the relaxation time (s0) in the nematic phase
for (a) compound 1 and compound 2; (b) compound 3 and compound 4
measured from both optical method and capacitance method.

Fig. 8 Temperature dependence of the rotational viscosity (g1) in the nematic
phase for (a) compound 1 and compound 2; (b) compound 3 and compound 4 as
obtained from both optical and capacitance methods.

Fig. 9 Variation of ln(g1/S) with (1/T) for compound 1 ( ) from the capacitance
method. The solid line ( ) represents the best fit of the data to eqn (7).
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stated above, for the present system, small angle X-ray data also
clearly validate the presence of such short range SmC like
ordering.55 However, despite such clustering, in our present
study the g1 values are found to be considerably smaller than in
many pure bent-core systems.37,68,87 Moreover, these values are
slightly higher than those obtained for several usual calamitic
systems and their mixtures.64,65 In spite of the presence of the
bend, such a calamitic like behavior is perhaps due to the fact
that the steric interaction between the methyl group and the
neighbouring alkoxy chain in the meta position of the terminal
phenyl ring possibly partially trims down the effect of molecular
curvature and thereby lowers the short range macroscopic
clustering effect to some extent over the mesomorphic range.

The temperature dependence of g1 is tted with the
following Arrhenius type expression95 using the values of the
orientational order parameter (S) from birefringence
measurement:

g1 ¼ g0S exp

�
Ea

kBT

�
(7)

where Ea is the activation energy of the liquid crystalline
material, kB is Boltzmann's constant and T is the temperature
on the absolute scale. The variations of ln(g1/S) with 1/T for
compound 1 from capacitance measurement is illustrated in
7426 | J. Mater. Chem. C, 2013, 1, 7418–7429
Fig. 9. From the slope of the curve the associated activation
energy can be evaluated. Activation energies (Ea) are found to be
about 145 kJ mol�1 and 153 kJ mol�1 for compounds 1 and 2
respectively. However, due to the limited range of the nematic
phase it was not possible to measure the Ea values with the
desired degree of accuracy for compounds 3 and 4 because of
This journal is ª The Royal Society of Chemistry 2013
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the unavailability of an adequate number of data points. It is
observed that the measured Ea values are about an order of
magnitude higher than those for conventional calamitic mole-
cules. Probably in the vicinity of phase transitions, due to the
rapid increase in the cluster size, the molecular motion is
affected by the strong pretransitional uctuations leading to
such quite high Ea values. However, as the Ea values obtained
are the average over the entire N phase, the narrowness of the N
phase and the presence of strong correlation among the smectic
like structural aggregates may also be responsible for such high
activation energies. The occurrence of high activation energy
near the transition concurs well with the ndings of Jadżyn
et al.96 from dielectric measurement in rod-like molecules.

Certainly molecular curvature and inter-molecular interac-
tions have a dramatic inuence on the phase behavior and
structure–property correlations of bent-shaped nematogens.
Unlike interactions in conventional nematics, comprising of
only nearest neighbor correlations, the shape induced periodic
interactions suffered by the bent molecules preferably lead to a
simultaneous breaking of translational symmetry along the
molecular long axis facilitating the formation of short range
structural aggregates of the smectic type, persisting as an
intrinsic part of the nematic phase structure throughout the
mesophase. Furthermore, it has also been observed that for
bent molecules a small modication in the molecular confor-
mation and bend can drastically alter the phase behavior of the
concerned mesogen.49 Hockey stick-shaped mesogens have a
molecular shape neither rod-like nor banana-shaped with the
location of the bend quite shied from the centre of the
molecular core therefore exhibiting a number of mesophase
sequences and phase characteristics intermediate between
those for the classical calamitic and banana shaped mole-
cules.39,40 For instance, despite the shape non-linearity for a
group of ve-ring hockey stick-shaped materials with ester
linkage, Novotná and others have observed no trace of dipolar
order in the tilted smectic phases45 perhaps indicating the
absence of banana like packing i.e. revealing a more rod like
behavior. Furthermore, our previous conductivity measure-
ments on the present hockey stick molecules also did not yield a
conclusive polar answer.55

Hence, in our present study a fascinating alliance of both rod
like properties (such as the magnitude and temperature varia-
tion of g1) and angular like behavior (for example the temper-
ature variation of dielectric constants and elastic moduli) has
been explored for the similar molecules. Such a remarkable
feature is perhaps due to the collective domination of both the
molecular curvature and segregation, on the static and dynamic
behavior of bent molecules; however, the dependence on these
two factors gets varied from one property to another one.
Recently, for a ve-ring achiral hockey stick-shaped nematogen
the g1 values were found to be considerably higher than for
classical calamitic ones.91 Such a behaviour is explained as
partially due to the greater molecular weight of hockey stick
molecules and to the presence of cybotactic clusters emerging
from the rotational hindrance along the long axis of bent
molecules. Comparing the present hockey stick-shaped
compounds (3 aromatic rings) with those reported in ref. 91
This journal is ª The Royal Society of Chemistry 2013
(5 aromatic rings) and with conventional bent-core compounds
(in general 5 aromatic rings or more) their smaller aromatic
cores and alkyl chains certainly induce less clustering in the
nematic range.
4 Conclusions

A systematic physical investigation has been carried out on the
nematic phase of a few hockey stick-shaped liquid crystals with
a laterally attached methyl group in the molecular core between
the m-alkyloxy chain and azomethine connection group.
Remarkably, such a lateral substitution in the molecular core
suppresses the SmA phase along with the appearance of a
nematic phase. Steric interactions between the methyl group
and the neighbouring alkoxy chain in the meta position are
responsible for the induction of a more rod like prole hence
endorsing the formation of the high temperature N phase. From
birefringence measurements it has been observed that the
SmCa–N transition is of rst order while the SmCs–N transition
is either second order or weakly rst order. The temperature
variation of the dielectric permittivity exhibits a strong depen-
dence on the anisotropic correlations among the hockey stick-
shaped molecules while the dielectric anisotropy undergoes a
sign reversal from positive to negative values on entering the
SmCa phase, conceivably due to a substantial enhancement in
the antiparallel dipolar correlation for the longitudinal dipolar
component. Similar to the traditional bent core compounds, in
our present system as well, the bend elastic modulus (K33) is
found to be signicantly smaller than the splay one (K11),
perhaps owing to the collective inuence of both the coupling
between the curved molecular prole and the bend deformation
in the medium as well as the existence of comparatively highly
ordered molecular aggregates within the mesophase. Further-
more, although existing theoretical models demand the occur-
rence of a pretransitional divergence in the vicinity of the SmC
phase for all the components of the curvature elastic constant
(Kii), in the present study most of the data do not demonstrate
any such behavior, indicating an insufficiency of those models
for dealing with bent-core as well as with hockey stick-shaped
nematogens. Surprisingly, the measured nematic rotational
viscosity (g1) values being on the order of few tens to few
hundreds of mPa s, certainly characterize the present materials
with a more or less calamitic like behavior and thereby
contradict the banana like appearance asserted by the elastic
constant measurements. Such a fascinating outcome can
merely be accounted for by considering the fact that like in
conventional bent core compounds, for hockey stick-shaped
nematogens as well, different shape correlated molecular
interactions and eccentric phase-structure modications (e.g.
strong rotational hindrance, signicant clustering within the
mesophase) take place but to a somewhat lesser extent and that
is why they promote a number of such remarkable phenomena
some of which pertain to calamitic LCs while some other are
related to the bent core compounds, again some are completely
intermediate between both of them. However, the entire
scenario is still not clear requiring further investigations
J. Mater. Chem. C, 2013, 1, 7418–7429 | 7427
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including synthesis of newmesogenic compounds with a variety
of conformations and also detailed theoretical approaches.

In conclusion, molecular conformation and association play
a fundamental role in dening the structure–property correla-
tions and hence modifying the material parameters for meso-
genic compounds. Hockey stick-shaped liquid crystals bear a
resemblance to a linkage between the two most extensively
studied and intriguing class of liquid crystalline materials, the
rod like and the banana shaped liquid crystals, thereby
divulging features pertaining to both of these subelds. In that
sense, these asymmetric non-linear molecules are likely to
emerge as an excellent system providing rich insight into the
unexplored features of material properties of so matter
systems and henceforth may lead to a better understanding of
the inuence of molecular curvature on mesogenic behavior
and its consequences while contributing rigorously to the
design of future materials with desirable characteristics.
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G. Pelzl, S. Diele and H. Kresse, Liq. Cryst., 2003, 30, 529.
51 R. Stannarius, J. Li and W. Weissog, Phys. Rev. Lett., 2003,

90, 025502.
52 X. F. Han, S. T. Wang, A. Cady, Z. Q. Liu, S. Findeisen,

W. Weissog and C. C. Huang, Phys. Rev. E: Stat.,
Nonlinear, So Matter Phys., 2003, 68, 060701(R).

53 G. Sarkar, M. K. Das, R. Paul, B. Das and W. Weissog, Phase
Transitions, 2009, 82, 433.

54 E. Enz, S. Findeisen-Tandel, R. Dabrowski, F. Giesselmann,
W. Weissog, U. Baumeister and J. Lagerwall, J. Mater.
Chem., 2009, 19, 2950.

55 A. Chakraborty, B. Das, M. K. Das, S. Findeisen-Tandel,
M.-G. Tamba, U. Baumeister, H. Kresse and W. Weissog,
Liq. Cryst., 2011, 38, 1085.

56 W. H. de Jeu, W. A. P. Claassen and A. M. J. Spruijt, Mol.
Cryst. Liq. Cryst., 1976, 37, 269.

57 W. H. de Jeu and W. A. P. Claassen, J. Chem. Phys., 1977, 67,
3705.

58 F. Leenhouts, A. J. Dekker and W. H. de Jeu, Phys. Lett. A,
1979, 72, 155.

59 Hp. Schad and M. A. Osman, J. Chem. Phys., 1981, 75, 880.
60 N. V. Madhusudana and R. Pratibha, Mol. Cryst. Liq. Cryst.,

1982, 89, 249.
61 P. Chattopadhayay and S. K. Roy,Mol. Cryst. Liq. Cryst., 1994,

257, 89.
62 Hp. Schad, J. Appl. Phys., 1983, 54, 4994.
63 S. T. Wu, J. Appl. Phys., 1986, 60, 1836.
64 S. T. Wu and C. S. Wu, Phys. Rev. A: At., Mol., Opt. Phys., 1990,

42, 2219.
65 M. L. Dark, M. H. Moore, D. K. Shenoy and R. Shashidhar,

Liq. Cryst., 2006, 33, 67.
66 A. Prasad and M. K. Das, Phase Transitions, 2010, 83,

1072.
67 A. Prasad and M. K. Das, Phys. Scr., 2011, 84, 015603.
68 A. Chakraborty, M. K. Das, B. Das, A. Lehmann and

C. Tschierske, So Matter, 2013, 9, 4273.
This journal is ª The Royal Society of Chemistry 2013
69 M. K. Das and A. Prasad,Mol. Cryst. Liq. Cryst., 2011, 540, 162.
70 The measurements were done with the standard laser

because this wavelength of light does not cause any
photoreaction in our samples.
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