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ABSTRACT 

This dissertation is mainly focused on different aspects of the critical 

behavior at the nematic-isotropic (N–I) and smectic A-nematic (SmA–N) phase 

transitions in a number of binary liquid crystalline systems by means of diverse 

experimental techniques. A comprehensive study of the phenomenon of induction 

of nematic and smectic A phases through the investigation of various physical 

properties has also been carried out. This thesis illuminates how the phase 

behavior of liquid crystalline systems plays a significant role in determining the 

nature of phase transitions involved. 

The present work consists of nine different chapters describing a careful 

construction of complete phase diagram of some binary liquid crystalline systems 

with suitable concentrations and the measurement of the high resolution 

birefringence, refractive index, static dielectric permittivity, dielectric anisotropy, 

high resolution density, splay elastic constant and rotational viscosity of those 

mixtures. Studies have been carried out for different mixture concentration 

spanning the N-I, SmA-N and smectic A-isotropic (SmA-I) phase transitions. The 

outlines of the subsequent chapters of this thesis are described below. 

Chapter 1 explores the basic ideas related to thermotropic liquid crystals 

and emergence of induced phases followed by a brief review about phase 

transition. 

Chapter 2 illustrates various experimental techniques entailed in this work 

in conjunction with the essential theoretical backgrounds. 

Chapter 3 is devoted to high resolution birefringence study in some 

mixtures of alkoxycyanobiphenyl (nOCB) and alkylcyanobiphenyl (nCB) liquid 

crystals. 

 Near the SmA-N transition birefringence data exhibits a 

pretransitional behavior which is found to be enhanced with 

shortening of nematic range. 

 The critical exponent at SmA-N transition exhibits a crossover 

between the 3D-XY limit and tricritical point. The limiting value of 

McMillan ratio at which SmA-N transition changes its character 

from second order to first order is almost equal for all the three 
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binary systems ranging from 0.992 to 0.997 while for the 3D-XY 

limit the same varies from 0.937 to 0.942. 

 The critical exponent α at N-I transition assumes a value of around 

0.5 supporting a tricritical nature of the N-I transition, indicating a 

conformity with the outcomes of four parameter fit to birefringence,  

resulting values close to the tricritical value (=0.25). 

Chapter 4 presents the emergence of induced nematic phase in a binary 

system comprising of 5-trans-n-pentyl-2-(4-isothiocyanatophenyl)-1,3-dioxane 

(5DBT) and 4-cyano-4-n-decyloxy-biphenyl (10OCB).  

 The ordinary and extraordinary refractive indices display normal 

temperature variation with a rapid change near N-I transition. 

 This binary system shows existence of two tricritical points for 

SmA-N transition on either side of the phase diagram at x5DBT = 

0.123 and 0.894 with a common value of McMillan ratio 0.992. 

 However, the 3D-XY limit for the SmA-N transition is reached 

almost exactly at x5DBT=0.696 with = 0.00680.0004 for 

McMillan ratio 0.912. 

Chapter 5 highlights on the static dielectric study of the induced nematic 

system 5DBT+10OCB. 

 In SmA phase parallel component of dielectric permittivity shows a 

pronounced decrease for most of the mixtures due to dipole-dipole 

correlation. 

 The effective molecular dipole moment (eff) increases with increase 

in temperature while the angle of inclination remains almost 

invariable in low temperature region but increases somewhat near 

the clearing temperature (TC). 

 The isotropic dielectric permittivity (iso) reveals a strong 

pretransitional behavior near TC due to the strength of transition, 

correlation of dipole moments and formation of pseudo-nematic 

domains in the isotropic phase. 
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 Parameterization of dielectric permittivity by the fluid like model 

results a systematic concentration dependence of the discontinuity 

(T*) at the N-I transition. 

Chapter 6 covers high resolution density studies for a polar-non polar 

binary system consisting of 4-heptyl-4-n-cyanobiphenyl (7CB) and 

4npentyl4nhexyloxybenzoate (ME6O.5) showing induced smectic A 

phase. 

 The density value increases on lowering temperature representing a 

relatively higher packing of molecules within the mesophases. 

 SmA-I transition possesses higher value of T* and meta-stable 

region near TC than the same for N-I transition. 

 Both the N-I and SmAI transitions is accompanied by a decrease in 

the discontinuity T* with increasing concentration of the polar-

compound 7CB. 

 Like all other cases the critical exponent α for the N-I and SmA-I 

transitions has been found to accomplish the tricritical value 0.5 

indicating the fluid like resemblance in the isotropic phase of the 

aforesaid transitions. 

 This induced smectic system endows with two tricritical points 

(TCP) for the SmA-N transition located at x7CB = 0.232 and 0.627 

on both sides of phase diagram. 

Chapter 7 summarizes a comprehensive study on the orientational order 

parameter (<P2>) and its critical  exponent () for a polar-polar binary system 

consists of 5-trans-n-butyl-2-(4-isothiocyanatophenyl)-1,3-dioxane (4DBT) and 4-

cyano-4-n-undecyloxy-biphenyl (11OCB). 

 The N-I transition is distinguished by a sharp increase of <P2> 

followed by a gradual increase within the mesophase due to 

enhanced molecular ordering. 

 The agreement between the experimental <P2> values from 

birefringence measurements with those calculated from mean-field 

theory has been found to be poor near TC while far from TC, <P2> 

can be well described by the theoretical values. 
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 The three-parameter Haller type fitting results comparatively lesser 

value of the exponent  however the four-parameter fitting 

procedure to birefringence and dielectric anisotropy () yields a 

consistent  values close to 0.25. 

Chapter 8 contemplates a detailed investigation on the splay elastic 

constant (K11) and rotational viscosity (1) for the binary system 4DBT+11OCB. 

 The K11 displays normal temperature dependence in the nematic 

phase for most of the concentrations except for x4DBT = 0.787 and 

0.884 exhibiting a stiffening of the same as the SmA phase attains. 

 The relaxation time (0) exemplifies an evident digression with 

increasing concentration of 4DBT in the range 0.393-0.707 due to 

the lesser inter-molecular packing of two mesogenic compounds 

with different core unit. 

 In the vicinity of the SmA-N transition for some mixtures the 

stiffening of 1 is accounted with a critical exponent  close to 0.33, 

signifying a deviation from the corresponding mean field exponent 

(. 

Chapter 9 concludes the thesis with a summary of the main outcomes and 

implications for future scopes which could extend the work presented in this 

thesis. 
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CHAPTER 1 

Introduction
 

 

1.1 Liquid crystals 

Liquid crystals (LCs) are extensive in our day to day life with products 

ranging from mobile to flat panel display. Between the crystalline solid and 

isotropic liquid phases such materials display a distinctly different intermediate 

state [1-20]. These materials have some properties of crystalline solid like optical 

and magnetic anisotropy, periodical array of the molecules in a direction in 

addition to some characteristics of an isotropic liquid such as fluidity and 

viscosity. For this reason, the liquid crystalline phase is also known as 

‘mesophase’ and the material that exhibit mesomorphic behavior is called 

‘mesogen’. Due to the molecular shape anisotropy [4,17] and weak intermolecular 

interactions, the molecules self assemble in an organization with positional or 

orientational order which is much lower than crystalline ordering in a solid. The 

orientational ordering of molecules makes the material anisotropic while the low 

positional ordering permits the material to flow like a liquid. This dual 

combination of dynamic behavior and high degree of organization makes the 

liquid crystals very sensitive to various stimuli, such as temperature, electric and 

magnetic fields. Therefore, the self-assembling behavior, intermolecular 

interactions and sensitivity to external stimuli emerge these materials as 

potentially attractive for both fundamental findings of physics and widespread 

industrial applications [7,8,14,15,17].  

 In 1888, the Austrian botanist Friedrich Reinitzer [1], observed that an 

organic substance related to cholesterol melted to a cloudy liquid at 145.5°C and 
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became a transparent liquid at 178.5°C. Further the German physicist Otto 

Lehmann [2] realized that the cloudy liquid was a new phase of matter and coined 

the name “liquid crystal”. Over the last few decades several experimental and 

theoretical research on different mesophases and their properties grown 

enormously and still become a developing field in modern science.  

 Moreover, phase transitions also occur via spontaneous symmetry breaking 

process from one phase to another phase and an order parameter is a measure of 

the degree of ordering across the boundaries in a phase transition system. 

Therefore, for better understanding about the nature of phase transitions and 

related different phenomenon study of liquid crystal systems provide a fascinating 

area of research. In 1958 Alfred Saupe together with his advisor Wilhelm Maier 

[21-23] derived a basic molecular theory of liquid crystals without considering the 

presence of permanent dipoles. Later, McMillan [24] proposed a mean-field theory 

for smectics in 1971. De Gennes [25,26] expanded the Landau theory [27-28] of 

phase transitions into liquid crystals and got the Nobel prize in 1991 for his 

contribution to the understanding of liquid crystals and polymers. These molecular 

theories successfully describe molecular order in various liquid crystal phases, 

transitions among them, and elastic as well as hydrodynamic properties. 

 

1.2 Classification of liquid crystals 

 Liquid crystals are broadly classified into two types, viz. ‘Lyotropic’ and 

‘Thermotropic’. Lyotropic liquid crystals are biologically important and the 

transition between different phases can be obtained by changing the concentration 

of solvents. On the other hand in case of thermotropic liquid crystals the 

transformations are brought about by changing the temperature. The brief 

descriptions of each of these phases are given below. 

 

1.2.1 Lyotropic liquid crystals 

 Lyotropic liquid crystals are among the promising representatives of 

multifunctional soft matter combining the capabilities of organized nano- and 

macroscale structures with unique magnetic, electrical and photophysical 

properties. They are solutions of amphiphilic molecules, where one end of the 
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individual molecule is hydrophilic and the other end is hydrophobic in an isotropic 

solvent [29-32]. The concentration of solution is one of the most important 

variable. The compound interacts with appropriate solvent at a certain 

concentration and the molecules arrange into spheres, rods or discs, called 

micelles. Generally, it is found in several biological objects i.e. chloroplasts, 

myelin sheaths of neurons and polypeptides. Lyotropic liquid crystals find 

applications in the studies of living matter of cell membranes and muscle reflexes 

as well as in biomedicine as transport drug delivery systems [33]. 

 

1.2.2 Thermotropic liquid crystals 

 Thermotropic liquid crystals are composed by organic molecules in a 

certain temperature range and the word “thermo” referred to phase transitions due 

to change in temperature. A general structural feature of such mesogens is a 

relatively rigid core, often incorporating aromatic groups and flexible terminal 

groups, often alkyl or alkoxy chains. In 1922 George Freidel [3] classified the 

thermotropic liquid crystals into three different categories i.e. nematic, cholesteric 

and smectic phase on the basis of molecular ordering. 

 

1.2.2.1 Nematic phase 

The nematic (N) phase is the simplest mesophase exhibiting least molecular 

ordering and highest symmetry among all the liquid crystalline phases. It is 

characterized by a long range orientational order with no long range positional 

ordering of the centre of mass of the molecules [34-36]. In this phase the 

constituent molecules tend to orient themselves along a preferred direction known 

as the nematic director n. The director n is the average local direction of long 

molecular axis representing the direction of the optic axis. The centre of mass of 

the molecules is arranged isotropically which indicates the absence of positional 

ordering. The nematic phase is also centro-symmetric as the system is 

indistinguishable with an inversion of the director i.e. n  n. Figure 1.1 shows the 

schematic diagram of molecular order in nematic liquid crystals. Generally, 

nematic phase is optically uniaxial, but in biaxial nematic phase it is characterized 

by three orthogonal directors a primary n and two secondary. 
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Figure 1.1 Schematic representation of the molecular arrangements in the nematic 
phase. 
 

On optical inspection under the polarizing microscope for a nematic, some 

threadlike textures appear from which nematics take their name (Greek “νηµα” 

means thread). In case of uniaxial nematics the magnitude of orientational order 

along the director n is defined by a scalar order parameter S [37], which is the 

average of second order Legendre polynomial with the following form 

                                   
  2

2
1

cos 3cos 1
2

S P   
                          

    (1.1) 

where θ is the angle between a molecular long axis and nematic director n, and the 

bracket indicates an ensemble average over all the molecules. In the isotropic 

phase, the distribution of the molecules are random, as a result cos2θ = 1/3 and 

the order parameter S = 0. While in case of perfectly ordered nematic phase the 

director n is parallel to the long molecular axis, i.e. θ = 0, then cos2θ  = 1 and S = 

1. Theoretically, S varies from 1/2 to +1, where 1/2 corresponds to an unstable 

state with the molecules perpendicular to the nematic director n.  Practically, S 

varies from 0.3 to 0.8 and the order is increased with decrease in temperature. In 

order to obtain the information about molecular ordering in nematic phase the 

scalar order parameter (S) is not adequate, rather a macroscopic order parameter 
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(Qij) which is a real, symmetric and traceless second rank tensor is more useful 

[7]. For the uniaxial nematic Qij is given by the following expression 

                                          
ij i j ij

1
Q  = S(3n n δ )

2


                                        
(1.2) 

where, i, j = x, y, z are the axes of the coordinate system and δij is the identity 

tensor. S is defined by the Equation (1.1). The macroscopic order parameter Qij 

can be written in a matrix form as follows  

                                     ij

1
S 0 0

2
1

Q  =  0 S 0
2

0 0 S

  
 
 
 
 
 
  

                                     (1.3) 

 

1.2.2.2 Cholesteric or Chiral nematic (N*) phase 

 In cholesteric liquid crystals the molecules align along the director which 

rotates in space as the molecules are spontaneously forming macroscopic helical 

structure (as shown in Figure 1.2). Presence of chiral molecules causes the director 

profile to trace a twisted configuration through the medium. The distance for 

which the director rotates through a 360o angle is defined as the pitch [38,39]. 

 

                         

Figure 1.2 Schematic representation of molecular arrangements in the Cholesteric 
(N*) phase. 
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Actually, there is no layered structure and the local ordering is identical to that of 

the nematic phase. When the length of the pitch is of same order of magnitude of 

the wavelength of light, visible reflection occurs [40,41]. External influence of 

stimuli such as temperature, light irradiation, electric fields etc. significantly affect 

the helical pitch. Under polarising microscopy the characteristic fingerprint texture 

is observed for this phase. Their magnificent colours and optical textures under an 

applied field make them attractive for flat panel display [42]. 

 

1.2.2.3 Smectic phase 

 The name ‘smectic’ originates from the Greek word ‘σμηγμα’ which means 

soap, due to the similarities in properties between them. Smectic liquid crystal is 

one of the distinguished thermotropic liquid crystals and generally occurs at 

temperatures below the nematics. In this phase the molecules are arranged in 

layers along with some correlations in their positions in addition to the 

orientational ordering [43,44]. The molecules in most of the smectics are mobile in 

two directions and can rotate about one axis. Various molecular configurations and 

orientations within and between the layers lead to polymorphism of smectic 

phases i.e. smectic A, smectic C, smectic B, smectic E, smectic G, smectic H, 

smectic F, smectic K and smectic J etc. The smectic layers are capable of glide 

over one another, as a result it shows fluid properties but are much viscous than 

the nematic phase.  

 

1.2.2.3.1 Smectic A phase 

The smectic A (SmA) phase is the least ordered phase among all the 

smectic phases and possess D symmetry [45-47]. The molecules are parallel to 

each other i.e. the director is normal to the plane of the layer and hence exhibit 

orientational order similar to that of a nematic within a layer (shown in Figure 

1.3). Moreover, the centre of mass of molecules are arranged in equidistant planes 

exhibiting one degree of translational order. The periodic structure is equivalent to 

a sinusoidal density wave which is given by 

                                        

   0i q z+φ
0ρ = ρ 1+Re ψ e

                                 
(1.4) 



 

Chapter 1 

   7 | P a g e  
 

where z is along the layer normal, o is the average density,  is the amplitude of 

the density wave, qo (= 2/d) the wave vector, φ is an arbitrary phase and d is the 

layer thickness. The most generally observed natural SmA appearance is the fan-

shaped texture or bâtonnets textures [48]. This phase is also recognized by the 

focal conic texture. Smectic A phase is further classified in smectic A1, smectic A2 

and smectic Ad phase [49-51]. 

 
Figure 1.3 Schematic representation of molecular arrangements in the smectic A 
phase. 
 

In smectic A1, also known as monolayer smectic, molecules point up and 

down randomly within each layer and the layer thickness is equal to the molecular 

length. In bilayer smectic A2 phase molecules stack up in layers without 

overlapping and the molecular dipoles are concentrated in the boundary of 

alternate layers. The structure repeats itself over a distance equal to twice of the 

molecular length. Due to the existence of molecular dipole moments they interact 

with each other and in some cases align themselves by overlapping with each 

other and form smectic Ad phase. In this phase the layer thickness is in between 

the mono and bi-layer smectic A phase. 

 

1.2.2.3.2 Smectic C phase 

In the smectic C (SmC) phase molecular arrangement are similar to the 

smectic A phase however the director constantly tilt with an angle to the smectic 
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plane as shown in the Figure 1.4. This phase is observed at lower temperature than 

the smectic A phase. Tilting of the director makes an effective shrinkage in the 

layer spacing of the molecules. The temperature dependent tilt angle breaks the z  

z symmetry seen in the SmA phase and leads to optical, electrical and magnetic 

bi-axiality. Under microscopic textural observations SmC bâtonnets nucleate, 

which grow anisotropically and merge to form a texture similar to the fan-shaped 

appearance of the SmA phase [47]. Often striated texture is observed for direct 

nematic to SmC phase transition [48,52]. 

 

Figure 1.4 Schematic representation of molecular arrangements in the smectic C 
phase. 
 

1.2.2.3.3 Hexatic smectic phases (SmB, SmI, SmF) 

  The hexatic smectic phases possess bond-orientational order i.e. the centre 

of mass of molecules within a smectic layer are arranged in an oriented hexagonal 

grid with long range orientational order of the hexagons, short range positional 

order within layers and no interlayer positional correlation [53]. There are three 

distinguished hexatic smectic phases namely smectic B (SmB), smectic I (SmI) 

and smectic F (SmF) as depicted in Figure 1.5. The smectic B mesophase is 

arranged with the director perpendicular to the smectic plane, but the molecules 

are organized into a hexagonal network within the layer. The SmB phase is 

orthogonal phase while SmI and SmF are tilted phase. The principal difference 
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between the SmI and SmF phase is that the tilt in SmI is along the hexagonal grid 

lines, towards the nearest neighbour, while the molecules in SmF tilt towards the 

next-nearest neighbour ‘into’ the triangle building up the hexagon 

[43,44,48,49,54]. 

 
Figure 1.5 Schematic representation of molecular arrangements in the smectic B, 
smectic I and smectic F phase. 
 

1.2.2.3.4 Soft crystal phases (B, J, G, E, K, H) 

In all the soft crystal phases the molecules exhibit long range positional 

order in addition to the hexatic in-layer translational order. This long range 

positional order distinguishes the hexatic smectics from the ‘smectic-like’ soft 

crystal phases. The most general soft crystal phases are Crystal B, E, G, H, J, K 

and abbreviated only with the capital letter, without the prefix “Sm”. The soft 

crystal phases possess three dimensional long-range order. In Crystal J and G the 

rotation of molecules around the molecular long axis is strongly hindered and in 

the Crystal E, K and H phases the rotational hindrance around the long axes is so 

strong that only jumps between two favoured positions are allowed [43,48,49]. 

 
Figure 1.6 Schematic representation of molecular arrangements in the crystal B, 
crystal J and crystal G phase. 



 

Chapter 1 

   10 | P a g e  
 

1.2.2.3.5 Chiral tilted smectic phases 

The mesomorphic properties and molecular arrangement of the liquid 

crystalline compounds containing chiral molecules is distinctly different from its 

achiral version and denoted by a star after the letter, i.e. SmA*, SmC* etc. [55-57]. 

These chiral phases possess lack of mirror symmetry. The molecular arrangement 

of SmA* phase which is composed of chiral molecules is similar to the achiral 

SmA phase. The SmC* phase is a chiral tilted phase, which tend to form a 

macroscopic helical structure along with the inclined layers with respect to the 

layer normal [58-62]. The helix axis must be pointed along the layer normal as a 

helix within the layer plane is not compatible with a layered structure. The 

periodicity of the helix, referred as the pitch depends on temperature. Due to 

helicity, this phase rotate the plane of polarization of linearly polarized incident 

light along the helix axis and exhibits an unusual strong optical activity. It also 

selectively reflects circularly polarized light with a wavelength equal to the pitch 

of the helix. If the pitch length corresponds to visible wavelengths, the sample 

becomes brightly colored. Moreover, the SmC* phase is spontaneously polarized, 

with the polarization parallel to the layers but perpendicular to the tilt plane [58].   

In the SmCA* phase, the molecules in the neighbouring layers almost tilt in 

opposite direction [63-65]. Thus, the spontaneous polarization in the neighbouring 

layers pointed in the opposite sense of the direction and perpendicular to the tilted 

plane. The tristate switching characteristic of SmCA* phase is potentially applied 

to achieve easy gray scale switching in display devices [60,66]. Moreover, wide 

viewing angle with a relatively large contrast ratio, inherent DC compensation and 

fast response time make antiferroelectric liquid crystals superior to ferroelectric 

liquid crystals. Nowadays high tilted or orthoconic antiferroelectric liquid crystals 

are used to remove its initial linear response and high quality alignment problems 

[67,68]. 

Except SmC* and SmCA* phase, three different thermodynamically stable 

sub-phases SmC*, SmC* SmC* which belong to the chiral smectic C family 

have been reported [69-72]. The phase sequence generally observed on cooling is 

 
SmA*-SmC*-SmC*-SmC*-SmC*-SmCA* 
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Several theoretical models viz. one-dimensional Ising model, two-dimensional 

XY-model (clock model) by Cepic and Zeks [72] have been proposed for the 

variety of SmC* structures. The molecular arrangements in the SmC* and SmCA* 

phase are illustrated in Figure 1.7. 

 

Figure 1.7 Schematic representation of molecular arrangements in the 
ferreoelectric (SmC*) and antiferroelectric (SmCA*) phase. 
 

1.2.3 Other liquid crystalline phases 

1.2.3.1 Discotic phase 

 Among different types of liquid crystals, discotic liquid crystals [73-75] are 

a promising class of materials, consisting of diskshaped molecules with rigid 

aromatic core which is surrounded by flexible aliphatic chains. The aromatic core 

provides structural stability by intermolecular interaction forces i.e. van der Waals, 

dipolar and charge–transfer interactions force. Actually, these molecules interact 

through -orbital interactions and self-organize into a regular 2-dimensional 

lattice. Discotic liquid crystals may exhibit a nematic phase, with orientational 

ordering but does not possess positional ordering between the constituent 

molecules. Unlike the calamitic nematic phase, the short molecular axes orient 

more or less parallel to each other and their centre of mass are isotropically 

distributed in the discotic nematic phase. In columnar discotic phase molecules 
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stack, core on core, to form a hexagonal array of molecular columns with some 

degree of positional order as depicted in Figure 1.8. The electrical conductivity in 

this phase is highly anisotropic, with the axial conductivity being up to 100 times 

greater than the in-plane conductivity. Addition of chiral dopant or chiral discotic 

molecules leads to a further helical ordering of molecules in each column and 

form chiral discotic nematic phase. Recently, discotic liquid crystals are widely 

used in light emitting diodes, photovoltaic cells, photoconductors and field effect 

transistors due to their excellent processability, high charge transport, self-healing 

and self-organization power [76,77]. 

 

Figure 1.8 Schematic representation of molecular arrangements in the discotic 
phase. 
 

1.2.3.2 Blue phase 

 Blue phase (BP), located in between the isotropic liquid and chiral nematic 

phase have been growing interest as a unique class of frustrated liquid crystalline 

material [78,79]. The structure of the blue phase can be explained in terms of the 

defect in a cubic array.  In blue phase two double twist cylinders, arranged in two 

mutually perpendicular directions placed to form a continuous director field and a 

third double twist cylinder is merged through the creation of a defect. These 

defects built a cubic lattice with lattice parameters of several hundred nanometres. 

Blue phase are classified in three distinguished category: BPI exhibits a cubic 

body centred structure; BPII has a simple cubic unit cell and BPIII has structure 
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close to the isotropic liquid. A schematic structural image of BPI and BPII is 

depicted in Figure 1.9. Blue phases do not exhibit double refraction but show 

optical activity and selective reflection of circularly polarised light. This is 

thermodynamically stable frustrated phases; exists over a narrow temperature 

range. However, recent progress in stabilising blue phase over a wide temperature 

range using polymer dispersed liquid crystal have been developed [79]. From 

application point of view it possesses some revolutionary features i.e. sub-

millisecond response time, an isotropic dark state and no need of surface 

alignment. Utilizing the electric field induced birefringence now a days blue phase 

is widely employed in next generation liquid crystal display technology [80,81]. 

 

Figure 1.9 Schematic representation of blue phase structure showing blue phase I 
(BPI) and blue phase II (BPII). 
 

1.2.3.3 Twist grain boundary (TGB) phase 

 Twist Grain Boundary (TGB) phases occurs in between cholesteric and 

fluid smectic phases [82,83]. Chiral compounds tend to form a helical structure 

whereas molecular interactions favour a layered structure. Incompatibility of 

helical superstructure with the smectic layering are responsible for this frustrated 

phase having regular arrays of screw dislocations mediated blocks of smectic 
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order (smectic A or smectic C) [84,85]. This phase is analogues to the Abrikosov 

flux lattice phase of a type II superconductor [82,86]. A schematic representation 

of the TGB structure is depicted in Figure 1.10. The length of pitch is in the order 

of a few micrometers. 

 

Figure 1.10 Schematic representation of molecular arrangements in the twist grain 
boundary phase. 
 

1.2.3.4 Polymer stabilised liquid crystals  

Polymer stabilised liquid crystal is an interesting and innovative topic in 

liquid crystal research. It transfers the self-organised liquid crystalline order onto a 

polymer network by photo-polymerisation of bi-functional mesogens in the liquid 

crystal host phase. Also they intrinsically respond to external stimuli such as 

temperature variation and magnetic fields. Some outstanding developments in the 

field of polymer stabilised liquid crystals have been developed not only for 

academic interest, but also of interest for future display and photonics applications 

[87-89].  

 

1.2.3.5 Bent core liquid crystals  

In 1996, bent-core or banana shaped liquid crystal was first reported by 

Niori et al. [90]. The constituent molecules of these mesophases are achiral 

however these molecules form chiral superstructures in their LC mesophases and 
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show polar order. The lateral correlation of the molecular dipoles yields this polar 

order within the layers, which can be switched on by applying an electric field 

[91-93]. Generally, such phases are composed of molecules with rigid bent 

aromatic core or mesogenic dimers with an odd-numbered non-cyclic (flexible) 

spacer unit or hockey-stick shaped molecules, where an alkyl chain is attached to 

the meta-position at one end of an aromatic core as illustrated in Figure 1.11. 

Seven mesophases were explored and denoted by B1–B7, where ‘‘B’’ indicates 

for bent, banana, bow or boomerang. This new way to macroscopic polar order 

and chirality immediately draw a great interest of liquid crystal research [94,95]. 

 

Figure 1.11 Schematic representation of bent core liquid crystals. 

 

1.2.3.6 Supramolecular liquid crystals 

Supramolecular liquid crystals are a unique self-assembled structure which 

is a combination of discrete low molecular weight materials with those of 

polymers in their ability to form secondary and tertiary structures [96,97]. Due to 

their variety of physical properties they are potentially attractive for applications 

in the fields of nanoscience, materials and biology. With the aid of hydrogen 

bonding or ionic interactions well-defined structures such as rods and disk shaped 

molecules made dimer, trimer, spheroid etc. through self-assembly of two or more 

complementary molecular components. They are responsive to external stimuli as 

well as different environments and modify their self-assembled structures by the 

dissociation and association of non-covalent interactions. Thus, super- and supra-
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molecular liquid crystals provide unique materials for the study of the structures 

and properties of self-organizing and self-assembling processes [98,99]. 

 

1.2.3.7 Twist-bend nematic liquid crystals 

The nanostructured twist-bend nematic (Ntb) phase is a new condensed 

phase of matter with unique properties [100,101]. This new heliconical phase has 

been reported in various bent shaped LC dimeric compounds containing flexible 

methylene spacers and rigid bent-core molecular materials. Interestingly, they 

form chiral structures with a very short pitch in the order of 10nm even from the 

achiral molecules, such as tilted polar smectic phases of bent-core molecules. The 

twist-bend nematic phase under an applied electric field exhibit very fast polar 

switching. From X-ray diffraction it is found that the Ntb phase lacks the mass 

density modulation characteristic of a true smectic and referred as pseudo-layered 

structure. This intriguing phase occurs below the conventional nematic phase over 

a wide temperature range extending to ambient temperatures. 

 

1.3 Nano dispersed liquid crystals 

Currently liquid crystal research has made huge contributions to nano 

science and nanotechnology and a new field i.e. liquid crystal nano science has 

gained growing interest. LC compounds are very sensitive to external 

perturbations and their physical properties can be suitably tuned by preparing 

binary mixtures or embedding nanoparticles into the liquid crystalline matrix [102-

106]. Nano-particles of different sizes, shapes and compositions that are smaller 

than the liquid crystal molecules may significantly affect the phase behavior by 

their interactions with the liquid crystal molecules. The liquid crystalline 

compounds are commonly doped with metallic platinum nanoparticles, carbon 

nanorods, aerosil particles, CdSe/ZnS core-shell, quantum dots and CdSe quantum 

dots etc. The doped nano particles preferentially lie in regions where the long axes 

of the liquid crystal molecules are aligned parallel to the substrate. Development 

of such hybrid systems having mixtures of liquid crystalline compounds with nano 

particles at different concentrations [107-111] proved to be a useful technique to 

enhance the optical as well as some other physical properties of the host LC 
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materials. Moreover, study of the different thermal parameters of nano doped 

liquid crystals has attracted a new interest owing to their consequence for several 

application devices based on the electro-optical properties of the same. 

 

1.4 Liquid crystalline mixtures 

Numerous liquid crystalline compounds have been synthesized so far but it 

is very difficult to fulfil all the desired physical properties with a single liquid 

crystal sample. Hence, mixtures of liquid crystalline compounds are often 

prepared [112-116] where the concentrations of the pure compounds are suitably 

tuned so that better materials may be produced for applications. In particular, 

mixing of two LCs that are different from each other can strongly affect the 

physical properties such as birefringence, dielectric permittivity, dielectric 

anisotropy, elastic constant, threshold voltage etc. and also the phase behavior of 

the mixtures compared to the pure compounds. Moreover, understanding the 

molecular interactions between different compounds can be of fundamental 

importance to be able to tune the physical properties of liquid crystals. 

On the other hand, the binary mixtures of LCs are also used to study the 

various phase transitions and critical phenomena in the field of liquid crystal 

research [117-121]. Preparation of such binary mixtures by selecting suitable 

compounds with certain mesomorphic range offers a unique way to construct a 

phase diagram which is of fundamental interest for understanding the phenomena 

of phase transitions in soft matter. By changing the concentration of the guest or 

host materials the range of different mesophases can be controlled. 
 

1.4.1 Induced phases 

Physical properties of individual mesogens undergo some deviations in 

their mixtures. These deviations become characteristic thus making the study of 

mixtures very significant. Sometimes the thermal stability of a liquid crystalline 

phase may be enhanced and a new phase of higher order may be created. This 

formation of new mesophase in binary LC mixtures is known as the induction of 

phase and the newly created phase is known as the induced phase [50,122]. The 

reverse phenomena may also occur where the thermal stability decreases and a 

new phase of lower order may be formed [50]. 
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Smectic phases existing in pure compounds decrease their smectic stability 

while forming the binary mixtures and lower order nematic phases are created. 

These phases are known as the induced nematic phases [123]. Induced nematic 

phases are generally formed in binary mixtures of smectogenic compounds. 

Mixtures of two polar smectogenic LCs, where one of them possesses monolayer 

smectic A (SmA1) phase and the other partially bilayer smectic A (SmAd) phase, 

shows a depression of smectic phase stability with the emergence of a nematic gap 

between them [124-126]. On the other hand, strong induction of smectic phase has 

been observed in mixtures of two nematogens having terminal polar group 

[127,128]. Smectic phase can also be induced in mixtures of polar-non polar 

[127,129-131] nematogens as well as in mixtures of non polar LC compounds 

[122,132,133]. 

The induction of a phase in liquid crystalline mixtures depends upon 

several intermolecular factors such as van der Waals forces, steric forces, electron 

donor interactions, hydrogen bonds and also on the charge-transfer interaction 

between the components of the binary mixtures. Therefore, it is hard to develop a 

general theory that could be able to describe the behavior of the mixtures. Several 

attempts have been made to describe the induced phase behavior [127,128,134-

142]. In induced nematic systems orientation of the dipoles of the terminal polar 

groups plays a major role for suppressing the smectic phase stability [50]. Again a 

growing difference between the smectic layer spacings of the pure compounds is 

accountable for depressing the smectic phase stability owing to the increase in 

frustration of the smectic lattice after mixing [50,124,126,143]. For the higher 

order induced smectic phase de Jeu et al. [138] suggested a molecular model based 

on the mean field approximation for the cyano compounds. The dispersion 

interactions and charge transfer complex formation in which the cyano compounds 

acts as electron acceptor are responsible for the appearance of induced smectic 

phase. Moreover, Chiu et al. [141] have divulged that the strong nematic 

interaction between the different liquid crystalline compounds can lead to a more 

stable nematic phase in the nematic mixtures compared to that in the pure 

compounds with the same mesogenic moiety. To explain an induced smectic phase 

boundary in the mixtures of pure nemtogens, Kyu et al. [142] have build up a 

theoretical model by combining the Flory-Huggins theory for isotropic mixing 
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[144] and the Maier-Saupe-McMillan theory for ordering of the smectic A phase 

[21-24] in nematic mixtures. According to this model, a strong mesogenic 

interaction could induce a smectic phase even though the smectic ordering was not 

present in the pure compounds. Sharma et al. [127], Schneider et al. [139], Araya 

et al. [128,145] and Iida [137] also explained the induction of smectic phases on 

the basis of charge transfer bands in mixtures and attributed an immense 

significance to the donor-acceptor interactions. 

 

1.4.2 Re-entrant nematic phase 

 The mesogenic compounds show a rich variety of polymorphism. By 

transforming the symmetry of the system they can transit from one mesophase to 

another mesophase of different order. Increase in the temperature causes 

progressive destruction of the molecular order and the high symmetric liquid 

crystalline phase occurs at high temperature region. If a mesogen exhibits all the 

liquid crystalline phases then on cooling the following phase sequence is expected 
 

IsoBPNSmASmCSmBhexSmISmBcry 

SmJSmGSmESmKSmHCrystal 

 
In practice a small part of the above phase sequence occurs in most of the LC 

materials. In some cases less ordered mesophase re-appears in between two higher 

ordered mesophases. This phenomenon is well known as re-entrant polymorphism. 

In 1975 Cladis [146] discovered re-entrant nematic phase in binary mixtures of 

two strongly polar compounds namely cyanobenzilidene octylxyaniline (CBOOA) 

and hexyloxybenzilidene aminobenzonitryle (HBAB). The phase sequence of 

transition on cooling is as follows 

 

IsoNSmAdNematic re-entrant (NRe)Crystal 

 
Numerous compounds with different re-entrant phase sequence i.e. N-SmAd-NRe, 

N-SmAd-NRe-A1 or multiple re-entrance behaviour (N-SmAd-NRe-SmAd-NRe-A1) is 

reported by many researchers [147-152]. The re-entrancy is not only found in 

strong polar system but also in systems consisting of low polar calamatic [131] or 

discotic [153] compounds and also in mixtures of high and low polarity 
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compounds [154,155]. A considerable volume of experimental and theoretical 

work has been devoted to explain the re-entrant phase behavior [156-159]. 

 

1.5 Phase transition 

Transformation between the various phases of matter are one of the most 

spectacular and remarkable macroscopic events in nature. Phase transition is the 

transformation of a thermodynamic system from one phase to another as a 

function of some externally imposed constraints such as temperature, pressure, 

concentration, magnetic field etc. At phase transition a system goes through a 

qualitative change developing some molecular ordering which was not present 

before. When a system changes its state from one phase to another, there will be a 

point where the free energy does not varies smoothly i.e. it is a non-analytic 

function at that point. Owing to this non-analytic nature, the free energy on either 

side of the transition point are two distinct functions, accordingly the 

thermodynamic properties will behave in a different way after the phase transition. 

The common examples of the phase transitions are melting of solid to liquid, 

freezing of liquid to solid, boiling of liquid to gas and condensation of gas to 

liquid. If the driving parameter is temperature, the high-temperature phase is 

always more disordered, i.e., has a higher symmetry than the low-temperature 

phase [160,161]. 

Phase transition often involves the development of some type of ordering 

with an associated symmetry breaking. This broken symmetry can be described by 

an order parameter which generally increases on decreasing the temperature and 

measures the degree of molecular ordering as the phase transition progresses. The 

order parameter is a physical observable parameter which is correlated to first 

derivative of the Gibbs free energy (G). The actual form of the order parameter is 

different for different systems. It is defined in such a way that it becomes zero in 

the disordered phase and possesses non-zero values in the ordered phase. For 

perfectly ordered state it is assumed to be equal to unity.  Examples of the suitable 

order parameters are the magnetization for a ferro-magnet, electrical polarization 

for a ferro-electric, pair wave function for a superconductor, density difference   

for fluid, ground state wave function for the super fluid He4 while the degree of 
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molecular ordering [4] is the most convenient order parameter for the nematic 

liquid crystals. 

Paul Ehrenfest [162,163] classified the phase transitions on the basis of 

degree of non-analyticity involved in the Gibbs free energy (G). Keeping the other 

intensive variables constant if the nth order derivative of G with respect to the 

temperature (T) is discontinuous, then the transition is said to be nth order. The 

discontinuity in (∂G/∂T)P involves the change in the entropy between the two 

phases. Therefore, in case of first order phase transition (i.e. n=1) entropy is 

discontinuous while for the second order phase transition (i.e. n=2) entropy is 

continuous at the transition, but its first derivative is discontinuous across the 

transition temperature. Under the Ehrenfest classification one can obtain phase 

transitions above the second order i.e. third, fourth and also higher order phase 

transitions. However, according to the modern classification [164] there are two 

types of phase transitions i.e. first order and second order or continuous phase 

transition. The first order phase transitions are those which involve latent heat and 

discontinuity in the thermo-dynamical parameters. While the second order or 

continuous phase transition is not accompanied by latent heat at the transition. 

Sometimes the change in the order parameters is also considered in identifying the 

order of the phase transition [8]. The phase transitions can either be first order or 

second order depending on the change in the order parameters i.e. discontinuous or 

continuous respectively in the vicinity of transition. 

Moreover, liquid crystals are the experimental systems with exceedingly 

rich phase behavior. The intermediate molecular ordering of LCs makes them very 

much interesting from the practical as well as theoretical point of view. Several 

characteristics of phase transition and critical phenomena such as second order or 

first order transitions, order parameters of diverse symmetries, coupled order 

parameters, tricritical point (TCP), multi-critical points, wide critical domains, 

multiple re-entrance behavior etc. are frequently observed in liquid crystalline 

systems, for which this unique state of soft condensed matter is considered as a 

ecstasy of the physics of phase transitions. The transitions in LCs are generally 

second order or weakly first order in nature. Hence, they are accompanied by 

critical phenomena [4,121] exhibiting an unusual behavior near the transition or 

critical points, for instance increase in susceptibility, fluctuation of order 
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parameter, an anomaly in the specific heat etc. In the field of liquid crystals the 

critical phenomena has some specific characteristics because of the diversity of the 

symmetries associated with different phases and the coupling of various order 

parameters. Furthermore, there is a crossover from one type of critical behavior to 

other. 
 

1.6 Symmetry 

The change of some thermodynamic parameters (for example temperature) 

of a system can induce a change in the order or disorderness of the system under 

study. At the high temperature phase a system is in its most disordered state i.e. a 

phase with high symmetry. But as the temperature is decreased, at a particular 

point the symmetry breaks spontaneously and the system transforms from one 

phase to another phase. The new phase is more ordered than the previous one but 

with a lower symmetry. Therefore, most of the phase transitions take place 

between the phases with different symmetry configurations [165]. On cooling, the 

LCs successively break the continuous symmetry of the isotropic liquid phase and 

encompass symmetries that lie in between the highly symmetric liquid phase and 

low symmetric crystal phase. In the nematic phase the constituent molecules tends 

to align along a particular direction i.e. the director, breaking the continuous 

orientational symmetry of the isotropic liquid phase while in the smectic A phase 

the translational symmetry breaks along one direction in addition to the 

orientational symmetry. 
 

1.7 Critical exponents and universality class 

The critical behavior near phase transition refers to the singular character of 

various physical properties of a system under some particular conditions. These 

conditions may be temperature, pressure, electric field or magnetic field. However, 

the classical critical phenomena is generally concerned with the magnetic or 

liquid-gas systems, but critical behavior near the transitions in some other 

thermodynamic systems for example superconductors, super fluids and also liquid 

crystals, has attracted an immense interest and enhanced this particular field of 

physics. The main difficulty in the theory of phase transition is to study the 

behavior of a system in the vicinity of transition or critical point. Near the 
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transitions most of the physical quantities pertaining to the system demonstrate a 

power law behavior that can be characterized by a set of parameters known as the 

critical exponents [166-168]. These exponents illustrate the non-analyticity of 

various thermodynamic functions and determine the qualitative nature of the 

critical behavior of a system. The defining relations of various critical exponents 

are given in the Table 1.1. Moreover, the critical exponents are not completely 

independent rather they are related by some scaling relations or inequalities which 

follow from the fundamental thermodynamic considerations. 

                   
Table 1.1 Some standard critical exponents and their defining relations 

Measurable physical 
quantity 

Critical exponent Defining relation 

Heat capacity (t<0, t>0)  C(T)t- 
Susceptibility(t<0, t>0)  (T)t- 
Correlation length(t<0, t>0)  (T)t- 
Order parameter (t>0)  S(T)t- 
#t is the reduced temperature = (1-T/TC),  TC is the transition temperature 

 

The critical exponents are universal in nature and it depends only on the 

dimension of the system, the range of interaction (whether long range or short 

range) and the number of components of the order parameter [165]. They do not 

depend on the fundamental microscopic features or the details of the molecular 

interactions of the system. A consequence of this is that completely dissimilar 

systems can demonstrate the identical critical behaviour. Therefore, phase 

transition of very different systems with different microscopic configurations often 

described by a same set of critical exponents. This occurrence is commonly known 

as universality and the systems that exhibit the same set of critical exponents are 

said to belong to the same universality class [164,166]. The concept of 

universality class is an insight of the renormalization group theory of phase 

transition. Moreover, these ideas of universality are also applicable to the several 

phase transitions in liquid crystals. 
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CHAPTER 2 

Experimental Methods and Theoretical 
Background 

 
 

2.1 Introduction 

This chapter deals with different experimental techniques that have been 

used to characterize various physical and mesomorphic properties like refractive 

index, optical birefringence, dielectric permittivity, dipole moment, density, splay 

elastic constant and rotational viscosity of binary liquid crystalline mixtures. The 

several instruments employed for the thesis work have also been introduced. The 

molecular statistical theories of the nematic [1-7] and smectic A (SmA) phase [8-

9] have been discussed. Since, liquid crystals (LCs) manifest a number of phase 

transitions between different phases upon variation of temperature, an introductory 

overview on the phenomenological Landau-de Gennes theory of phase transition 

[4-7,10-14] has been given in this chapter. Finally, the elastic continuum theory 

[15-18] and the effects of external field [19,20] on the orientation of nematic LC 

have been briefly introduced. 

 

2.2 Experimental methods 

2.2.1 Texture studies 

To construct the phase diagram of a binary liquid crystal system it is 

important to know the range of different liquid crystalline mesophases and also the 

exact phase transition temperatures. Therefore, polarizing optical microscopy 

(POM) has been employed to identify different liquid crystalline phases and locate 
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the phase transition temperatures. This POM study provides us an exclusive 

window into the phase behavior of liquid crystals and at the same time is exquisite 

owing to the colorfulness of the textures. The optical textures of different phases 

have been studied by means of a polarizing optical microscope Motic BA300 

equipped with a Mettler Toledo FP90 hot stage with an temperature accuracy of 

0.01oC. First, a very little amount of LC sample was taken in a glass slide and 

covered with a cover slip, and then the slide was placed between crossed polarizer 

and analyzer i.e. the optic axis of the polarizer and analyzer are perpendicular to 

each other. When the sample is illuminated with a polarized light, optical textures 

are observed in microscope due to the defects present in structure. Therefore, the 

defect in liquid crystal system plays a major role in the identification of different 

phases. Textures of different mixtures have been observed as a function of 

temperature and the associated phases are identified. Demus [21] and Dierking 

[22] provide a more detailed and well illustrated description of different liquid 

crystal textures with photographs. 
 

2.2.2 Optical birefringence measurement 

When a beam of light propagates through an anisotropic media such as 

LCs, the interaction between the electric field vector of incident light and 

constituent atoms of the material depends on the direction of propagation of light 

and also the orientation of electric field with respect to the liquid crystal structure. 

If the direction of propagation of light beam is other than the parallel direction to 

optic axis, then the incoming light ray splits into two rays which pass through the 

material with different velocities. These two rays have two different refractive 

indices viz. extraordinary refractive index (ne) and ordinary refractive index (no) 

with their plane of polarizations perpendicular to each other. This phenomenon is 

known as double refraction. The difference between the extraordinary and 

ordinary refractive indices is known as the birefringence (n), which is given by 

                     n = ne  no                                           (2.1) 

Optical birefringence (n) has been measured by means of two different ways. In 

the first case, the extraordinary and ordinary refractive indices (ne, no) were 

determined by the thin prism technique [23-27] and hence the birefringence (Δn) 
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was calculated from the difference between them. In the later method, a high 

resolution temperature scanning technique has been used to determine the 

birefringence (Δn) of different mesophases with high precession [28-32].  

 

2.2.2.1 Thin prism technique 

The extraordinary and ordinary refractive indices (ne, no) of the binary 

liquid crystalline mixtures have been measured by using the thin prism technique 

at a wavelength =632.8nm. The experimental setup for the refractive index 

measurements is shown in Figure 2.1. First, the thin prisms with refracting angle 

less than 2o have been prepared by using two optically flat rectangular glass plates. 

These plates have been washed with detergent and water, and after that treated in 

an acid mixture at a temperature near about 60oC for one hour. Then, the glass 

plates have been cleaned further with distilled water and again treated in 1 molar 

solution of KOH at 60oC for the next one hour. After repeatedly washing with 

distilled water, the glass plates have been immersed into acetone in order to 

remove any organic impurities. The two glass plates have been made into a wedge 

shape by placing a thin glass spacer at one of the vertical edge, which provides a 

desired refracting angle of the prism. Finally, the glass plates of the prism have 

been sealed together by means of a high temperature adhesive and then baked in 

an oven for 8 to 10 hours. 

For filling the LC samples, the prism has been heated up to the clearing 

temperature of the corresponding sample and then introduced into the prism from 

its top open side. After that, the sample filled prism has been placed inside a 

specially designed electrically powered thermostat brass block provided with a 

transparent opening at the centre. The temperature of the heater has been 

maintained at a fixed value by a temperature controller (Eurotherm PID 2404) 

with an accuracy of ±0.1oC. The heater with the prism inside has been placed 

between the two pole pieces of an electromagnet and a magnetic field of about 0.8 

Tesla has been applied to align the liquid crystalline sample. A He-Ne laser beam 

(=632.8nm) has been allowed to be incident normally on the prism. After passing 

through the aligned LC sample the laser beam splits into two rays i.e. ordinary and 

extraordinary rays and two spots have been observed on the screen. From the high 
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resolution photograph of the two spots the ordinary (no) and extra ordinary 

refractive indices (ne) have been calculated using the prism angle. The angle of the 

prism was first measured with the help of pure water. In the present experimental 

setup the accuracy of the refractive index measurement has been found to be 

±0.0006. 

 

Figure 2.1 Schematic diagram of the experimental set-up for refractive index 
measurement from the thin prism technique. 
 

2.2.2.2 Optical transmission (OT) method 

High resolution optical birefringence (n) measurements have been carried 

out by measuring the intensity of a laser beam transmitted through a planar aligned 

LC cell. To probe its phase retardation ( a He-Ne laser beam (= 632.8nm) 

has been used. The LC filled cell has been placed in a custom built heater made of 

brass between a pair of crossed polarizers (Glan-Thomson) and its temperature has 

been simultaneously regulated and measured with a temperature controller 

(Eurotherm PID 2404) with an accuracy of 0.1oC. The transmitted light intensity 

has been measured with the aid of a photodiode at an interval of 3 seconds while 

the heater temperature has been varied at a rate of 0.5 oC min-1, this translates into 

a temperature difference of 0.025oC between two successive readings [30-32]. A 

precession multimeter (Keithley model 2000) has been employed to measure the 
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photodiode output. The whole experimental set up is automated and controlled by 

the computer. The schematic diagram of the present experimental set up is given 

in Figure 2.2. The planar or homogeneously aligned Indium Tin Oxide (ITO) 

coated cells of thickness 5m (procured from AWAT Co. Ltd., Warsaw, Poland) 

have been used for the present study. 
 

 

Figure 2.2 Schematic diagram of the experimental set-up for high resolution 
optical birefringence (n) measurement. 
 

The liquid crystalline samples are believed to be a uniaxial birefringent slab 

with a spatially uniform orientation of the optical axis. The normalized transmitted 

light intensity (It) of the laser beam emerging from the planar aligned LC medium 

can be written as [33,34]: 

                                        

2

t

sin 2θ
I = [1-cosΔ ]

2
                                             (2.2) 

where  is the angle made by the polarizer with the optical axis. is the related 

phase retardation which is given by the following expression: 

                                                 
2 nd

 
                                                  (2.3) 

where n is the optical birefringence, d is the LC cell thickness and  is the 

wavelength of the light used. The angle  has been kept fixed at 45o in order to 

obtain maximum sensitivity. The transmitted intensity (It) is an oscillatory 

function which have minima and maxima for  = 2p and (2p+1) where p is 

an integer. Therefore, analyzing the intensity data the related phase retardation 
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() has been calculated. Finally, using the known value of the cell thickness (d) 

and wavelength ( of the laser beam, birefringence (n) has been determined 

[33,34]. In the present method, the precision of measurement of the birefringence 

values is found to be slightly higher than 105. Apart from the He-Ne laser 

(=632.8nm), a solid state green laser (λ = 532nm) have also been employed to 

determine the birefringence of some binary liquid crystalline mixtures [30]. 

 

2.2.3 Static dielectric permittivity measurement 

Any material which is polarizable but non-conducting is known as the 

dielectric material. As the liquid crystals are uniaxial and anisotropic in nature, it 

has two different dielectric permittivities i.e. along the direction of long molecular 

axis and perpendicular to it. Measurement of these permittivites endows with very 

fruitful information about the dipole-dipole interaction in various liquid crystalline 

mesophases. The parallel and perpendicular components of the dielectric 

permittivity ( and ) depend on the temperature, spatial configuration of the LC 

molecules and also on the degree of molecular ordering present within the 

mesophases. 

For the capacitance measurements planar and homeotropically aligned 

liquid crystal cell of thickness 5m, procured from AWAT Co. Ltd., Warsaw, 

Poland, have been used. The cell consists of two plane parallel glass plates in 

between which the liquid crystalline material was encapsulated. The parallel glass 

plates are coated on the inside by a conducting Indium Tin Oxide (ITO) layer and 

a rubbed polymer layer, both of which are transparent. The conducting layer is 

required for applying an electric field to the cell whereas the polymer coating is 

used to control the orientation of the LC molecules within the cell. The LC sample 

was filled into the empty cell by capillary action at the high temperature isotropic 

phase. The capacitance of the LC filled cells has been measured as a function of 

temperature at a frequency 1 kHz using Agilent E4980A digital LCR-bridge with a 

relative accuracy of 0.05% [35-40]. In order to obtain the temperature variation of 

the dielectric parameters, the LC filled cell was kept inside an electrically powered 

thermostat brass block, the temperature of which was controlled and measured by 

a temperature controller (Eurotherm PID 2404) with an accuracy of ±0.1oC. 



 

Chapter 2 

43 | P a g e  
 

For this dielectric study, first the cell calibration was performed by 

measuring the capacitances of some standard dielectric liquids within an accuracy 

of 1%. The parallel and perpendicular components of the dielectric permittivity 

( and ) were computed by measuring the capacitances of the cell filled with 

air, benzene (as standard materials) and the liquid crystal sample respectively, 

applying an electric field parallel and perpendicular to the director and using the 

following expression 

                                          1)(
)C-(C

)C-(C
1 b

ab

ax
x                                       (2.4)   

where Ca, Cb and Cx are the capacitances of the cell filled with air, benzene (as 

standard materials) and the liquid crystal sample respectively. x and b presents 

the relative permittivities of the liquid crystalline material and benzene, and that 

of the air is taken as unity. 

 

2.2.4 Dipole moment measurement 

A molecule is said to have a permanent dipole moment when there is a net 

separation of the centre of positive charge and the centre of negative charge within 

the molecule. The free molecular dipole moment of some pure liquid crystalline 

compounds has been determined by using the Guggenheim method [41], based on 

the Debye equation. This method necessitates the value of the refractive index (n) 

and dielectric permittivity () of the compound dissolved in a non-polar solvent 

like p-xylene. Therefore, by measuring the concentration (in wt%) dependence of 

the dielectric permittivity () and refractive index (n) of the solution at 30oC, the 

free molecular dipole moment have been determined as a function of the molar 

concentration (c). The dielectric permittivities at 1kHz and 0.3Volt have been 

determined by measuring the capacitance of the solution in a liquid crystal cell 

using Agilent E4980A digital LCR-bridge whereas the refractive index of the 

solution have been measured by the thin prism technique [23,24]. According to the 

Guggenheim [42,43], the effective dipole moment ( of a solute in solution of 

molar concentration c can be written as [41]: 

                                
2 2

2 2 2 1 1
2

A 1 1

27kT (ε - n ) - (ε - n )
μ = ×

4πN (ε +2)(n +2)c
                                    (2.5) 
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where the suffixes 1 and 2 respectively refer to the solvent and solution 

parameters, k is the Boltzmann constant, NA is the Avogadro’s number and T is 

the absolute temperature. The concentration dependence of dipole moment is 

determined and its extrapolation to infinite dilution gives the value of the dipole 

moment of the isolated molecule. The experimentally obtained dipole moment ( 

of all the studied compounds has been compared with those obtained from the 

semi-empirical molecular orbital package MOPAC [44,45] in their minimum 

energy configuration. 

 

2.2.5 Density measurement 

The density measurement has been carried out by Anton Paar Digital 

density meter (model DMA4500) which provides accurate and convenient density 

measurements in a wide temperature range with an accuracy of ±0.00005 g/cm3. 

The apparatus is equipped with a thermo stating device that assures constant 

temperature of the sample with an accuracy of ±0.03oC. Measurement of density 

by the Anton Paar Digital density meter is based on the oscillating U-tube method. 

The LC sample was introduced into a U-shaped tube that was electronically 

excited to oscillate at its characteristic frequency. The characteristic frequency of 

oscillation changes depending on the density of the filled sample. Through an 

accurate determination of the characteristic frequency the density of the sample 

was determined. The measurements were performed during cooling from the 

isotropic to different liquid crystalline phases with a stability time equal to 30 

minutes for each reading. 

 

2.2.6 Splay elastic constant (K11) measurement 

Study of the elastic constants offers an insight into the microscopic 

configuration of the different liquid crystalline mesophases. The nematic director 

may vary spatially owing to the application of an external field such as electric or 

magnetic field. The elastic constants are the molecular parameters which describe 

the restoring forces on a molecule within a LC phase in response to an externally 

applied field that distorts the LC medium from its minimum energy configuration. 

The deformations of the nematic phase under the distorting force can be associated 
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by the three basic elastic deformation modes i.e. splay, bend and twist (shown in 

Figure 2.3). Each of these three deformation modes are described by an individual 

elastic constant which can be determined experimentally by different methods. 

One of the most useful methodology employed to determine the elastic constant of 

liquid crystalline phases is the electric field induced Freedericksz transition 

[19,20,46,47]. The schematic representation of the director configuration of a 

liquid crystal sample above and below the Freedericksz transition is shown in 

Figure 2.3.  

 

Figure 2.3 Schematic representation of the director configuration is shown (a) 
below threshold voltage (Vth) and (b) above the threshold voltage (Vth) 
respectively. 
 

For the splay elastic constant (K11) measurement, the liquid crystalline 

sample was first heated upto the isotropic phase and then cooled very slowly to the 

low temperature phase. After stabilizing the LC cell at a particular temperature, a 

sinusoidal voltage of frequency 1 kHz was applied to the cell. The applied voltage 
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was then increased in small steps from a value much lower than the Freedricksz 

threshold voltage to 20V. The temperature of the cell was regulated and measured 

by a temperature controller (Eurotherm PID 2404) with an accuracy of ±0.1oC 

while the variation in the capacitance value was recorded by the Agilent E4980A 

precession LCR-bridge as a function of the applied voltage [48-51]. The 

capacitance value changes significantly near a definite voltage which is known as 

the threshold voltage (Vth) (within ±0.5%) for the Freedericksz transition (Figure 

2.4). The splay elastic constant (K11) is related to the threshold voltage (Vth) by the 

following equation [52-54] 

                                    

2
0 th

11 2

ε ΔεV
K =

π
                                                 (2.6)                   

where 0 is the permittivity of free space and is the dielectric anisotropy. 

Therefore, using the value of Vth and  the splay elastic constant has been 

calculated. 
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Figure 2.4 Voltage dependent capacitance change due to Freedricksz transition in 
a liquid crystal. The arrow indicates the Freedricksz threshold voltage (Vth). 
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2.2.7 Rotational viscosity measurement 

Rotational viscosity (1) is an important parameter in characterizing the 

dynamic physical properties of liquid crystals. It is correlated to the torque 

associated with the rotation of LC directors during molecular rotations and 

represents the force of internal friction between the liquid crystal directors. The 

rotational viscosity exhibits an intriguing dependence on the molecular structure 

and temperature. A capacitive relaxation method [37,50,55] have been used to 

measure the rotational viscosity of some binary liquid crystalline mixtures. First a 

voltage higher than the corresponding Freedericksz threshold voltage (Vth) was 

applied to the LC cell for a time of about 1 min. Then, this voltage was suddenly 

removed and the director re-orients to the equilibrium state owing to the relaxation 

of elastic distortions with a characteristic relaxation time 0. During relaxation, the 

change in the cell capacitance with time was recorded by the Agilent E4980A 

precession LCR-bridge in programmable mode and suitably interfaced with a 

computer. The operating frequency was kept fixed at 10kHz and a delay time of 

30ms was introduced between the successive readings. In the small signal regime 

the difference between the instantaneous capacitance Ct (at time t) and the 

capacitance of the equilibrium state i.e. C follows a simple exponential decay 

with the following form [55] 

    
                      t t 0

0

2t
ΔC = C C =ΔC .exp( )

τ                                 (2.7) 

where C0  C (/2).m for the LC molecules aligned in a planer geometry. m 

is the tilt angle of the director in the middle of the layer at initial stage (i.e. t = 0). 

The experimental results [55] reveal that Equation (2.7) is a good approximation 

for m<1 . Therefore, variation of the transient capacitance was recorded against 

the time at various temperatures and from the slope of the logarithmic plot of 

Ct/C vs time, the characteristic relaxation time 0 has been calculated. For a 

planar aligned LC cell of thickness d, the relaxation time (0) is related to the 

rotational viscosity (1) by the following relation [37,50,52,55] 

                               

2
0 1 1

1 2

τ K π
γ  =  

d
                                              (2.8) 
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where K11 is the splay elastic constant. The temperature variation of the relaxation 

time and hence the rotational viscosity have been determined by placing the LC 

cell in a custom built brass made heater, the temperature of which was controlled 

and measured by a temperature controller (Eurotherm PID 2404) with an accuracy 

of 0.1oC. 

 

2.2.8 Determination of activation energy 

The temperature dependent rotational viscosity (1) values has been fitted to 

the following expression [50,56-58] 

                                 a
1 0 2

E
γ = γ P exp( )

kT
                                      (2.9)                        

where T is the absolute temperature, k is the Boltzmann constant, 0 is the fitting 

parameter, <P2> is the orientational order parameter which can be obtained from 

the birefringence (n) measurement and Ea is the associated activation energy. 

From the slope of the ln(1/<P2>) vs 1/T curve, the activation energy Ea can be 

determined. 

 

2.3 Theoretical background 

2.3.1 Maier-Saupe theory for the nematic phase 

In the theoretical description of thermotropic nematics the Maier-Saupe 

mean field theory [1-3] is of historical importance. This theory is structurally 

simplest, technically most significant and also most successful among all the 

theories based on the molecular mean field approximation. The molecular 

statistical theory of Maier and Saupe is very much thriving in accounting for the 

main characteristics of the nematic phase (N) and nematic to isotropic (N-I) phase 

transition [4-7]. In the nematic phase, the constituent molecules are assumed to be 

rod-like and possess cylindrical symmetry with a tendency to orient their 

molecular long axis along a definite direction (n), known as the director. It is 

assumed that a molecule orients under the action of a mean field due to the all 

other molecules present in the LC system and the orientational ordering in the 

nematic phase is developed by the anisotropic part of the dispersion interaction 
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between the constituent molecules. In addition, Maier and Saupe [1-3] further 

considered the following points: 

(i) for the long range nematic ordering the influence of the permanent dipoles can 

be ignored. 

(ii) the induced dipole-dipole interaction plays a key role in stabilization of the 

nematic phase; so the effect of this interaction should be considered. 

(iii) the liquid crystal molecules possess cylindrical symmetry with respect to the 

molecular long axis. 

(iv) with respect to a particular molecule, the centre of mass of the neighbouring 

molecules are distributed in a spherically symmetric configuration. 

In case of nematics the molecular long axis makes an angle () with the 

director, thus the distribution of molecular long axis about the director can be 

characterized by an orientational distribution function (cos). The rod-like 

nematic molecules have up-down symmetry i.e. the heads and tails of the 

constituent molecules are not distinguished separately. This makes (cos) an 

even function of cos. Accordingly, the orientational distribution function (cos) 

can be expressed as 

                         L L
L-even

(2L+1)
ρ(cosθ)= <P (cosθ)>P (cosθ)

2                  (2.10) 

where PL(cos ) is the Lth even order Legendre polynomial and PL(cos) is the 

statistical average given by 

                      
1

L L0
P (cosθ) = P (cosθ)ρ(cosθ)d(cosθ)                 (2.11)         

PL are called the orientational order parameters and the first term (i.e. for L=2) 

<P2> is generally known as the order parameter. In the disordered phase (isotropic 

phase) P2  = 0 whereas in the perfectly ordered state i.e. crystalline state P2 

=1. From the mean field theory the effective single molecule potential function 

V(cos) of the cylindrically symmetric molecules is given by 

                  L L L
L -even

V (co sθ )= U < P > P (co sθ )      (L 0 )         (2.12)          

where UL are the functions of the intermolecular distance between the central 

molecule and its neighbours only. Putting L = 2 in Equation 2.11 we can write 
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1

2 20
P (cosθ) = P (cosθ)ρ(cosθ)d(cosθ)                      (2.13)                

Keeping the first term (i.e. for L=2) of the right hand side of Equation 2.12, the 

orientational potential energy function of a single molecule can be written as 

                                2 2V(cosθ)= vP (cosθ)<P >                                  (2.14)                    

where 2v  =  U . Hence, the orientational distribution function in terms of the 

potential function (V) for a single molecule is expressed as 

                                
1ρ(cosθ)=Z exp[ V(cosθ)/kT]                        (2.15)     

where k is the Boltzmann constant and Z is the single molecule partition function 

given by 

                                             

1

0

Z= exp[-V(cosθ)/kT]d(cosθ)                                  (2.16)         

Substituting the value of (cos) from Equation 2.15 into Equation 2.11, one can 

write 

             

1

2 2 20
2 1

2 2

0

P (cosθ)exp[P (cosθ)<P >/T*]d(cosθ)
<P (cosθ)>=

exp[P (cosθ)<P >/T*]d(cosθ)




             (2.17) 

where T * =  kT /v  

Equation 2.17 is a self-consistent equation because the term P2 appears 

on both sides and can be solved by iterative method to obtain the temperature 

variation of P2. For each value of T* or temperature (T) there is a P2 value 

which satisfies the above self-consistent equation. Now, P2 = 0 is a solution for 

all temperatures, which corresponds to the isotropic or disordered phase. Whereas 

for the temperatures T* < 0.22284, two other solutions of Equation 2.17 emerge. It 

has been observed that the nematic phase becomes stable when T* satisfies the 

condition 0T*0.22019 while for T*> 0.22019, a thermodynamically stable 

isotropic phase with P2 = 0 appears. As the temperature increases, the 

orientational order parameter P2 shows a decreasing tendency from unity to a 

minimum value of 0.4289 at T* = 0.22019. A discontinuous change in P2 from 

0.4289 to 0 is observed at T*=0.22019. This sharp discontinuity indicates a first  
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order nature of the N-I phase transition.  

Moreover, the entropy change in the vicinity of transition determines the 

order of that phase transition. Experimentally it has been observed that the entropy 

change near the N-I transition is relatively lesser than the same at the solid to 

liquid transition. Hence this phase transition is often called a weakly first order 

phase transition. Temperature dependent order parameter (<P2>) can be 

determined by solving the self consistent Equation 2.17 iteratively. Although there 

are some approximations in the Maier-Saupe mean field theory but for a number 

of nematic liquid crystals the experimentally obtained order parameter values 

concur fairly well with those envisaged by the theoretical values [6,59,60]. 

 

2.3.2 McMillan theory for the smectic A phase 

The smectic A phase is characterized by one dimensional positional 

ordering along with the long range nematic orientational order. The formation of 

layered structure in the smectic A phase can be described by a periodic density 

variation along the layer normal (along the z-axis). McMillan extended the Maier-

Saupe mean field theory to explain the smectic A to nematic (SmA-N) phase 

transition in liquid crystals [8,9]. A parallel but more general formalism, based on 

the theory of melting [61], was proposed separately by Kobayashi [62,63]. 

However, in the Kobayashi model two particle distribution of the ordered phase 

makes the numerical calculation for a realistic potential very difficult. Several 

modifications and extensions were suggested [64-68] but the McMillan model still 

remains the easiest one for its usefulness in describing the qualitative behavior of 

the smectic A phase or the SmA-N phase transition. 

In the McMillan theory, in addition to the orientational order parameter, a 

new order parameter which is related to the amplitude of the one dimensional 

density wave of the smectic A phase is introduced in the mean field potential 

energy function. Due to the presence of orientational as well as translational 

ordering in the smectic A phase the molecular distribution function of the same 

should be such that it can describe both the tendency of the molecules to orient 

along the director (n) and to form layers perpendicular to the director. Hence, the 

normalized distribution function is a function of cos and z and can be written as 
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           L,n L
L-even n

2πnz
ρ(cosθ,z)= A P (cosθ)cos

d
 
 
 

                    (2.18) 

with the normalized condition given by  

                                     

1 d

-1 0

ρ ( c o s θ , z ) d z d ( c o s θ ) = 1                          (2.19) 

where d is the thickness of smectic layer. Following Kobayashi [62,63] McMillan 

[8,9] expressed the pair potential as: 

  M 2

2πz 2πz
V (cosθ,z)= v δα τcos + η+α σcos P (cosθ)

d d

            
     

 (2.20)                       

where  and  are the two parameters of the pair potential.  increases with 

increasing the length of the molecules and  represents the strength of the two 

parts of the interaction i.e. the ratio of the translational part of the potential to the 

orientational part of the same.  = P2(cos),  = cos(2zd) and  = 

P2(cos)cos(2zd) are the orientational, translational and mixed order 

parameters respectively, and ....... represents the statistical average of the 

quantities inside. The parameter v can be obtained from the relation kTNI/v = 

0.22019, knowing the nematic-isotropic (N-I) phase transition temperature (TNI). 

Now, the single molecule distribution function corresponding to the 

potential function can be written as: 

                        
-1

M Mρ (cosθ,z) = Z exp[-V (cosθ,z)/kT]                           (2.21) 

where Z is the single particle partition function given by: 

                      

1 d

M

0 0

Z = exp[ V (cosθ,z)/kT]d(cosθ)dz                     (2.22) 

Again, three self consistent equations containing ,  and  appears which can be 

solved iteratively and are given by 

                     

1 d

2 M

0 0

η = P (cosθ)ρ (cosθ,z)d(cosθ)dz                         (2.23) 

                     

1 d

M

0 0

2πz
τ = cos ρ (cosθ,z)d(cosθ)dz

d
 
 
                              (2.24) 
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1 d

2 M

0 0

2πz
σ = P (cosθ)cos ρ (cosθ,z)d(cosθ)dz

d
 
 
                (2.25) 

Depending on the values of different potential parameters, the following three 

solutions are possible:  

(i)    = 0,  =0,  = 0, this solution corresponds to the isotropic phase; 

(ii)   0,  = 0,  = 0, this solution corresponds to the nematic phase in                       

conformity with the Maier-Saupe theory; 

(iii) 0, 0, 0, this solution corresponds to the smectic A phase. 

The temperature dependence of ,  and  can be obtained by using the 

three self consistent equations for different values of  and .  For  < 0.7 and 

the dimensionless ratio of smectic A-nematic (TSN) to nematic-isotropic (TNI) 

phase transition temperatures i.e. TSN/TNI is less than the value 0.87, the McMillan 

theory envisages a second order nature of the smectic A to nematic (SmA-N) 

phase transition. When   0.98, a direct transition from smectic A phase to 

isotropic phase takes place, but for   0.98 there is a SmA-N phase transition 

trailed by a nematic-isotropic (N-I) transition at relatively higher temperature. 

Therefore,  = 0.7 and TSN/TNI = 0.87 confers to a tricritical point (TCP) at which 

the SmA-N phase transition changes its nature from second order to first order. 

 

2.3.3 Landau theory of phase transition 

Phase transitions involve breaking of symmetry of a thermodynamic 

system. In general, the high temperature phase (disordered phase) is more 

symmetric than the low temperature phase (more ordered phase). This symmetry 

breaking can be described by an order parameter, the exact nature of which 

depends on the system under study. According to the Landau theory of phase 

transition [13,14], different thermodynamic parameters of a system can be 

obtained by expanding the free energy density in a power series of order parameter 

near the transition. Landau theory relates the free energy density near the phase 

transition to the order parameter of the system. The information about the change 

in different physical quantities as well as the change of symmetry of the system is 

collected in the order parameter. This theory is of central importance in many 
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fields of condensed matter physics including magnetism, superconductivity, 

structural phase transition etc. The essential feature of the Landau theory of phase 

transition [13,14] is that it is a phenomenological theory which is based on the 

general considerations of symmetry and analyticity. It is not concerned with the 

details of the interactions at the atomic level that ultimately govern the behavior of 

any thermodynamic system. Instead, Landau theory is chiefly concerned with the 

symmetry of the system, indeed it only applies to phase transitions entailing a 

change in symmetry. One of the outcomes of this theory is that systems with 

similar symmetries- even very different system with different microscopic theories 

would look very identical within the Landau theory. Therefore, Landau theory 

offers a unified description of almost all the critical phenomena in the vicinity of 

phase transition and especially divulges the role of symmetry in phase transition. 

Near the phase transition the free energy density f can be expressed in 

power series of a spatially invariant, dimensionless scalar order parameter (S) and 

sufficiently close to the transition point, only the leading terms of the power series 

are important, so that the free energy density expansion becomes a simple low 

order polynomial which can be expressed as 

            
2 3 41 1 1

f(T,P,S) = f(T,P,0) + qS + AS + BS + CS +....
2 3 4

          (2.26) 

where f(T,P,0) is the free energy density in the disordered phase (S = 0). All the 

coefficients q, A, B, C, ...... are phenomenological and function of temperature and 

pressure. The equilibrium conditions are obtained by minimizing f with respect to 

the order parameter (S) for fixed temperature (T) and pressure (P), and the 

conditions are given by 

                                                 
df

= 0
dS                                                            (2.27) 

and                                          

2

2

d f
> 0

dS                                                          (2.28) 

Therefore, at the transition it gives  

                                              
S=0

df
= q = 0

dS
 
 
                                              (2.29) 
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and                                       

2

2

S=0

d f
= A

dS

 
 
 

                                                 (2.30) 

The coefficient in the linear term of the free energy density expansion i.e. q = 0 

confirms the stability of the high temperature phase. In the disordered phase (S =0) 

the minimum in f is ensured by assuming the coefficient A>0 while in the ordered 

phase (S ≠ 0) the minimum in f is ensured by assuming A<0. Moreover, near the 

phase transition the second order term in Equation (2.26) i.e. ½(AS2) becomes 

increasingly significant. Thus, to ensure that the value S = 0 corresponds to a 

minimum of free energy, the coefficient A should depend on temperature and also 

must change sign as a function of temperature. Landau assumed that A = a(TTC), 

where TC is the transition temperature and a is constant. Therefore, Equation 

(2.26) can be written as 

          
2 3 4

C

1 1 1
f(T,P,S) = f(T,P,0)+ a(T T )S BS + CS +...

2 3 4
        (2.31) 

In the vicinity of phase transition two solutions are obtained from Equation (2.27) 

as         

                                                       S = 0                                                         (2.32) 

and                             

2 1/2
CB ± [B 4aC(T T )]

S=
2C

 
                              (2.33) 

The negative sign of the coefficient B is preferred for the reason of convenience. 

But, the symmetry of the order parameter requires that the cubic and all other 

higher order odd terms are not allowed; only the terms containing even powers of 

S will survive in the free energy density expansion. So the free energy density can 

be written as  

                    
2 4

C

1 1
f(T,P,S) = f(T,P,0) + a(T T )S + CS +...

2 4
          (2.34) 

The equilibrium value of the order parameter for the low temperature phase is 

given by  

                                          

1/2
Ca(T T )

S = 
C


                                               (2.35) 
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with positive C values. It should be mentioned that the Landau theory can be 

extended to the first order phase transition by two different ways [7]. The first 

condition is that the coefficient B is equal to zero and C is less than zero. In 

addition the sixth order term with the corresponding coefficient E>0 is required to 

confirm the stability of the ordered phase. The other possibility is to consider the 

presence of a third order term BS3 in the free energy expansion (Equation 2.26). 

When the order parameter is a tensorial quantity the cubic term BS3 cannot be 

removed from the free energy expansion, therefore a first order phase transition 

can also be obtained for B≠0. 

 

2.3.3.1 Nematic-Isotropic (N-I) phase transition 

Landau theory of phase transition [4-7,10-14] is basically a theory of 

second order phase transition but de Gennes [6] was the first to successfully apply 

this theory to the first order nematic-isotropic (N-I) phase transition in liquid 

crystals. de Gennes built a detailed mean field theory, based on the Landau theory 

that describes at least qualitatively the main characteristics of the LCs and their 

phase transitions. The strengths of the Landau-de Gennes [6,10-14] theory lies in 

the fact that it provides a satisfactory explanation of the phase transition from a 

phenomenological point of view. The nematic phase can be described by a 

symmetric tensorial order parameter Q with trace equal to zero i.e. Qii = 0 [7]. 

According to Landau-de Gennes theory the first order nematic-isotropic phase 

transition in LCs can be well explained by expanding the free energy density up to 

the fourth order in the tensor order parameter Q in the vicinity of transition. As the 

free energy is a scalar quantity, only those terms which are invariant combinations 

of Qij of the order parameter are present in the expansion [5]. Therefore, the free 

energy density can be written as 

n i ijkl ij kl ijklmn ij kl mn ijklmnuv ij kl mn uv

1 1 1
g = g + A Q Q B Q Q Q + C Q Q Q Q

2 3 4
 (2.36) 

where gn and gi are the Gibbs free energy density of the nematic and isotropic 

phases respectively. The coefficients A, B and C are tensorial in nature and 

function of temperature (T) and pressure (P). The negative sign of B is chosen for 

convenience. In the above expression there is no term linear in the order parameter 
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owing to the different symmetry of the two phases. Also absence of the linear term 

in the free energy expansion is in accordance with the stable isotropic phase. In 

case of an externally applied field, a linear term has to be incorporated in the free 

energy density expansion, making the high temperature isotropic phase impossible 

[5]. Now, instead of the Gibbs free energy density the Helmholtz free energy 

density in Equation (2.36) has been found to be more suitable because most of the 

molecular statistical calculations are generally performed at constant density. For 

the uniaxial nematic phase the Helmholtz free energy density fn can be expanded 

in the following way [5]: 

                        
2

n i ij ji ij jk ki ij ji

1 1 1
f = f + AQ Q BQ Q Q + C(Q Q )

2 3 4
                (2.37) 

where fn and fi are the Helmholtz free energy densities of the nematic and isotropic 

phases respectively. The variation of pressure near the transition is so small that it 

can be neglected from the free energy expansion. Therefore, it can be considered 

that the tensors A, B and C are independent of pressure and solely depend upon 

the temperature. Equation (2.37) has been formulated in terms of the invariants 

QijQji and QijQjkQki All the higher order invariants can be constructed by these two 

invariants. 

The nematic-isotropic (N-I) phase transition occurs near A = 0. It has been 

assumed that in the vicinity of N-I transition the temperature dependence of the 

free energy density is contained only in the coefficient A and the other two 

coefficients B and C can be regarded as temperature independent terms. The phase 

transition can be described by writing  

                                    A = a(T T*)                                                 (2.38) 

where T* is the temperature slightly below the transition temperature TNI and a is a 

temperature independent positive constant. Using the representation of the order 

parameter described in chapter 1 (Equation 1.2) it can be shown that QijQji = 

(2/3)S2 and QijQjkQkiS3. Putting these values in Equation (2.37) and using 

Equation (2.38) the corresponding Landau-de Gennes free energy density is given 

by 

                          
2 3 4

n i

1 2 1
f = f + a(T T*)S BS + CS

3 27 9
                          (2.39) 
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Minimizing fn with respect to S, the equilibrium value of the corresponding order 

parameter can be obtained. S can be calculated from the following expression 

                                 
2 31 2

a(T T*)S BS + CS = 0
3 3

                                  (2.40) 

The solutions of Equation (2.40) are S = 0, corresponds to the high temperature 

stable isotropic phase and  

                           

1 2

± 2

B 24aC(T T*)
S = 1± 1

4C B

    
   

                            (2.41) 

The temperature dependence of the order parameter in the nematic phase is 

correctly illustrated by S. The phase transition temperature TNI can be calculated 

by using the condition fn = fi, which yields  

                                
2 3 4

NI NI NI NI

2 1
a(T T*)S BS + CS = 0

9 3
                         (2.42) 

while the other expression which relates TNI and SNI as obtained from Equation 

(2.40) is given by 

                              
2 3

NI NI NI NI

1 2
a(T T*)S BS + CS = 0

3 3
                           (2.43) 

Combining the above two equations it can be written that 

                                           
3 4
NI NI

1 1
BS  = CS

9 3
                                               (2.44) 

Therefore, the possible solutions are 

(a) SNI = 0, TNI = T* 

(b) SNI =
B

3C
, 

2

NI

B
T = T*+

27aC
 

Evidently the S solution offers the results SNI = 0 at TNI = T* while the S, the 

thermodynamically stable solution gives SNI =
B

3C
at

2

NI

B
T  = T* + 

27aC
. Equation 

(2.41) representing the two solutions (S+ and S) determine a third temperature 

T** given by 

                                                

2

NI

B
T** = T +

24aC
                                              (2.45) 
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When the temperature T is higher than T** both the solution are no longer valid 

owing to their complex nature. Therefore, the Landau-de Gennes theory 

differentiates four temperature regions [5]: 

(i) when T > T**, the minimum corresponds to the stable high temperature 

isotropic phase with S = 0. 

(ii) when TNI  < T <T**, S = 0 is also a solution which gives minimum free energy 

density. Moreover, there is a relative minimum and maximum for S = S+ and S = 

S respectively. Therefore, an energy density barrier results in between the two 

minima (S = 0 and S = S+) with an effective height [fn(S) – fn(S+)]. It signifies that 

a metastable nematic phase region can be obtained in this temperature range 

because of overheating. The barrier height becomes zero at T** for S+(T**) = 

S(T**) = 
C

B

4
 and the associated point in the free energy density curve is a point 

of inflection. 

(iii) when T* < T < TNI, the minimum corresponds to a nematic phase. In addition 

there is a relative local minimum which give rise to a possible super-cooled 

isotropic phase. 

(iv) when T < T*, the minimum corresponds to thermodynamically stable nematic 

phase. The S+ solution has the lowest free energy density while S and S = 0 

solutions correspond to a relative minimum and maximum respectively. The 

energy barrier height between the S+ and S solution is given by fi fn(S). 

 Figure 2.5 illustrates the variation of f = fn fi on the order parameter (S) 

for different characteristic temperatures. A critical temperature can be identified 

for which the two phases can co-exist with the same free energy density. There 

exists an energy barrier at the transition temperature T = TNI between the nematic 

and isotropic phase and the height is given by
4

3

B
H = 

11664C
. The existence of this 

energy barrier owing to the presence of the cubic term in the free energy density 

expansion is the characteristic signature of a first order phase transition [5]. The 

general behavior of the order parameter (S) vs. temperature in case of a first order 

phase transition is shown in Figure 2.6. The order parameter vanishes at the 

nematic-isotropic (N-I) phase transition temperature (TNI). The Landau coefficients 

have been experimentally determined by Oswald et al. [69] and Vertogen et al. [5] 
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for the two liquid crystalline compounds 4-n-pentyl-4-cyanobiphenyl (5CB) and 

4-methoxybenzylidene-4-n-butylaniline (MBBA) respectively. 

 

 

Figure 2.5 Difference in the free energy density (f) as a function of scalar order 
parameter S. 
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Figure 2.6 The nematic order parameter (S) vs. temperature. T* and T** are the 
temperatures slightly lower and higher than TNI respectively. T* and T** are also 
known as the spinodal temperatures. 



 

Chapter 2 

61 | P a g e  
 

2.3.3.2 Smectic A-Nematic (SmA-N) phase transition  

The smectic A-nematic (SmA-N) phase transition entails a re-arrangement 

of the LC molecules in a layered structure. On an average the centre of mass of the 

LC molecules in the smectic A (SmA) phase are arranged in equidistant plane. 

Within the layers the molecules can move freely with the director perpendicular to 

the smectic layers [7]. In the thermodynamic limit, the SmA phase do not 

possesses true long range translational ordering, hence the theory of SmA-N phase 

transition is a theory of one dimensional melting. The SmA-N phase transition is 

accompanied by a spontaneous translational symmetry breaking due to the 

appearance of a one dimensional density wave in the SmA phase [7]. According to 

McMillan [8] and de Gennes [6] the SmA-N phase transition could be either first 

order or second order. The crossover from the second order to first order nature 

takes place through a tricritical point (TCP). On the other hand, Halperin et al. 

[70] envisaged that the SmA-N transition is always first order in nature which 

rules out the possibility of a tricritical point.  

The phenomenological Landau-de Gennes theory for the nematic-isotropic 

(N-I) phase transition can be extended to the SmA-N transition by defining a 

suitable order parameter for the SmA phase. The order parameter for the SmA-N 

transition has been defined to be the amplitude of the density wave (││) which 

describes the formation of layered structure in the SmA phase. The difference 

between ││ and ││ simply depends on the selection of origin, thus the free 

energy density expansion contains only the even power terms. The SmA phase is 

described by a density modulation in the z direction perpendicular to the layers 

[6,7] 

                                        0 1η(r) = η + η cos(mz f)                                     (2.46) 

where 1 stands for the first harmonic of the density modulation, m is an integer 

and φ is an arbitrary phase angle. In case of nematic 1 is zero while for the 

smectic A phase it is the main candidate governing the SmA order parameter. The 

free energy density (fSmA) near the SmA-N transition can be expanded in power 

series of 1: 

                                         
2 4

SmA 2 1 4 1

1 1
f  = λ η  + λ η

2 4
                                      (2.47) 
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The coefficient 2 is assumed to be equal to 0(TT0) where T0 is a temperature 

very close to the SmA-N transition temperature (TSN). 2 changes its sign on 

crossing T0. When T>T0, 2 is positive and for T<T0, 2 is negative while the other 

coefficient 4 is always positive. From these considerations only the second order 

(continuous) phase transition could be obtained at TSN = T0. Moreover, to account 

for the influence of the smectic layering on the orientational order parameter a 

coupling term (fAN) should be added to the free energy density expansion. 

Denoting the orientational order parameter in the SmA phase by S(T), fAN can be 

written as [7] 

                                               
2

AN 1f  = ξη δS                                                  (2.48) 

where  is a constant with positive value and S = SS0(T), S0(T) being the 

nematic order parameter in absence of the smectic phase. In addition to this 

another term i.e. the nematic free energy density (fN) should also be added. fN can 

be expressed as  

                                               
2

N N 0

1
f = f (S )+ δS

2χ
                                        (2.49) 

where (T) is the response function which is small for T < TNI owing to the 

saturation of the nematic order parameter but large near the nematic-isotropic (N-

I) phase transition. Therefore the total free energy density [7] is 

              
2 4 2 2

SmA N AN 2 1 4 1 N 0 1

1 1 1
f = f +f +f = λ η + λ η +f (S )+ δS ξη δS

2 4 2χ
     (2.50) 

Minimization of f with respect to S gives  

S =  2
1                                                         (2.51) 

and                                    
2 4

N 0 2 1 4 1

1 1
f = f (S )+ λ η + λ η

2 4
                                 (2.52) 

with                                         
2

4 4λ = λ 2χξ                                                 (2.53) 

4λ depends upon the values of  and . The sign of 4λ determines the order of the 

SmA-N phase transition. There are three cases as follows: (i) when T0  TNI, (T0) 

is large and 4λ is negative. In this case the SmA-N transition is first order in nature 
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and takes place TSN > T0. Additionally, to ensure the stability a sixth order term 

with positive coefficient must be added to Equation (2.52). 

(ii) when T0<<TNI, (T0) is small and 42 > 0. The SmA-N transition is second 

order in nature and takes place at TSN = T0. 

(iii) when 4λ = 0 , (TSN) = 4/22; a crossover from second order to first order 

behavior occurs through a tricritical point (TCP) due to the coupling between the 

nematic and smectic order parameter.  

Thus, the strong coupling between the nematic and smectic order parameter 

drives the SmA-N phase transition towards the tricritical behavior [71]. The 

McMillan ratio (TSN/TNI) i.e. the ratio of the SmA-N phase transition temperature 

and N-I phase transition temperature is a convenient parameter governing the 

strength of the SmA-N phase transition. 

 

2.3.4 Elastic continuum theory 

Different molecular theories of liquid crystalline phases are not always 

useful to describe some large scale phenomena. There exist a number of physical 

phenomena which involves the response of bulk liquid crystalline materials to 

external stimuli that cannot be explained in the light of molecular theories rather 

can be described by assuming the liquid crystal as a continuous media [4,15] with 

a set of elastic constants. Generally, these elastic constants are named splay (K11), 

twist (K22) and bend (K33) elastic constant and collectively they are known as the 

Frank elastic constant. The Frank elastic constants are correlated to the energy cost 

of re-orienting the LC director from an equilibrium value. The foundations of the 

elastic continuum theory of liquid crystals were developed by Oseen [16], Zocher 

[17] and later on reformulated by Frank [18]. This continuum theory has proved to 

be very much useful in describing the behavior of uniaxial LCs under the different 

perturbing fields such as electric or magnetic fields. In case of nematics, the 

parallel arrangement of the LC directors corresponds to a stable state with 

minimum free energy. But, if an external perturbation is applied to the system, 

then the orientation of the LC directors will no longer remains spatially uniform. 

In this way the free energy of the LC system increases and this deformed state 

have higher free energy than the equilibrium state.  
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According to the continuum theory, the free energy (or Frank energy) 

density (Fdef) of a deformed liquid crystal in its minimum energy configuration can 

be expressed by three basically independent elastic constants as [4,15] 

     ]n)(nKn)(nKn)([K
2

1
F 2

33
2

22
2

11def            (2.54) 

where n is the director. The above equation is the standard expression for the 

elastic free energy density related to the distortion of the director field for a 

nematic LC in absence of any chirality. The free energy density Fdef must have 

positive value so as to confer stability for the uniformly aligned LC phase. 

Therefore, all the elastic constants associated with the splay, twist and bend 

deformations are positive quantity [72].  

 

2.3.5 Freedericksz transition 

Liquid crystalline compounds are composed of anisotropic molecules, 

which is responsible for the anisotropy of all their physical properties. In case of a 

nematic LC, the minimum energy configuration is reached when all the rod-like 

molecules are, on an average, aligned along a definite direction which is pointed 

out by the director n. The orientation of the LC director can be experimentally 

specified either by an externally applied field or by imposing some surface 

anchoring conditions. Moreover, if a liquid crystal layer between two parallel 

plates is subject to an externally applied electric, magnetic or optical field then a 

competition between the surface anchoring and the reorienting externally applied 

field would cause a transition at which the undistorted configuration of the LC 

director would change to a distorted configuration. This transition is generally 

known as field induced Freedericksz transition [4,5,19,20,57]. It depends on the 

different boundary conditions at the substrates and on the sign and magnitude of 

the dielectric anisotropy (). For a weak applied field the elastic contribution 

wins over the external perturbation and the director stays unaffected by the field 

whereas for an adequate applied field, the initial configuration of the LC 

molecules due to the surface anchoring vanishes and the sample is switched to 

other configuration. This particular field is called Freederiksz threshold. The 

threshold voltage of the Freedericksz transition depends on the geometry of the set 

up i.e. on the orientation of the surface anchoring related to the external field. 
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Furthermore, the total free energy of the nematic phase encompasses two 

components: first, the elastic free energy which originates from the elastic 

deformation and secondly, the dielectric free energy which arises from the 

interaction between the anisotropic liquid crystal molecules and the applied field. 

In order to solve the steady state director distribution, this total free energy of the 

system should be minimized. Conversely, to accomplish the dynamic response of 

the directors, the field induced torque and the elastic torque must be balanced with 

the viscous torque. 

In an aligned (parallel) nematic liquid crystal cell, the LC directors are 

along the x axis and the two bounding surfaces are at z = 0 and z = d (cell 

thickness). When the applied voltage (V) along the zaxis is greater than the 

Freedericksz threshold voltage (Vth), the LC system endures an elastic 

deformation; accordingly the directors become tilted in the xz plane. The amount 

of tilt depends on the distance from the boundary surface with a minimum value of 

zero at the boundaries and a maximum value at z = d/2. 
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CHAPTER 3 

High resolution birefringence study in 
the vicinity of Smectic A to Nematic and 
Nematic to Isotropic phase transitions 
in some mixtures of nOCB and nCB 
liquid crystals 

 
 

3.1 Introduction 

Liquid crystals are one of the most intriguing classes of condensed matter 

system, displaying several intermediate phases (i.e. mesophases) with exclusive 

molecular ordering and symmetry configurations observed between the isotropic 

liquids (I) and crystalline solids (Cr). Investigations concerning mesogenic 

materials with diverse core-structures and molecular arrangements have unveiled a 

wide variety of such mesophases and associated phase transitions in them. Two 

most common mesophases are the orientationaly ordered nematic (N) and layered 

smectic A (SmA) phases [1-3]. During more than last four decades, the smectic A-

nematic (SmAN) phase transition has been a subject of extensive theoretical and 

experimental investigations in an effort to determine the universality class of that 

transition, yet remains an interesting issue in the field of equilibrium statistical 

mechanics of condensed matter systems. In the essence of the mean-field model, 

Kobayashi [4] and McMillan [5] suggested that the transition between nematic (N) 

and smectic A (SmA) phases can either be of first order or second order along 

with a tricritical point (TCP) relating these two dissimilar behaviors. Furthermore, 
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by introducing a modified functional, de Gennes predicted this transition to be in 

the three dimensional-XY (3D-XY) universality class in analogy with the super 

fluid transition in helium [6]. However, experimental findings show [7,8] that the 

order of the SmA-N transition is exceptionally sensitive to the nematic 

temperature range and undertakes a systematic variation depending on it. For a 

sufficiently large nematic range, the nematic order being almost completely been 

saturated, makes the SmA-N transition of second order. While, in the converse 

situation (i.e. when this range is sufficiently small), the coupling between nematic 

and smectic order parameter becomes relatively much strengthened and 

correspondingly drives the SmAN transition towards the first order like nature 

through a tricritical point (TCP). A value of 0.87 of the McMillan ratio (i.e. 

TSN/TNI, where TSN and TNI are the SmA-N and nematic-isotropic transition 

temperatures respectively) corresponds to the tricritical limit but experimental 

outcomes have yielded relatively higher values, ranging between 0.942 and 0.994, 

thus implying a non-universal nature [9-12]. Afterward, Halperin, Lubensky and 

Ma (HLM) [13] divulged that the coupling between the nematic director 

fluctuations and SmA order parameter also offers an important contribution, thus 

making the SmAN phase transition always fluctuation-induced weakly first 

order. The discontinuity was expected to be weak and diminishes with decrease in 

the McMillan ratio, but never vanishes. Since the ratio of transition temperatures 

TSN/TNI is a measure of the coupling between the smectic A and nematic order 

parameter i.e. a key parameter deciding the nature of the transition, a common 

mechanism, by which one can modify the strength of the coupling, is to vary the 

nematic range by preparing liquid crystal mixtures involving suitable components. 

Moreover, in the field of liquid crystal the nematic-isotropic (N-I) phase 

transition has also been appeared to be quite interesting due to its several 

exceptional features. It has been observed that in the mean field approach [14], 

one can satisfactorily explain the behavior of the nematic phase over most of the 

temperature ranges, however it becomes difficult to account for the region close to 

the N-I transition. In an attempt to explain this critical region and as well as to 

reveal the features of this transition, a number of attempts employing various 

experimental techniques have been considered so far. Yet, none of them have been 

able to provide a complete description. Although, along with few disagreements, a 
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good number of studies reveal a tricritical nature [15,16] of the N-I phase 

transition. 

In recent years, rigorous experimental studies have been performed 

involving the 4-cyano-4-n-alkoxybiphenyls (nOCB) (n being the number of 

carbons in the alkyl chain) and the 4-cyano-4-n-alkylbiphenyls (nCB) (n has the 

same meaning as for nOCB) series of compounds due to their simple molecular 

configuration, stability over a large temperature region and useful practical 

applications [9,17-20]. In this chapter, a rigorous optical investigation of critical 

behavior have been carried out in the vicinity of both the nematic–isotropic and 

smectic A-nematic phase transitions in some mesogenic binary systems consisting 

of Heptylcyanobiphenyl (7CB), Octylcyanobiphenyl (8CB), 

Octyloxycyanobiphenyl (8OCB), Nonyloxycyanobiphenyl (9OCB) and 

Decyloxycyanobiphenyl (10OCB) [21-23]. In the present case, the pure 

compounds are chosen in such a way that the nematic range may suitably be 

adjusted in a wide range to facilitate a further insight into the order character of 

the SmA-N phase transition as well as its dependencies on the mesophase features. 

Optical transmission method has been employed to obtain a precise measurement 

of the temperature dependence of the optical birefringence n, which provides a 

macroscopic measure of the anisotropy of the liquid crystalline phase and can also 

be considered as a measure of the orientational ordering of the same. From 

birefringence data, the nature of both the N-I and SmA-N phase transitions have 

been assessed. A four parameter analytical model [24] has been utilized to 

manifest critical characteristics at the N-I phase transition. Furthermore, by 

analyzing a differential parameter extracted from ∆n data near the SmA-N and N-I 

phase transitions, power law divergences at both of them have also been observed. 

The outcomes are discussed in the essence of the available theoretical models by 

emphasizing the influence of the mesophase range and hence the related molecular 

coupling on the transitional aspects of the phase transitions. 
 

3.2 Materials  

The pure compounds 7CB, 8CB, 8OCB, 9OCB and 10OCB were obtained 

from Merck, U.K. and were used without further purification. The structural 

formulae and the phase behavior of the liquid crystalline compounds are given 



 

Chapter 3 

75 | P a g e  
 

below: 

(i) Heptylcyanobiphenyl (7CB) 

CNC7H15

 

Cr 30oC N 42.8oC I 

(ii) Octylcyanobiphenyl (8CB) 

CNC8H17

 

Cr 21.5oC SmA 33.5oC N 40.5oC I 

(iii) Octyloxycyanobiphenyl (8OCB) 

        

CNC8H17O

 

Cr 54.5oC SmA 67oC N 80oC I 

(iv) Nonyloxycyanobiphenyl (9OCB) 

C9H19O CN

 

Cr 64oC SmA 77.5oC N 80oC I 

(v) Decyloxycyanobiphenyl (10OCB) 

C10H21O CN

 

Cr 59.5oC SmA 84oC I 

Three binary systems were formulated comprising various concentrations 

of the pure compounds with the following combinations: 

 

(i) 9OCB + 7CB (x9OCB = 0.200, 0.270, 0.300, 0.370, 0.420, 0.500, 0.620, 

0.700, 0.810 and 0.890) 
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(ii) 10OCB + 7CB (x10OCB = 0.205, 0.255, 0.300, 0.387, 0.502, 0.587 and 

0.701) 

(iii) 8OCB + 8CB (x8OCB = 0.155, 0.310, 0.501, 0.753 and 0.850) 

Binary mixtures were prepared at room temperature by weighing appropriate 

amount of the pure components. The phase diagrams of the three binary systems 

were constructed with the aid of a polarizing optical microscope (Motic BA 300) 

equipped with a Mettler FP900 hot stage. 

 

3.3 Phase diagram 

The compound 9OCB as being cooled from the isotropic phase exhibits a 

nematic phase over a temperature range of 2.5K followed by a partial bilayer 

smectic A phase while the compound 7CB is purely nematogenic. Figure 3.1 

depicts the phase diagram of the binary system comprising of 9OCB and 7CB for 

few selected concentrations of the first compound [21]. 
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Figure 3.1 Phase diagram of the binary system 9OCB+7CB. x9OCB represents the 
mole fraction of 9OCB. I- isotropic phase, N- nematic phase and SmA- smectic A 
phase.  - Nematic to isotropic phase transition temperature (TNI); □- smectic A to 
nematic phase transition temperature (TSN). 
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The N-I and SmA-N phase transition temperatures are identified with the help of 

both polarizing optical microscopy and optical transmission techniques. The 

transition temperatures from these two methods are found to be in well agreement 

with each other. An inspection of Figure 3.1 reveals that both the N-I and SmA-N 

transition temperatures show an increasing trend when plotted against the 

enhancing mole fraction of 9OCB. However, the curve is nearly linear for the N-I 

case while for the SmA-N transition, it raises relatively sharply i.e. a deviation 

from linearity is observed along with a relatively greater broadening in the nematic 

range for low mole fraction of 9OCB. Furthermore, for x9OCB = 0.200 and still 

lower concentrations, the smectic phase cease to exists and only the nematic phase 

continues. 
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Figure 3.2 Phase diagram of the binary system 10OCB+7CB. x10OCB represents 
the mole fraction of 10OCB. I- isotropic phase, N- nematic phase and SmA- 
smectic A phase.  – nematic to isotropic phase transition temperature (TNI); □ – 
smectic A to nematic phase transition temperature (TSN). 
 

The phase diagram for the binary system 10OCB+7CB is shown in Figure 

3.2 [22]. The binary mixtures in the range x10OCB = 0.205 to 0.701 show both the 

nematic and smectic A phases although the pure compounds have either the 
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nematic or smectic A phase. Similar to the previous binary system here also the 

N–I phase transition temperatures varies almost linearly with the mole fraction of 

10OCB and the SmA-N phase transition line deviates from linearity below the 

equimolar region. The width of the nematic range has been found to shrink 

significantly with increasing mole fraction of the compound 10OCB. 

Moreover, the phase diagram of the binary system 8OCB+8CB as obtained 

from polarizing optical microscopy (POM) studies is shown in Figure 3.3 [23]. 

The N-I, SmA-N and the melting temperatures are plotted against the mole 

fraction of 8OCB. In this case both the pure compounds have nematic as well as 

smectic A phases. The complete phase diagram for this binary system was 

investigated by Sahraoui et al. [25] and later by Sied et al. [26]. All the phase 

transition temperatures reported here are in close agreement with those reported in 

the literature [25,26]. It has been observed that the nematic region broadens as the 

concentration of 8OCB increases. 
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Figure 3.3 Phase diagram of the binary system 8OCB + 8CB. x8OCB represents the 
mole fraction of 8OCB. I- isotropic phase, N- nematic phase and SmA- smectic A 
phase. - nematic to isotropic phase transition temperature (TNI); □- smectic A to 
nematic phase transition temperature (TSN). Solid, dashed and dotted line represent 
the nematic-isotropic, smectic A-nematic phase transition and melting 
temperatures respectively throughout the entire composition as obtained in ref. 
[25,26]. 
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3.4 Optical birefringence measurements 

The temperature dependence of optical birefringence (n) in the nematic 

and smectic A phases for the investigated mixtures of binary system 

Nonyloxycyanobiphenyl + Heptylcyanobiphenyl (9OCB+7CB) are presented in 

Figures 3.4(a-j) while for the systems Decyloxycyanobiphenyl + 

Heptylcyanobiphenyl (10OCB+7CB) and Octyloxycyanobiphenyl + 

Octylcyanobiphenyl (8OCB+8CB) the same are illustrated in Figures 3.5(a-b). For 

all the investigated mixtures, within the nematic phase a sharp change in Δn is 

observed in the vicinity of nematic-isotropic (N-I) transition, essentially due to a 

significant variation in the nematic molecular ordering. On further cooling, well 

within the mesophase, Δn preserves a matching trend, but now the variation is 

comparatively much slow. In the smectic A phase, there is also an overall 

enhancement in the birefringence relative to that in the nematic phase, as expected. 

However, the temperature variation of n in the smectic A phase is rather slow 

with respect to that in the nematic phase. Near the smectic A-nematic (SmA-N) 

transition, the birefringence data exhibit a strong pretransitional behavior, which 

become more and more pronounced with the shortening of the nematic range 

(TNITSN). This is due to the fact that coupling between the nematic and smectic A 

order parameters becomes relatively stronger corresponding to a decrease in width 

of the nematic region [6] which again is counteracted by a strong transitional 

divergence.  

Moreover, to get an idea regarding the variation of coupling strength, the 

change in birefringence (n), between the smectic A and nematic phases just 

below and above the transition temperature (TSN) have also been measured. The 

quantity (n) is determined by the vertical distance between n values obtained 

by linear extrapolation of the same from either sides of the phase transitions. In the 

inset of Figures 3.4(b)-(j), (n) for the corresponding mixtures are illustrated. 

From the Figure 3.6 it has been observed that for the binary system 9OCB+7CB 

(n) increases monotonically from 0.0005 to 0.016 with increasing mole fraction 

of 9OCB, certainly implying an enhancement in transitional departure for a 

relatively larger mole fraction of the smectogen in the mixtures. 
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Figure 3.4(a-b) Temperature variation of birefringence (n) for (a) x9OCB = 0.200 
and (b) x9OCB = 0.270 of the binary system 9OCB+7CB. Solid arrow and dashed 
arrow indicate nematic–isotropic (TNI) and smectic A-nematic (TSN) transition 
temperatures respectively. The solid lines represent a fit to Equation (3.2). In the 
inset variation of n in the vicinity of TSN is shown. 
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Figure 3.4(c-d) Temperature variation of birefringence (n) for (c) x9OCB = 0.300 
and (d) x9OCB = 0.370 of the binary system 9OCB+7CB. Solid arrow and dashed 
arrow indicate nematic–isotropic (TNI) and smectic A-nematic (TSN) transition 
temperatures respectively. The solid lines represent a fit to Equation (3.2). In the 
inset variation of n in the vicinity of TSN is shown. 
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Figure 3.4(e-f) Temperature variation of birefringence (n) for (e) x9OCB = 0.420 
and (f) x9OCB = 0.500 of the binary system 9OCB+7CB. Solid arrow and dashed 
arrow indicate nematic–isotropic (TNI) and smectic A-nematic (TSN) transition 
temperatures respectively. The solid lines represent a fit to Equation (3.2). In the 
inset variation of n in the vicinity of TSN is shown. 
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Figure 3.4(g-h) Temperature variation of birefringence (n) for (g) x9OCB = 0.620 
and (h) x9OCB = 0.700 of the binary system 9OCB+7CB. Solid arrow and dashed 
arrow indicate nematic–isotropic (TNI) and smectic A-nematic (TSN) transition 
temperatures respectively. The solid lines represent a fit to Equation (3.2). In the 
inset variation of n in the vicinity of TSN is shown. 
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Figure 3.4(i-j) Temperature variation of birefringence (n) for (i) x9OCB = 0.810 
and (j) x9OCB = 0.890 of the binary system 9OCB+7CB. Solid arrow and dashed 
arrow indicate nematic–isotropic (TNI) and smectic A-nematic (TSN) transition 
temperatures respectively. The solid lines represent a fit to Equation (3.2). In the 
inset variation of n in the vicinity of TSN is shown. 
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Figure 3.5(a-b) Birefringence (n) as a function of temperature for the different 
mixtures of the binary system (a) 10OCB+7CB and (b) 8OCB+8CB. Different 
mole fractions are indicated in the figure. Solid upper head arrows indicate 
nematic–isotropic phase transition temperature (TNI) and dashed lower head 
arrows indicate smectic A-nematic phase transition (TSN) temperature. 
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Figure 3.6 Change in the birefringence value (n) near the smectic A-nematic 
(SmA-N) phase transition as a function of mixture concentrations for the binary 
system 9OCB+7CB. 
 

Moreover, in the field of liquid crystals the order parameter S(T) is found to 

serve as a very important quantity, determining the universality class of a 

transition and hence also is much required in manifesting the exact nature of the 

same. It has been predicted that the critical exponent  associated with the limiting 

behavior of the order parameter at the N-I transition, should assume any one of the 

possible theoretical values quantitatively 0.25, 0.325 and 0.5 for a tricritical, Ising 

and critical system respectively. 

In the present study, in an attempt to obtain an insight into the order 

characteristics of the N-I transition in some of the investigated mixtures; recourse 

of the well known Haller’s extrapolation method [27] has been adopted. 

According to which, the temperature dependence of optical birefringence (n) in 

the nematic phase may be described by a power law expression having the 

following form, 

                                           

β

0
N I

T
Δn =  Δn 1

T

 
 
 
 

                                      (3.1) 
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where n0 is the extrapolated birefringence in the perfectly ordered state (i.e. at T 

= 0K) and   presents the order parameter critical exponent. During fit process, 

because of the presence of substantial pretransitional influence near the transitions, 

few data points have been excluded from either ends of the data range. Such an 

exclusion does not impart any significant effect on the fit process as still a 

sufficient number of data points (for the highest concentration of system 

9OCB+7CB, i.e. x9OCB = 0.890, 90 data points) are present. The fit values for the 

quantities n0, T** and  are listed in Table 3.1. The extracted critical exponent  

is found to lie within the range of 0.168 to 0.199 for the different mixtures which 

again is quite less compared to any of the predicted theoretical values. Such a 

discrepancy has also been reported by others [24,28-30] from diverse experimental 

approaches and is in effect due to the incompatibility of the Haller’s technique 

with the weakly first order character of nematic-isotropic (N-I) phase transition. 

 
Table 3.1 Values of the fitting parameters n0 and  obtained from the Haller type 
equation for the mixtures of the system 9OCB+7CB. 
 

x9OCB n0  
0.200 
0.270 

0.279±0.001 
0.298±0.002 

0.177 ± 0.001 
0.177 ± 0.003 

0.300 0.296±0.002 0.175 ± 0.002 
0.370 0.309±0.001 0.188 ± 0.001 
0.420 0.312±0.003 0.190 ± 0.002 
0.500 0.324±0.006 0.199 ± 0.004 
0.620 0.298±0.007 0.189 ± 0.005 
0.700 
0.810 

0.294±0.005 
0.293±0.006 

0.168 ± 0.003 
0.169 ± 0.005 

0.890 0.334±0.009 0.188 ± 0.004 
 
 

In order to get rid of this difficulty, recently a four parameter power-law 

model [24] consistent with the mean-field theory for critical as well as tricritical 

behavior of weakly first-order transition has been introduced and which again may 

be expressed as 

                              
βT

D = A[B+(1 B)(1 ) ]
T**

                                 (3.2) 

where D is the physical parameter under consideration (i.e. Δn in the present case), 
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A is a term involving the molecular polarizability and the nematic order parameter 

S(T), B = S(T**) at T = T**, is the order parameter critical exponent and T** is 

the effective second-order transition point seen from below the clearing 

temperature. The fit to the experimental birefringence data according to Equation 

(3.2) for all the mixtures of system 9OCB+7CB are presented as solid lines in 

Figures 3.4(a)-(j). Furthermore, for the same reason as stated before (i.e. to avoid 

the interference of pretransitional influence), few data points are discarded from 

either ends in the fit process. Table 3.2 lists the different fit parameters obtained 

from the above fit process. It has been observed that in the present circumstances 

the order parameter critical exponent  takes on values in between 0.241 to 0.251, 

which are again in quite good agreement with that predicted by the tricritical 

hypothesis (TCH = 0.25). Hence, the present experimental outcome strongly 

supports the validity of the tricritical nature [31] for the N-I phase transition. 

 

Table 3.2 Values of the fitting parameters , B, T** and  obtained from the four 
parameter fit for the mixtures of the system 9OCB+7CB. 
 

x9OCB A B T**(K)  

0.200 
0.270 

0.294±0.001 
0.309±0.001 

0.164±0.013
0.176±0.002

323.47±0.09
325.75±0.23

0.246 ± 0.007 
0.245 ± 0.003 

0.300 0.323±0.005 0.121±0.003 326.69±0.19 0.243 ± 0.020 
0.370 0.339±0.001 0.105±0.002 329.55±0.17 0.251 ± 0.002 
0.420 0.331±0.004 0.110±0.006 331.63±0.23 0.248 ± 0.007 
0.500 0.346±0.002 0.082±0.003 333.71±0.27 0.248 ± 0.003 
0.620 0.279±0.002 0.182±0.002 339.87±0.15 0.242 ± 0.004 
0.700 
0.810 

0.325±0.003 
0.342±0.012 

0.140±0.003
0.089±0.006

342.69±0.15
345.66±0.05

0.247 ± 0.005 
0.241 ± 0.015 

0.890 0.335±0.008 0.140±0.003 349.35±0.20 0.246 ± 0.009 
 

3.5 Smectic A-Nematic (SmA-N) phase transition 

The high resolution optical birefringence (n) data have been utilized to 

study the critical behavior at the SmA-N phase transition. Since the mixtures 

under study do not exhibit any visible discontinuity at the SmA-N transition, to 

locate the exact transition temperature, the maximum value of d(∆n)/dT have 

been used. Furthermore, the quantity d(∆n)/dT which is related to specific heat 
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anomaly [32] may suitably be employed to analyze the critical aspects of the phase 

transition. However, because of the small temperature difference between the 

successive measured data, here the first order numerical derivative of Δn is well 

scattered. Hence, in order to analyze the critical nature of the transition, a new 

quantity having the following form have been employed [24,30] 

                                

SN

SN

Δn(T) Δn(T )
Q(T) = 

T T




                                    (3.3) 

where ∆n(TSN) is the birefringence at the transition temperature TSN as obtained by 

differentiating ∆n. The parameter Q(T) is quite similar to the term C(T) = −[H(T) 

− H(TC)]/[T − TC] appearing in the adiabatic scanning calorimetry measurement 

[33] where H(T) is the temperature dependent enthalpy, and like the 

correspondence between C(T) and specific heat capacity Cp [= (dH/dT)p], Q(T) 

and –d(n)/dT also share the same power law behavior with an identical critical 

exponent α related to the transitional singularity. The temperature dependence of 

Q(T) in the vicinity of TSN for different mixtures of the system 9OCB+7CB are 

depicted in Figure 3.7. An inspection of Figure 3.7 reveals that the peak height of 

Q(T) curve gradually increases with an enhancement in concentration of 9OCB or 

more precisely as the nematic range of the mixtures decreases. Thus, the parameter 

Q(T) gets enhanced with an increase in strength of the coupling between the 

nematic and smectic order parameters. Now, in order to obtain an insight into the 

critical behavior near the SmA-N phase transition, a fit to the following simple 

power law expression have been considered [24,30], 

                                     
± ±

α
Q(T) = A t +B


                                           (3.4) 

where A+ and A− are the critical amplitudes and B+ and B-
 are the background 

terms above and below the transition temperature (TSN),  is the critical exponent 

similar to specific heat capacity critical exponent and t = |(T − TSN)/( TSN)| is the 

reduced temperature. In each of the preliminary fit, the transition temperature TSN 

was first isolated by resolving the maxima of the temperature variation of the 

quantity d(n)/dT and then was kept fixed at that value. It reduces the instability 

appearing in the fitting process up to a considerable extent. The values of the fit 

parameters are listed in Table 3.3 while the corresponding fits are presented as 
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solid lines in Figure 3.7. It is evident that over the investigated concentration 

range, all the data are well described by Equation (3.4).  However, in order to 

realize consistent fittings, few data points very close to the transition temperature 

have been excluded from the fit process due to the presence of experimental 

uncertainty. 
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Figure 3.7 Temperature variation of Q(T) near the SmA-N phase transition at 
different concentrations of 9OCB. Solid lines are fit to Equation (3.4) for Q(T) for 
the different mixtures. Different concentrations are mentioned in the figure. 
 

Moreover, following the same procedure as mentioned above for system 

9OCB+7CB, the temperature dependence of Q(T) in the vicinity of TSN for the 

different mixtures of the systems 10OCB+7CB and 8OCB+8CB are presented in 

Figures 3.8(a)-(b). These two systems also exhibit a gradual increase in the peak 

height of Q(T) with the shortening of the nematic range of the mixtures and the 

corresponding Q(T) values can be well portrayed by Equation (3.4) with the fit 

parameters listed in Table 3.4 and 3.5 respectively. 
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Figure 3.8(a-b) Temperature variation of Q(T) near the SmA-N phase transition at 
different concentrations for the binary system (a) 10OCB+7CB and (b) 
8OCB+8CB. Different concentrations are mentioned in the figures. Solid lines are 
fit to Equation (3.4) for Q(T) for the different mixtures. 
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The quality of the fits has been tested by calculating the reduced 2 value 

on either sides of the investigated transition. 2 equal to unity yields an ideal fit. 

However, values lying between 1 and 1.5 correspond to good fits. The reduced 2 

is determined by the ratio of variance of the fit (s2) to the variance of the 

experimental data (2) and may be expressed as follows [34], 

                             
2

2 2
2 2 i i

i

1
s N p

χ (y f )
σ σ

                                   (3.5) 

where N is the total number of data points, p is the number of adjustable parameter 

and fi is the ith fit value corresponding to the measurement yi. For the present fits, 

2 value have been found to lie between 1.12 and 1.88 and hence indicate 

satisfactory fits to the Q(T) data for the considered model expression. 

 
Table 3.3 The best fit parameter values for Q(T) near the SmA-N transition of the  
binary system 9OCB+7CB obtained from Equation (3.4). 
 

x9OCB 
 

 or  or  No of data 
points 

0.270 T<TSN 0.0145±0.0011 0.003±0.001 -0.0146±0.0009 1.65 180 
 T>TSN 0.0162±0.0013 0.004±0.001 -0.0164±0.0010 1.27 128 

0.300 T<TSN 0.0040±0.0002 0.066±0.003 -0.0038±0.0003 1.22 185 
 T>TSN 0.0055±0.0003 0.066±0.002 -0.0055±0.0002 1.48 130 

0.370 T<TSN 0.0018±0.0001 0.154±0.006 -0.0013±0.0002 1.37 224 
 T>TSN 0.0023±0.0003 0.149±0.009 -0.0017±0.0004 1.67 182 

0.420 T<TSN 0.0023±0.00006 0.203±0.007  0.0064±0.0003 1.77 136 
 T>TSN 0.0028±0.0002 0.205±0.012  0.0060±0.0004 1.55 76 

0.500 T<TSN 0.0010±0.0002 0.264±0.022  0.0013±0.0001 1.25 116 
 T>TSN 0.0015±0.0001 0.260±0.019 -0.0018±0.0001 1.30 70 

0.620 T<TSN   0.0010±0.00007 0.340±0.020 -0.0012±0.0001 1.46 167 
 T>TSN 0.0007±0.00005 0.344±0.011  0.0022±0.0002 1.41 107 

0.700 T<TSN 0.0009±0.00001 0.404±0.002 -0.0016±0.0001 1.25 192 
 T>TSN 0.0006±0.00004 0.407±0.014  0.0039±0.0003 1.65 136 

0.810 T<TSN 0.0006±0.00002 0.448±0.012  0.0074±0.0006 1.64 321 
 T>TSN 0.0009±0.00004 0.448±0.008 -0.0017±0.0001 1.25 110 

0.890 T<TSN 0.0008±0.00001 0.474±0.004   -0.0014±0.00003 1.33 234 
 T>TSN 0.0008±0.00005 0.477±0.009 -0.0052±0.0004 1.55 85 
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Table 3.4 The best fit parameter values for Q(T) near the SmA-N transition of the  
binary system 10OCB+7CB obtained from Equation (3.4). 
x10OCB 

 
 or  or  No of data 

points 
0.205 T<TSN 0.00025±0.00002 0.263±0.018 0.00040±0.00001 1.53 107 

 T>TSN 0.00034±0.00001 0.266±0.012 0.00030±0.00002 1.47 101 
0.255 T<TSN 0.00043±0.00004 0.330±0.022 0.00095±0.00006 1.17 102 

 T>TSN 0.0005±0.00003 0.331±0.006 0.00065±0.00003 1.26 105 
0.300 T<TSN 0.00023±0.00001 0.371±0.028 0.00157±0.00004 1.21 137 

 T>TSN 0.00026±0.00003 0.372±0.013 0.00162±0.00008 1.15 127 
0.387 T<TSN 0.00043±0.00001 0.420±0.004  -0.00012±0.00001 1.16 201 

 T>TSN 0.00023± 0.00002 0.422±0.008  0.00269±0.00007 1.22 120 
0.502 T<TSN 0.00049±0.00004 0.467±0.045  0.00031±0.00001 1.20 160 

 T>TSN 0.00036±0.00003 0.477±0.008 0.00442±0.00013 1.12 80 
0.587 T<TSN 0.00062±0.00004 0.498±0.014 -0.00012±0.00001 1.17 207 

 T>TSN 0.00039±0.00004 0.501±0.016  0.0080±0.0007 1.16 61 
0.701 T<TSN 0.00144±0.00002 0.511±0.023 -0.0029±0.00008 1.19 214 

 T>TSN 0.00136±0.00007 0.511a  -0.00146±0.00008 1.46 40 
a was kept fixed at 0.511. 
 
Table 3.5 The best fit parameter values for Q(T) near the SmA-N transition of the  
binary system 8OCB+8CB obtained from Equation (3.4). 
x8OCB 

 
 or  or  No of data 

points 

0.155 T<TSN 0.0018±0.0001 0.297±0.005 -0.0029±0.0001 1.16 158 
 T>TSN 0.0017±0.0005 0.289±0.024 -0.0027±0.0010 1.40         71 
0.310 T<TSN 0.0019±0.0003 0.284±0.027 -0.0013±0.0006 1.88 63 
 T>TSN 0.0016±0.0001 0.287±0.009 -0.0026±0.0003 1.71   36 
0.501 T<TSN 0.0014±0.0005 0.264±0.015 -0.0012±0.0001 1.37   89 
 T>TSN 0.0010±0.0005 0.246±0.011 0.0006±0.0003 1.40   87 
0.753 T<TSN     0.0017±0.0001 0.239±0.010 -0.0020±0.0001 1.28 85 
 T>TSN 0.0014±0.0006 0.227±0.007 -0.0007±0.0002 1.52 100 
0.850 T<TSN 0.0012±0.0001 0.228±0.005 -0.0009±0.0001 1.34 193 
 T>TSN 0.0015±0.0002 0.218±0.010 -0.0007±0.0003 1.43 54 

 

According to the theoretical predictions 3DXY universality class requires 

the occurrence of a critical amplitude ratio (A/A+) equal to 0.971 and a critical 

exponent (α) of 0.007, while for a tricritical point the critical amplitude ratio 

(A/A+) is close to 1.6 and critical exponent (α) takes on a value 0.5 [35,36]. In 

this study, for each of the individual mixtures, the fitting yields A/A+ values close 
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to unity. Furthermore, as stated earlier, value of the critical exponent , which is 

similar to the specific heat capacity critical exponent [30], is of prime importance 

in determining the nature of a phase transition as well as in an accurate 

quantification of the critical fluctuation at the transition. 

For the system 9OCB+7CB, the obtained  values are found to lie in 

between 0.003 and 0.477 within the error limit, thus indicating a second order 

nature of the SmA-N transition in all the mixtures along with the appearance of 

crossover behavior between the 3D-XY universality class and the tricritical point 

(TCP) [21]. An enhancement in the exponent  is observed with the increasing 

McMillan ratio (TSN /TNI) as shown in Figure 3.9, where an average of the fit value 

of on both sides of SmA-N transition have been considered. An extrapolation of 

a polynomial fit to the extracted α values yields a tricritical nature (i.e. α = 0.5) for 

a McMillan ratio of about 0.992 which again is nearly identical to that for the pure 

9OCB (TSN/TNI ~0.9929). Hence, in case of binary system 9OCB+7CB a TCP is 

expected for a composition much close to the pure 9OCB along with the 

implication of a first order character to the SmA-N transition in 9OCB. This is in 

excellent agreement with those reported by Cusmin et al. [37] for this compound. 

From studies involving multiple experimental approaches including specific heat 

capacity measurements, molar volume studies and dielectric technique; they have 

observed a first order like appearance of the SmA-N phase transition with a 

critical exponent value around 0.5. Such an agreement certainly revalidates the 

high accuracy and reliability of the present optical approach in relation to the other 

well known techniques and also confirms the concentration dependence of the 

effective critical exponent α for the present investigated system. Here the 

emergence of the crossover like behavior is also quite inevitable as for the 

narrowing of the nematic range in mixtures with higher concentration of 9OCB 

which in turn lead to a further destabilization of the nematic molecular ordering. 

Furthermore, in an effort to gain an impression relating the appearance of the 3D-

XY limit, an extrapolation of the polynomial fit to α value has also been considered 

for the lower McMillan ratio side. This yields a TSN/TNI value of about 0.942 

corresponding to the 3D-XY  point which again found to be in well agreement with 

that reported for other binary systems [38,39] involving distinct calamitic units. 
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Figure 3.9 Variation of the critical exponent () with McMillan ratio (TSN/TNI) for 
the system 9OCB+7CB. (●) represents the  values averaged over the two values 
obtained from fitting above and below the transition temperature TSN. The vertical 
bars indicate the error associated with value. The  value ( ) for x9OCB=1.0 is 
obtained from Cusmin et al. [37]. Dashed line represents a polynomial fit to the  
values. Upper and lower head arrows denote the tricritical point (TCP) and the 3D-
XY limit of SmA-N phase transition respectively. 
 

Moreover, for the system 10OCB+7CB the critical exponent  at the SmA-

N transition varies from 0.263 to 0.511 within the error limit. The critical exponent 

 was adjusted freely in the fitting procedure on either sides of the SmA–N phase 

transition temperature (TSN) except for x10OCB = 0.701, for which the  value was 

kept fixed to 0.511 for T > TSN in order to obtain best fit to the data points. This 

binary system also exhibits almost similar behavior when an average value of the 

critical exponent  is plotted against the McMillan ratio (TSN/TNI) (shown in 

Figure 3.10). For the mixtures in the range x10OCB  = 0.205 to 0.502,  values are 

less than that for the tricritical limit (0.5) indicating a second order phase transition 

at the smectic A–nematic (SmA–N) phase boundary [22]. On the other hand, for 

the mixture x10OCB = 0.587 a very careful analysis yields  ≈ 0.5 within the error 

limit, which indeed the tricritical limit of SmA–N phase transition. Therefore, the 
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tricritical point (TCP) for this binary system is found to observe at x10OCB = 0.587 

for the McMillan ratio equal to 0.993. Following the same extrapolation procedure 

as mentioned above for system 9OCB+7CB, it has been found that the 3D–XY 

limit ( = 0.007) of the SmA–N phase transition for the binary system 

10OCB+7CB would hypothetically reached at TSN/TNI = 0.937. 
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Figure 3.10 Variation of the critical exponent () with McMillan ratio (TSN/TNI) 
for the system 10OCB+7CB. (●) represents the  values averaged over the two 
values obtained from fitting above and below the transition temperature TSN. The 
vertical bars indicate the error associated with value. Dashed line represents a 
polynomial fit to the  values. Upper and lower head arrows denote the tricritical 
point (TCP) and the 3D–XY limit of the SmA-N phase transition respectively. 
 

For binary system 8OCB+8CB the extracted  values at the SmA-N 

transition are found to lie in between 0.218 to 0.297 for the investigated mixtures. 

An evolution of the critical exponent  has also been observed when plotted 

against the McMillan ratio (TSN/TNI) as shown in Figure 3.11. In case of two pure 

compounds 8OCB and 8CB, the  values equal to the literature value 0.200±0.05 

[40] and 0.320±0.03 [41] respectively have been used. Therefore, all the mixtures 

of this two component system including the pure compounds 8OCB and 8CB 

indicate a second order nature of the SmA-N phase transition. For the three 
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mixtures x8OCB = 0.310, 0.501 and 0.753, the critical exponent  at the SmA-N 

transition are found to be higher than those reported by Sied et al. [26].  

Extrapolation of the best fitted line of the  vs TSN/TNI curve on either sides, yields 

two values of the McMillan ratio, 0.997 and 0.939, at which the tricritical point 

(TCP) and the 3D-XY universality class respectively would hypothetically reached. 

These two limiting values obtained for the binary system 8OCB+8CB differs from 

those reported by Sied. et al. [26], where the tricritical point (TCP) and the 3D-XY 

universality class are located at the McMillan ratio equal to 0.99 and 0.96 

respectively. 
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Figure 3.11 Variation of critical exponent () with McMillan ratio for the system 

8OCB+8CB. (●)-  values averaged over the two values obtained from fitting 

above and below the transition temperature TSN. ( ) -  value obtained from the 

Ref. [40] and [41] for 8OCB and 8CB respectively. () -  value obtained by 
Sied et al. [26] for the present system. The vertical bars indicate the error 

associated with value. Dashed line represents a polynomial fit to the  values. 
Upper and lower head arrows denote the TCP and the 3D–XY limit of SmA–N 
transition respectively. 
 

In Figure 3.12 the  values for all the mixtures of the three binary systems 

and the pure compounds have been plotted as a function of the McMillan ratio. 
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From the Figure 3.12 it is quite evident that three independent systems under study 

exhibit more or less common trend in the nematic range dependence of critical 

exponent () at the SmA-N phase transition. In addition, the limiting values (listed 

in Table 3.6) of the McMillan ratio (TSN/TNI) for the tricritical point (TCP) and 

3D-XY universality class for different systems concurs very well with each other. 
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Figure 3.12 The critical exponent ( vs. McMillan ratio (TSN/TNI). The  values 
( ) for the three pure compounds i.e. 8CB, 8OCB and 9OCB are obtained from 
the different literatures [37,40,41]. Dashed line represents a polynomial fit to the  
values. The vertical bar indicates the error associated with value. Upper and 
lower head arrows denote the tricritical point (TCP) and the 3D–XY limit of the 
SmA–N phase transition respectively. 
 

Table 3.6 Limiting values of the McMillan ratio for the tricritical point (TCP) and 
3D-XY universal limit for the SmA-N transition of the three binary systems. 

Binary 
system 

McMillan ratio (TSN/TNI) 
Tricritical point 

(TCP) 
3D-XY universality 

class 
9OCB+7CB 

10OCB+7CB

8OCB+8CB 

0.992 

0.993 

0.997 

0.942 

0.937 

0.939 



 

Chapter 3 

99 | P a g e  
 

3.6 Nematic-Isotropic (N- I) phase transition 

One intriguing fact emerging out from the birefringence measurement of 

the system 9OCB+7CB is the presence of a clearly distinguishable pretransitional 

region just above the nematic-isotropic (N-I) phase transition [21]. In well within 

the isotropic phase, the measured transmitted intensity through the liquid crystal 

filled cell (It) follows a more or less linear trend with its magnitude being feebly 

dependent of temperature. On further cooling, a clearly noticeable deviation from 

this linearity is observed just before entrance to the nematic phase in a range of 

12K above TNI. In spite of the expected first order like nature of the N-I 

transition, the appearance of such a divergence close to the transition is rather 

surprising. This may be due to some short of pre-nematic short range ordering, 

appearing in the vicinity of the transition and their preferred alignment under the 

influence of strong surface anchoring in the thin film cell of liquid crystals. 

Previously data extracted from experimental approaches like heat capacity 

measurements and dielectric techniques have also been found to demonstrate 

similar diverging behavior in the vicinity of TNI, which again have been utilized in 

a quite accurate parameterization of the critical fluctuation close to the transition. 

Hence, it was anticipated that a proper treatment of the present outcomes will also 

lead to rather valuable quantization of the pretransitional aspects near the N-I 

phase transition. 

The temperature dependence of transmitted intensity (It) close to the N-I 

transition for a representative mixture, x9OCB = 0.890 is shown in Figure 3.13. The 

deviation from linearity and hence the presence of liquid crystal ordering on a 

limited scale in the isotropic phase, just above the clearing temperature is quite 

evident from this figure. It may be mentioned that detection of such a small 

divergence in It and hence in Δn becomes possible because of the considerably 

high resolution in the present birefringence measurement. For all the mixtures of 

system 9OCB+7CB the N-I transition temperatures are identified by following the 

same procedure as used for the SmA-N transition, i.e. locating the minimum in the 

d(Δn)/dT curve which again appeared to be identical to the temperature from 

where the drastic change in Δn has been initiated. 

In an attempt to analyze the critical anomaly associated with the nematic-



 

Chapter 3 

100 | P a g e  
 

isotropic transition, the procedure considered for the SmA-N transition has been 

extended to the N-I transition as well. Here, the quantity Q(T) has been defined 

following the same expression as appeared in Equation (3.3) with ∆n(TSN) being 

replaced by ∆n(TNI), where ∆n(TNI) is the birefringence at the clearing temperature 

TNI while TSN is changed to TNI. The temperature dependence of Q(T) for different 

mixtures close to the N-I transition are shown in Figure 3.14. It has been observed 

that unlike the SmA-N transition, in the present case the peak height of the Q(T) 

curves did not undergo any substantial variation over the investigated 

concentration range, indicating an resemblance among their transitional character.  
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Figure 3.13 Temperature variation of the transmitted intensity (It) in the vicinity 
of the nematic-isotropic phase transition for the mixture x9OCB = 0.890. The 
horizontal dashed line represents a linear fit to the transmitted intensity (It) data far 
away from the N-I transition temperature (TNI). 
 

 Furthermore, in an attempt to gain an idea regarding the critical signature 

appearing in the vicinity of the N-I transition, fit to the identical power law 

expression as appearing in Equation (3.4) has also been considered. The 

parameters contained in the expression now correspond to those for the N-I 

transition. Here, it is necessary to mention that the fitting has been performed by 

considering T** in place of TSN for T<TNI and T* for T>TNI in the expression of 
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reduced temperature t i.e. Equation (3.4) [21]. T* conveys the same meaning as 

for T** but seen above the clearing temperature. Now, in spite of the small range 

of pretransitional region above the clearing temperature (~1-2K), still a sufficient 

numbers of data points are present and hence the fits have suitably been carried 

out in both the regions above and below TNI. The values of the parameters as 

extracted from the fit process are gathered in Table 3.7 while the corresponding 

fits are presented as solid lines in Figure 3.14. It has been observed that the 

temperature dependence of Q(T) for the different mixtures in vicinity of the N-I 

transition have been well described by Equation (3.4) like power law expression, 

inferring an excellent agreement between the experimental optical birefringence 

data and theoretical power law behavior described by Equation (3.4).  
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Figure 3.14 Temperature variation of the parameter Q(T) near the N-I phase 
transition at different concentrations of 9OCB for the binary system 9OCB+7CB. 
Solid lines are fit to Equation (3.4) for different mixtures near the N-I phase 
transition. 
 

For all the mixtures of system 9OCB+7CB, in both the nematic and 

isotropic side within the limits of experimental uncertainty nearly identical value 

of the exponent α ≈ 0.5 have been obtained which again certainly corresponds to a 
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tricritical nature for N-I transition [31] irrespective of their composition. Such an 

outcome is in well concurrence with those obtained from the analysis of Δn data as 

discussed in section 3.4, where the fits to model expression (3.2) yields β values 

close to 0.25 for all of the mixtures and hence undoubtedly implements a tricritical 

nature for the N-I transition. There are also a number of reports by the different 

research groups assigning a tricritical nature to the N-I transition in pure 9OCB as 

well as in other pure compounds and mixtures involving diverse guest-host 

combinations from distinct experimental techniques [37,42-44]. Thereby, the 

present approach has come out to be quite helpful in a rather precise and faithful 

manifestation of the critical characteristics with a considerably high degree of 

accuracy at the N-I phase transition as well. 

 
Table 3.7 The best fit parameter values for Q(T) near the N-I transition of the  
binary system 9OCB+7CB obtained from Equation (3.4). 
 
x9OCB 

 
 or  or  No of 

data 
 points

0.200 T<TNI 0.0045±0.0004 0.499±0.026 -0.022±0.001 1.50 98 
 T>TNI 0.0039±0.0003 0.502±0.007 -0.026±0.001 1.37 117 

0.270 T<TNI 0.0040±0.0003 0.508±0.009 -0.022±0.002 1.32 215 
 T>TNI 0.0039±0.0004 0.494±0.013 -0.039±0.003 1.25 183 

0.300 T<TNI 0.0082±0.0004 0.512±0.024 -0.055±0.006 1.56 124 
 T>TNI 0.0038±0.0001 0.500±0.021 -0.039±0.001 1.22 56 

0.370 T<TNI 0.0076±0.0006 0.505±0.019 -0.053±0.006 1.42 192 
 T>TNI 0.0035±0.0004 0.507±0.010 -0.032±0.002 1.28 157 

0.420 T<TNI 0.0046±0.0002 0.514±0.035 -0.021±0.002 1.26 105 
 T>TNI 0.0047±0.0008 0.497±0.017 -0.043±0.005 1.34 54 

0.500 T<TNI 0.0025±0.0003 0.516±0.033   -0.007±0.0005 1.38 115 
 T>TNI 0.0044±0.0003 0.506±0.011   -0.026±0.0006 1.25 117 

0.620 T<TNI 0.0027±0.0003 0.509±0.015 -0.018±0.002 1.29 172 
 T>TNI 0.0054±0.0006 0.510±0.008 -0.053±0.004 1.24 146 

0.700 T<TNI 0.0059±0.0001 0.492±0.005 -0.036±0.002 1.47 201 
 T>TNI 0.0050±0.0003 0.496±0.009 -0.036±0.002 1.47 204 

0.810 T<TNI 0.0057±0.0006 0.500±0.029 -0.040±0.001 1.27 140 
 T>TNI 0.0049±0.0001 0.504±0.011 -0.046±0.001 1.22 100 

0.890 T<TNI 0.0057±0.0004 0.508±0.042 -0.036±0.004 1.42 166 
 T>TNI 0.0047±0.0001 0.517±0.007 -0.046±0.004 1.47 176 
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3.7 Conclusion 

Phase diagram of the three binary systems comprising of different 

alkoxycyanobiphenyl (nOCB) and alkylcyanobiphenyl (nCB) have been presented 

in this chapter. These systems were chosen in such a way that the nematic range 

may vary suitably with the concentration of the mixtures. High resolution 

measurements of optical birefringence have been undertaken to study the phase 

behavior of some selected mixtures over their entire mesomorphic range. 

Particular emphasis has been given on regions close to different phase transitions. 

The high resolution Δn data have been found rather successful in a precise probing 

of the transitional behavior at both the N-I and SmA-N transitions. Within a 

temperature range of around 1-2K above and below the smectic A-nematic 

transition, a clearly distinguishable pretransitional behavior has been observed, 

which again is found to be enhanced with a reduction in nematic range in the 

studied mixtures. The Haller’s extrapolation technique is found to lead to 

systematically lower values of the order parameter critical exponent (< 0.20) at 

the N-I transition compared to that predicted by theory (TCH= 0.25). This 

difficulty has been overcome with the aid of a modified four parameter fit model 

which again appears to be quite consistent with the weakly first order appearance 

of the N-I transition. 

On the basis of the high resolution birefringence measurements, the order 

character of the SmA-N transition has also been assessed. At this transition the 

divergence of the quantity Q(T) has found to be well described by a power-law 

expression. The effective critical exponent ( has found to be strongly nematic 

range dependent. As the nematic range of the investigated mixtures decreases, the 

stronger coupling between the nematic and smectic A order parameter drives the 

SmA-N phase transition from second order to first order nature. An evolution of 

the critical exponent () with respect to the McMillan ratio certainly indicates that 

the ratio TSN/TNI is the key parameter which governs the order character of the 

SmA-N phase transition. The limiting value of the McMillan ratio at which the 

SmA-N transition changes its behavior from second order to first order nature is 

nearly equal for all the three binary systems. In addition, the present binary 

systems are found to demonstrate crossover behavior between the 3D-XY and 
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tricritical point (TCP). 

Furthermore, one interesting observation emerging from the birefringence 

measurement of system 9OCB+7CB is the appearance of a small finite transitional 

divergence, detected just above the N-I transition. Such an outcome may be due to 

the manifestation of short range prenematic order close to the transition and their 

subsequent alignment under the effect of strong surface anchoring. Moreover, such 

detection becomes possible only because of the relatively high accuracy of data 

and small temperature interval in the measuring method. An effort to fit the 

resultant Q(T) variation to the identical model expression as used for the SmA-N 

case, yields an α value of around 0.5 irrespective of mixture compositions and 

hence assigns a tricritical nature to the N-I transition in all the mixtures. This is 

again in excellent conformity with the previous outcomes from the direct fit to Δn 

data and hence certainly imply the reliability of the measuring procedure in 

assessing the critical characteristics of liquid crystalline phase transitions. 
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CHAPTER 4 

Critical behavior at the Smectic A to 
Nematic phase transition: Evidence of 
two tricritical points 

 
 

4.1 Introduction 

Studies of the mesomorphic properties of liquid crystalline mixtures have 

received special attention not only for their technological importance [1-3] but 

also for their fundamental interest in understanding the phenomena of phase 

transition in soft condensed matter. In order to obtain better materials which can 

produce desirable value of the different display parameters often liquid crystalline 

compounds are mixed together. By mixing several compounds one can control the 

physical properties of the resulting liquid crystalline mixtures, such as 

birefringence, dielectric anisotropy, elastic constants and rotational viscosity in 

accordance with the requirements for display as well as non-display applications 

[4]. On the other hand binary mixtures are also used to study various phase 

transitions and critical phenomena [5-8] in the field of liquid crystal research.  

Sometimes mixtures of nematic compounds may induce new higher order 

liquid crystalline phases which are commonly known as induced phases [9-12]. 

These types of behaviors are generally observed in binary mixtures of two 

compounds, one having a strongly polar terminal group and the other being a non-

polar one [12-21] or in mixtures of two polar nematic compounds [22-24]. 

Conversely, smectic phases existing in pure compounds in the binary mixtures 

decrease their smectic stability and new lower order phases are created. These 
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phases are termed as induced nematic phases [25-28]. 

 During more than last four decades, many high-resolution heat capacity and 

Xray studies have been devoted to the smectic Anematic (SmAN) phase 

transition and the centre of attention is the critical exponents for determining the 

universality class of this transition from both the theoretical and experimental 

point of view [29-33]. Moreover, Alben [34] suggested the occurrence of a 

tricritical point (TCP) in binary liquid crystal mixtures for the SmAN transition. 

Till now a number of experiments have been performed to find the tricritical point 

(TCP) in binary mixtures and from those studies it has been observed that the 

tricritical point do not show evidence of a universal value for the McMillan ratio 

(i.e. TSN/TNI, where TSN and TNI are the SmAN and nematicisotropic transition 

temperatures respectively) which ranges from 0.942 to 0.994 [35-41]. But 

experimental studies involving the nature of the SmAN transition of an induced 

nematic binary system are scanty. Also the high resolution birefringence (n) data 

showing critical behavior in the vicinity of SmAN transition is not adequate. In 

most of the cases the resolution of the experimental data in the vicinity of SmA-N 

transition available in the literature are insufficient to extract the critical behavior 

near the phase transition region. 

In this chapter a detailed study has been presented for mixtures of two 

smectogenic compounds 5-trans-n-pentyl-2-(4-isothiocyanatophenyl)-1,3-dioxane 

(5DBT) and 4-cyano-4-n-decyloxy-biphenyl (10OCB) showing an induced 

nematic phase in a certain concentration range of 0.05<x5DBT<0.952 by means of 

high-resolution optical birefringence measurement [42]. The first compound has a 

smectic A1 phase and the second compound possesses partially bilayer smectic Ad 

phase. Measurements of n have been conducted by two different probing 

methods viz. thin prism and optical transmission (OT) 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 23%. 

Temperature dependence of the extraordinary and ordinary refractive 

indices as well as refractive index in the isotropic phase have been measured at a 

wavelength = 632.8nm by using the thin prism technique [43]. As the refractive 

index measurement was performed on the visual inspection by means of wedge 
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method, it is difficult to take sufficient data points required to extract the critical 

behavior near the phase transition. Therefore, using a high resolution (in both 

temperature and birefringence) temperature scanning technique the optical 

birefringence (n = neno) have also been determined for all the mixtures at two 

different wavelengths 532nm and 632.8nm and have been compared with the same 

as obtained from thin prism technique.  

In the previous chapter (i.e. chapter 3) the SmA-N phase transition has 

been studied in some binary mixtures of alkylcyanobiphenyl (nCB) and 

alkyloxycyanobiphenyl (nOCB) [44-46]. In those cases the phase diagrams are 

such that the crossover from second order to first order transition occurs through 

only one tricritical point (TCP). But the present binary system 5DBT+10OCB 

exhibits two TCP on either side of the phase diagram. Moreover, this system 

comprising of two purely smectogenic liquid crystal compounds whereas in the 

previous chapter no such combination has been considered. 

 

4.2 Materials 

The compound 5DBT was obtained from AWAT Co. Ltd., Warsaw, Poland 

and compound 10OCB was purchased from Merck, U.K. and were used without 

further purification. The structural formulae and chemical names of the two pure 

smectogenic liquid crystal compounds are as follows: 

Component 1: 5-trans-n-pentyl-2-(4-isothiocyanatophenyl)-1, 3-dioxane (5DBT) 

O

O

NCSC5H11

  

Cr 60.7oC SmA 77.6oC I 

Component 2: 4-cyano-4-n-decyloxy-biphenyl (10OCB) 

           

CNC10H21O

 

Cr 59.5oC SmA 84oC I 

Thirteen mixtures having molar concentration of 5DBT equal to 0.100, 

0.161, 0.203, 0.252, 0.301, 0.447, 0.503, 0.604, 0.696, 0.741, 0.804, 0.887 and 
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0.952 were prepared. The phase transition temperatures were determined with the 

help of a polarizing optical microscope (Motic BA 300) equipped with a Mettler 

FP900 hot thermo system. 

 

4.3 Phase diagram 

Figure 4.1 shows the phase diagram of the binary system 5DBT+10OCB 

[42]. The nematic-isotropic (TNI) and smectic A-nematic (TSN) phase transition 

temperatures were recorded from polarizing optical microscopy during cooling. It 

has been observed that in mixtures of two polar smectogenic compounds, where 

one of them possesses the monolayer smectic A (SmA1) and the other partially 

bilayer smectic A (SmAd) phase, a depression of smectic phase stability occurs 

with the appearance of a nematic gap within the concentration range 

0.05<x5DBT<0.952.  

0.0 0.2 0.4 0.6 0.8 1.0

300

320

340

360
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Figure 4.1 Phase diagram of the binary system 5DBT + 10OCB. x5DBT is the mole 
fraction of 5DBT. I- isotropic phase, N- nematic phase and SmA- smectic A 
phase. - nematic to isotropic (or smectic A to isotropic) phase transition 
temperature; ■- smectic A to nematic phase transition temperature and -melting 
temperature. 
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The nematic to isotropic phase transition temperature (TNI) of the mixtures 

decreases (maximum decrease of about 1015oC) in comparison to that of the pure 

compounds. The smectic phase stability is higher in the region where the 

concentration of any one of the pure compounds is high. In the concentration 

range 0.252< x5DBT <0.696 smectic phase completely disappears and only the 

nematic phase is present. The most stable nematic phase is observed near x5DBT = 

0.696. Typical marbled type or schlieren textures were observed in the induced 

nematic phase whereas the smectic A phase evolved with fan shaped, focal conic 

or striped pattern textures [47]. 

 

      

(a)          (b) 

      

(c)          (d) 

Figure 4.2 Microphotographs (400x magnification) of the textures observed under 
the polarizing optical microscope for the concentration x5DBT = 0.741. (a) Marble 
texture of the nematic phase at 62°C during heating cycle, (b) Four brush schlieren 
texture of the nematic phase at 64oC during cooling, (c) Striped pattern in the 
smectic A phase at 40oC in the heating cycle. (d) Striped pattern in the smectic A 
phase at 35oC in the cooling cycle. 
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4.4 Refractive index measurements 

Temperature dependence of the principal refractive indices (no and ne) in 

nematic (N) and smectic A (SmA) phases and the refractive index in the isotropic 

phase (niso) at a wavelength of = 632.8nm for all the thirteen mixtures obtained 

from the thin prism method are shown in Figure 4.3(am). For all the mixtures, 

the values of the extraordinary refractive index decreases with increase in 

temperature, while the values of ordinary refractive index remains almost constant 

at lower temperature region but increases with increase in temperature near the 

NI transition. On cooling from isotropic to nematic phase a pronounced change 

in the refractive index is observed whereas near the smectic A to nematic phase 

transition the change is not so prominent except for the two mixtures x5DBT = 0.252 

and 0.741. For these two concentrations, the extraordinary and ordinary 

components of refractive indices show a definite change at the SmAN phase 

transition. 
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Figure 4.3(a) Temperature variation of the extraordinary (ne) and ordinary (no) 
refractive indices for x5DBT = 0.100. Solid arrow and dashed arrow denote the 
nematic-isotropic (TNI) and smectic A-nematic phase transition (TSN) temperatures 
respectively. 
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Figure 4.3(b-c) Temperature variation of the extraordinary (ne) and ordinary (no) 
refractive indices for (b) x5DBT = 0.161 and (c) x5DBT = 0.203. Solid arrow and 
dashed arrow denote the nematic-isotropic (TNI) and smectic A-nematic phase 
transition (TSN) temperatures respectively. 
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Figure 4.3(d-e) Temperature variation of the extraordinary (ne) and ordinary (no) 
refractive indices for (d) x5DBT = 0.252 and (e) x5DBT = 0.301. Solid arrow and 
dashed arrow denote the nematic-isotropic (TNI) and smectic A-nematic phase 
transition (TSN) temperatures respectively.  
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Figure 4.3(f-g) Temperature variation of the extraordinary (ne) and ordinary (no) 
refractive indices for (f) x5DBT = 0.447 and (g) x5DBT = 0.503. Solid arrow denotes 
the nematic-isotropic (TNI) phase transition temperature.  
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Figure 4.3(h-i) Temperature variation of the extraordinary (ne) and ordinary (no) 
refractive indices for (h) x5DBT = 0.604 and (i) x5DBT = 0.696. Solid arrow and 
dashed arrow denote the nematic-isotropic (TNI) and smectic A-nematic phase 
transition (TSN) temperatures respectively. 
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Figure 4.3(j-k) Temperature variation of the extraordinary (ne) and ordinary (no) 
refractive indices for (j) x5DBT = 0.741 and (k) x5DBT = 0.804. Solid arrow and 
dashed arrow denote the nematic-isotropic (TNI) and smectic A-nematic phase 
transition (TSN) temperatures respectively. 
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Figure 4.3(l-m) Temperature variation of the extraordinary (ne) and ordinary (no) 
refractive indices for (l) x5DBT = 0.887 and (m) x5DBT = 0.952. Solid arrow, dashed 
arrow and dotted arrow denote the nematic-isotropic (TNI), smectic A-nematic 
(TSN) and smectic A-isotropic (TSI) phase transition temperatures respectively. 
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4.5 Optical birefringence measurements 

The birefringence (n) of the studied mixtures have been measured for two 

different wavelengths (532nm and 632.8nm) using high resolution temperature 

scanning technique. These two sets of values have been compared with those 

obtained from the thin prism technique and is shown in Figure 4.4(a-m). It has 

been observed that n values obtained from thin prism technique are slightly 

lower than the values obtained from optical transmission (OT) method. The 

possible reason for this discrepancy in the two sets of measurements is due to the 

fact that in case of thin prism the sample thickness is very much higher (40-80 

times) than 5.0m LC cell which is used in the transmission method. Therefore, 

the surface anchoring is much better in the thin cells in comparison to the bulk 

samples in thin prism [48], which causes a little high birefringence in the 

transmission method. The small differences in the n value obtained from the 

transmission method have also been reported by others [49]. 
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Figure 4.4(a) Birefringence (n) as a function of temperature for (a) x5DBT = 
0.100. ()OT data for  = 632.8nm; ( )OT data for  = 532.0nm; ()Thin 
prism data for  = 632.8nm. Solid arrow and dashed arrow denote the nematic-
isotropic (TNI) and smectic A-nematic (TSN) phase transition temperatures 
respectively. 
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Figure 4.4(b-c) Birefringence (n) as a function of temperature for (b) x5DBT = 
0.161 and (c) x5DBT = 0.203. ()OT data for  = 632.8nm; ( )OT data for  = 
532.0nm; ()Thin prism data for  = 632.8nm. Solid arrow and dashed arrow 
denote the nematic-isotropic (TNI) and smectic A-nematic (TSN) phase transition 
temperatures respectively. 
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Figure 4.4(d-e) Birefringence (n) as a function of temperature for (d) x5DBT = 
0.252 and (e) x5DBT = 0.301. ()OT data for  = 632.8nm; ( )OT data for  = 
532.0nm; ()Thin prism data for  = 632.8nm. Solid arrow and dashed arrow 
denote the nematic-isotropic (TNI) and smectic A-nematic (TSN) phase transition 
temperatures respectively. 
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Figure 4.4(f-g) Birefringence (n) as a function of temperature for (f) x5DBT = 
0.447 and (g) x5DBT = 0.503. ()OT data for  = 632.8nm; ( )OT data for  = 
532.0nm; ()Thin prism data for  = 632.8nm. Solid arrow denotes the nematic-
isotropic (TNI) phase transition temperature. 
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Figure 4.4(h-i) Birefringence (n) as a function of temperature for (h) x5DBT = 
0.604 and (i) x5DBT = 0.696. ()OT data for  = 632.8nm; ( )OT data for  = 
532.0nm; ()Thin prism data for  = 632.8nm. Solid arrow and dashed arrow 
denote the nematic-isotropic (TNI) and smectic A-nematic (TSN) phase transition 
temperatures respectively. 
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Figure 4.4(j-k) Birefringence (n) as a function of temperature for (j) x5DBT = 
0.741 and (k) x5DBT = 0.804. ()OT data for  = 632.8nm; ( )OT data for  = 
532.0nm; ()Thin prism data for  = 632.8nm. Solid arrow and dashed arrow 
denote the nematic-isotropic (TNI) and smectic A-nematic (TSN) phase transition 
temperatures respectively. 
 



 

Chapter 4 

  128 | P a g e  
 

300 310 320 330 340 350
0.00

0.05

0.10

0.15

0.20

  = 532nm
  = 632.8nm
 Thin prism data

x5DBT = 0.887

TSN

T in K

TNI

B
ir

ef
ri

n
ge

n
ce

 (
n)

(l)

 

        

310 320 330 340 350
0.00

0.05

0.10

0.15

0.20

0.25

B
ir

ef
ri

n
ge

n
ce

 (
n)

  = 532nm
  = 632.8nm
 Thin prism data

x5DBT = 0.952

T in K

(m)

TSI

 

Figure 4.4(l-m) Birefringence (n) as a function of temperature for (l) x5DBT = 
0.887 and (m) x5DBT = 0.952. ()OT data for  = 632.8nm; ( )OT data for  = 
532.0nm; ()Thin prism data for  = 632.8nm. Solid arrow, dashed arrow and 
dotted arrow denote the nematicisotropic (TNI), smectic A-nematic (TSN) and 
smectic A-isotropic (TSI) phase transition temperatures respectively. 



 

Chapter 4 

  129 | P a g e  
 

The birefringence data covers the nematic as well as smectic A phase of the 

mixtures. The n values drop rapidly near the nematic-isotropic transition. From 

Figure 4.4 it has been seen that most of the mixtures exhibit continuous changes in 

the birefringence at the SmA-N transition except x5DBT = 0.100. Within the 

temperature range of about 13K above and below the SmA-N transition 

temperature (TSN) a pretransitional effect for the smectic Anematic coupling has 

clearly been observed. 

Moreover, optical birefringence determined for the wavelength 532nm is 

found to be slightly higher than that for 632.8nm. This type of variations of optical 

anisotropy with wavelength has also been reported by Blinov et al. [50] for well 

known liquid crystals para-Azoxyanisole (PAA) and 4-methoxybenzylidene-4-n-

butylaniline (MBBA). For a particular temperature (T = 330K) the birefringence 

value of the mixtures has been plotted against the mole fraction of 5DBT in Figure 

4.5 which reveals that n values obtained from two different wavelengths show 

the similar variations. In the lower concentration region of 5DBT n remains 

almost constant and then decreases with increase in concentration, showing a local 

minimum near x5DBT = 0.604. Again on further increase in concentration of 5DBT 

the birefringence of the respective mixtures increases. 
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Figure 4.5 Birefringence (n) as a function of mixture concentration at T = 330K 
obtained from two different methods and at different wavelengths. 
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4.6 Determination of critical exponent at the SmA-N phase 
transition 

Following the same procedure as discussed in chapter 3 the critical 

behavior at the SmA-N phase transition has been explored from the n data. For 

this the birefringence data at  = 532nm has been considered. Therefore, similar to 

the previous chapter a parameter with the following form has been used [51]: 

                              

S N

S N

Δ n(T ) Δ n(T )
Q (T ) =  

T T




            
                          (4.1) 

where ∆n(TSN) is the birefringence value at the transition temperature TSN as 

obtained by differentiating ∆n. In the present study, in an attempt to describe the 

limiting behavior of the parameter Q(T) as well as to extract the critical exponent 

 at the SmA–N transition, the following expression has been employed [51]: 

                                          
± ±

α
Q(T) = A t +B



          
                                  (4.2) 

where A+ and A− are the critical amplitudes and B+ and B-
 are the background 

terms above and below the smectic A-nematic phase transition temperature (TSN), 

 is the critical exponent similar to specific heat critical exponent and 

t=|(T−TSN)/(TSN)| is the reduced temperature. Figure 4.6(a-b) depicts the 

temperature variation of Q(T) showing the critical behavior in the vicinity of 

SmA-N phase transition for the investigated eight mixtures. Analyzing the 

birefringence data on both sides of the SmA-N transition, the values of the critical 

exponent associated with the parameter Q(T) has been determined. This method 

has been found to be very accurate and offers an easy way to determine the order 

of the SmAN transition as compared to calorimetric methods [51]. The value of 

this critical exponent (), which is similar to the specific heat critical exponent, 

reflects the nature of SmA-N transition. Table 4.1 lists the values of the critical 

exponent (, the critical amplitude and the background term along with the errors 

associated with the parameters obtained from the fit to Equation (4.2). During 

fitting some data points near the SmA-N phase transition are excluded to minimize 

the error and to get a better fit to the data. The fitting quality has also been tested 

by determining the reduced 2 value on both sides of the transition temperature 

[42,52]. All the parameter sets represent well enough the Q(T) data, as indicated 
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by 2 value. In this case 2 value lies in between 1.002 and 1.269. 
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Figure 4.6(a-b) Temperature variation of the parameter Q(T) in the vicinity of 
smectic A-nematic (SmA-N) phase transition. Open circles () represent the 
calculated Q(T) values (obtained from n data for = 532nm) and the solid lines 
are fit to Equation (4.2). Different concentrations are indicated in the figures. 
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Table 4.1 The best fitted parameter values for Q(T) near the SmA-N transition 
obtained from Equation (4.2) and the corresponding 2 associated with the fit. 
 

x5DBT 

 

 or  or  No of 

points

0.100 T<TSN 0.00065±0.00004 0.511±0.016 0.00205±0.00008 1.212 110 

 T>TSN 0.00043±0.00014 0.509±0.036 0.01627±0.00099 1.269 20 

0.161 T<TSN 0.00053±0.00014 0.454±0.020 0.00074±0.00021 1.080 87 

      T>TSN 0.00031±0.00006 0.446±0.057 0.00435±0.00026 1.195 24 

0.203 T<TSN 0.00027±0.00007 0.365±0.031 0.00228±0.00018 1.055 44 

 T>TSN 0.00035±0.00017 0.358±0.057 0.00186±0.00043 1.025 31 

0.252 T<TSN 0.0005 ± 0.00007 0.221±0.014 0.00047±0.00011 1.117 44 

 T>TSN 0.00044±0.00012 0.212±0.048 0.0007±0.00002 1.002 63 

0.696 T<TSN 0.0822±0.0062 0.0068±0.0004 0.0823±0.0052 1.107 66 

 T>TSN 0.0777±0.0097 0.0067±0.0003 0.0778±0.0021 1.036 33 

0.741 T<TSN 0.017±0.0014 0.102±0.027 0.026±0.0015 1.228 55 

 T>TSN 0.013±0.004 0.103±0.014 0.019±0.005 1.075 45 

0.804 T<TSN 0.00096±0.00002 0.284±0.047 0.00043±0.00009 1.009 70 

 T>TSN 0.0010±0.00012 0.289±0.010 0.00025±0.00009 1.136 65 

0.887 T<TSN 0.00113±0.00047 0.484±0.035 0.00123±0.00078 1.152 78 

 T>TSN 0.00140±0.00015 0.478±0.015 0.00267±0.00054 1.042 70 

 

The concentration dependence of the critical exponent () is shown in 

Figure 4.7 taking the averages over the two values obtained above and below the 

SmA-N phase transition. The  values provide information about the order 

character of the transition and therefore enable us to locate the tricritical 

composition (TCP). Within the concentration range 0.100< x5DBT <0.952, it has 

been observed that the critical exponent (values is less than the tricritical value 

of 0.5, clearly reflecting a second order phase transition for these mixtures at the 

SmA-N phase boundary. However, for x5DBT = 0.100, the critical exponent value 

approaches the tricritical value implying a first order nature of the SmA-N phase 

transition.  Thus, the possible crossover between the second order to first order 

nature of SmA-N transition in this induced nematic system occurs somewhere in 

between x5DBT = 0.100 to 0.161. On the other hand, for x5DBT = 0.887 the exponent 

has the value 0.481 and also there is no nematic phase present at x5DBT = 0.952, 



 

Chapter 4 

  133 | P a g e  
 

therefore another tricritical point should be present within 0.887< x5DBT <0.952 for 

this binary system. As indicated in Figure 4.7, the extrapolated values of the 

concentration at which a changeover in the SmA-N phase transition from second 

order to first order i.e. the tricritical concentrations are found to be x5DBT = 0.123 

and 0.894, on the two sides of the phase diagram. 
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Figure 4.7 Concentration dependence of the critical exponent () obtained by 
fitting the Q(T) data to Equation (4.2). The plotted data are taken by averaging the 
two values obtained from the fitting for T<TSN and T>TSN. Vertical bar 
represents the error associated with the critical exponent (). The vertical dashed 
line are corresponds to the tricritical points (TCP). The solid lines are 2nd order 
polynomial fit to the  values. 
 

The critical exponent values for the studied mixtures show a definite 

pattern when plotted against the McMillan ratio as shown in Figure 4.8. A second 

order polynomial fit to the data points yields a tricritical value equal to 0.992 of 

the McMillan ratio for which = 0.5. For McMillan ratio greater than 0.992, the 

coupling between the nematic and smectic order parameters is strong enough to 

obtain a first-order SmA to N transition. In addition, with a critical exponent value 

of = 0.0068 0.0004, the 3D-XY model is reached (the theoretical 3D-XY value 
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of = 0.007) almost exactly at x5DBT = 0.696 for which the McMillan ratio is 

0.912. An inspection of Figures 4.7 and 4.8 reveal three facts: (i) there is a 

correlation between the critical exponent  and the McMillan ratio, (ii) at a similar 

value of TSN/TNI = 0.992, the tricritical point (TCP) occurs for this binary system 

on both sides of the phase diagram. Above this limiting value TSN/TNI = 0.992, the 

SmA-N phase transition is first order in nature and below this it turns out to be 

second order. (iii) Both the tricritical and 3D-XY concentrations are present in this 

binary system. 
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Figure 4.8 Variation of the critical exponent () with the McMillan ratio 
(TSN/TNI). The solid line is polynomial fit to the  values. Vertical bar represents 
the error associated with the critical exponent (). 
 

4.7 Conclusion 

High resolution birefringence (n) measurements have been undertaken on 

a binary system of smectogenic compounds exhibiting an induced nematic phase. 

This binary system appears to be an excellent system to study the phase transition 

and critical phenomena in the field of soft condensed matter. As the concentration 

of any one of the two pure compounds increases the width of the nematic region 
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decreases and smectic phase stability increases. Near the centre of the phase 

diagram the smectic phase completely vanishes and only the nematic phase 

appears. Measurements of birefringence have been conducted by two different 

probing methods viz. thin prism and optical transmission (OT) methods and the 

two sets of values are in good agreement with a small deviation of about 2-3%. 

For all the mixtures the ordinary (no) and extraordinary (ne) refractive indices 

show normal temperature variation. Near the nematic-isotropic (N-I) transition 

both the components of refractive indices show a rapid change with respect to 

temperature. 

A simple and precise technique for the determination of the optical 

birefringence as a function of temperature for two different wavelengths was also 

used in this work. It was possible to measure the birefringence n with reasonably 

good accuracy (better than  105) in all the liquid crystalline phases under study. 

Particular emphasis was given to the birefringence value along the SmA-N phase 

transition line to access the order of the phase transition in the binary system under 

study. The differential parameter Q(T) which was calculated from the high 

resolution birefringence data shows a power law divergence with a critical 

exponent at the SmA-N transition. It has been found that as the nematic region 

of the respective mixtures decreases the critical exponent ( increases. The SmA-

N phase transition in most of the mixtures are found to be second order in nature 

except for x5DBT = 0.100 for which the SmA-N phase transition is of first order. It 

has been also observed that the critical exponent (values lie between the 3D-XY 

universal limit and tricritical point (TCP). One of the noticeable aspect of this 

binary system is the existence of two tricritical points one on either side of the 

phase diagram at x5DBT = 0.123 and 0.894 for the SmA-N transition, at which a 

crossover from second order to first order transition takes place. Interestingly, the 

McMillan ratios of both the TCP compositions occur at TSN/TNI = 0.992. In 

addition, the 3D-XY universality limit is reached almost exactly at x5DBT = 0.696 

with a critical exponent value of = 0.00680.0004, for which the McMillan 

ratio is 0.912. 
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CHAPTER 5 

Measurement of static dielectric 
permittivity in the vicinity of Nematic to 
Isotropic and Smectic A to Nematic 
phase transitions of a binary system 
showing induced nematic phase 

 
 

5.1 Introduction 

The dielectric studies of liquid crystals endow with useful information 

about the molecular structure, dipole-dipole interaction, molecular dynamics etc. 

in the various liquid crystalline mesophases as well as the phase transition 

behavior between different phases [1-5]. Most of the liquid crystal (LC) 

compounds are uniaxial and anisotropic in nature hence it has two different 

dielectric permittivities i.e. along the direction of long molecular axis and 

perpendicular to it. The parallel and perpendicular components of the dielectric 

permittivity ( and ) strongly depends on the temperature and also on the spatial 

configuration of the LC molecules. Besides the dielectric anisotropy () and 

dielectric loss of the liquid crystals arising from the angular correlation between 

the constituent molecules not only emphasize on molecular structure but also the 

degree of molecular ordering present in a particular mesophase, which can be 

described by an order parameter. As the dielectric permittivity and dielectric 

anisotropy change with the variation of temperature, measurement of these 

physical parameters also offer a convenient method to determine different phase 
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transition temperatures of pure LC compounds as well as binary liquid crystalline 

mixtures. 

Moreover, the nematic-isotropic (N-I) phase transition in the field of liquid 

crystal is most frequently studied due to its several surprising features [6-15]. 

From the mean field approach Landau-de Gennes [2] provides a simplest 

description to describe the dynamical behavior of N-I phase transition by 

expressing the free energy density in powers of the nematic order parameter. It is 

observed that mean field theory [16-18] satisfactorily explains the behavior of the 

mesophase over most of the temperature ranges, but at very close to the transition 

temperature it fails to describe the critical region. The N-I phase transition has 

been studied by several experimental techniques such as Kerr effect, polarized 

light microscopy, light scattering and calorimetry. Despite few disagreements, 

those studies support the tricritical nature [19,20] of the N-I phase transition. This 

tricritical nature can be explained in the context of Landau-de Gennes theory when 

the free energy density is expanded up to sixth order in powers of the nematic 

order parameter. From the mean field theory as well as the phenomenological 

Landau-de Gennes theory [2] for the N-I transition, discontinuity (T*) is 

qualitatively too large around 7-40K as compared to the relatively small 

experimental observations of T* = 1-2K. The experimental data available in the 

literature are insufficient to provide a consistent relation for the critical exponent 

() and the value of T* with the molecular structure. In spite of several 

experimental data for critical exponent or discontinuity of transition are available 

for pure compounds, their systematic variations on mixed systems are very rare.     

This chapter presents the results of static dielectric permittivity 

measurements, carried out on the binary mixtures of two smectogenic compounds 

5-trans-n-pentyl-2-(4-isothiocyanatophenyl)-1,3-dioxane (5DBT) and 4-cyano-4-

n-decyloxy-biphenyl (10OCB) throughout the entire composition range [21]. Free 

molecular dipole moment of 5DBT and 10OCB has been determined using the 

Guggenheim method [22]. The experimental molecular dipole moment values 

have also been compared with those calculated using semi-empirical molecular 

orbital package, MOPAC [23,24]. Maier and Meier extended [25] the Onsager’s 

theory [26] where the effective dipole moment values in the parallel and 
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perpendicular directions to the molecular long axis are related to the density, 

refractive index and dielectric parameters. From the parallel and perpendicular 

components, the mesogenic effective molecular dipole moment (eff) and the 

inclination angles () with the molecular long axis for a particular mixture x5DBT = 

0.301 have also been determined. 

The static dielectric parameters in the vicinity of N-I phase transition have 

been measured thoroughly to analyze the pre-transitional behavior for all the 

binary mixtures and also the critical behavior at the above said phase transition. 

The evolution of discontinuity (T*) has been determined within the framework 

of fluid like model [27-30]. Moreover, the critical behavior near the SmA-N 

transition for a few mixtures has been studied to determine the order character of 

the phase transition.  

High resolution density measurement have also been carried out for a 

particular concentration (x5DBT = 0.301) of this binary system. The critical 

behavior at the N-I transition is analyzed on the basis of molar volume 

measurements. The width of the metastable region and critical exponent at the N-I 

transition of this mixture has been compared with the same obtained from the 

dielectric measurement.  The two sets of data obtained from two independent 

measurements have been found to be very close to each other. 

 

5.2 Dipole moment measurements 

The concentration dependence of dipole moment for the solution of 

5DBT+p-xyline and 10OCB+p-xyline is shown in Figures 5.1(a-b). The 

extrapolation of the best fitted polynomial curve to infinite dilution gives the 

dipole moment of the single molecule. The molecular dipole moments of 5DBT 

and 10OCB are found to be 4.40D and 4.60D respectively which are higher than 

those obtained using MOPAC with the molecules in the minimum energy 

configuration (3.71D and 3.85D for 5DBT and 10OCB respectively). As the 

dipole moment of CN group is about 30% higher than the dipole moment of NCS 

group [31], the compound 10OCB with CN terminal possesses slightly higher 

value of dipole moment than 5DBT with NCS terminal group.  
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Figure 5.1(a-b) The dipole moments of (a) 5DBT and (b) 10OCB in p-xylene 
solution as a function of weight percentage. 
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5.3 Static dielectric parameter measurements 

The parallel and perpendicular component of dielectric permittivity (, ) 

and dielectric permittivity in the isotropic phase (iso) have been measured using 

an Agilent E4908 LCR bridge throughout the entire mesomorphic range of the 

studied mixtures. The temperature variation of different dielectric parameters [, 

, iso, = ( ) and  av = {1/3(2 + )}] for the two pure compounds 5DBT 

and 10OCB as well as some of their mixtures are shown in Figures 5.2(a-o). It has 

been observed that both the component of dielectric permittivity exhibits a rapid 

change in the vicinity of clearing temperature. All the mixtures under study 

including 5DBT and 10OCB exhibit a large positive dielectric anisotropy (>0) 

due to the presence of terminal polar NCS and CN groups. Moreover, for both the 

pure compounds and the mixtures with higher concentrations of any one of the 

pure compounds, the value of the isotropic dielectric permittivity (iso) 

extrapolated to the nematic phase is greater than the average dielectric permittivity 

(av). This decrease in av values with respect to that in the isotropic value (iso) is 

due to the stronger dipole-dipole correlation in the mesophase as compared to the 

isotropic phase. However, for mixtures near the centre of the phase diagram, the 

difference between isotropic dielectric permittivity (iso) and the average dielectric 

permittivity is relatively small. In fact from Figure 5.3(a) it is observed that the 

difference (isoav) exhibits a broad minimum, the depth of which varies with 

molar concentration of 5DBT.  This observation indicates that the dipole-dipole 

correlation is weaker near the centre of the phase diagram, where nematic phase is 

most stable. All the mixtures exhibiting induced nematic phase (x5DBT = 0.100 to 

0.887) show no significant jump in the dielectric permittivity components at the 

smectic A-nematic phase transitions. 

The concentration dependence of dielectric parameters , , avand 

iso at T = 50oC is shown in Figure 5.3(b).  The parameters ,   and av show a 

broad maxima near centre of the phase diagram while iso shows a broad minimum. 

 and  have their maxima at x5DBT = 0.741 while isoexhibits a minima near 

x5DBT = 0.604. Interestingly, this minima or maxima of the dielectric parameters 

are observed near the region where the induction of the nematic phase is high. 
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Figure 5.2(a-b) Temperature variation of the dielectric parameters for (a) x5DBT = 
0.0 (10OCB) and (b) x5DBT = 0.100. x5DBT is the mole fraction of 5DBT. Solid 
arrow, dashed arrow and dotted arrow indicate nematic–isotropic (TNI), smectic 
A–nematic (TSN) and smectic A–isotropic (TSI) phase transition temperatures 
respectively. 
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Figure 5.2(c-d) Temperature variation of the dielectric parameters for (c) x5DBT = 
0.161 and (d) x5DBT = 0.203. x5DBT is the mole fraction of 5DBT. Solid arrow and 
dashed arrow indicate nematic–isotropic (TNI) and smectic A–nematic (TSN) phase 
transition temperatures respectively. 
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Figure 5.2(e-f) Temperature variation of the dielectric parameters for (e) x5DBT = 
0.252 and (f) x5DBT = 0.301. x5DBT is the mole fraction of 5DBT. Solid arrow and 
dashed arrow indicate nematic–isotropic (TNI) and smectic A–nematic (TSN) phase 
transition temperatures respectively. 
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Figure 5.2(g-h) Temperature variation of the dielectric parameters for (g) x5DBT = 
0.447 and (h) x5DBT = 0.503. x5DBT is the mole fraction of 5DBT. Solid arrow 
indicates nematic–isotropic (TNI) phase transition temperature. 
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Figure 5.2(i-j) Temperature variation of the dielectric parameters for (i) x5DBT = 
0.604 and (j) x5DBT = 0.696. x5DBT is the mole fraction of 5DBT. Solid arrow and 
dashed arrow indicate nematic–isotropic (TNI) and smectic A–nematic (TSN) phase 
transition temperatures respectively. 
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Figure 5.2(k-l) Temperature variation of the dielectric parameters for (k) x5DBT = 
0.741 and (l) x5DBT = 0.804. x5DBT is the mole fraction of 5DBT. Solid arrow and 
dashed arrow indicate nematic–isotropic (TNI) and smectic A–nematic (TSN) phase 
transition temperatures respectively. 



         

Chapter 5 

152 | P a g e  
 

20 30 40 50 60 70 80
4

8

12

16
x5DBT = 0.887

D
ie

le
ct

ri
c 

p
ar

am
et

er
s

T inoC



(m)



av



iso

TSN TNI

 

40 50 60 70 80

4

8

12 x5DBT = 0.952

D
ie

le
ct

ri
c 

p
ar

am
et

er
s

T inoC



(n)



av



iso

TSI

 

Figure 5.2(m-n) Temperature variation of the dielectric parameters for (m) x5DBT 
= 0.887 and (n) x5DBT = 0.952. x5DBT is the mole fraction of 5DBT. Solid arrow, 
dashed arrow and dotted arrow indicate nematic–isotropic (TNI), smectic A–
nematic (TSN) and smectic A-isotropic (TSI) phase transition temperatures 
respectively. 
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Figure 5.2(o) Temperature variation of the dielectric parameters for x5DBT = 1.0 
(5DBT). x5DBT is the mole fraction of 5DBT. Dotted arrow indicates smectic A-
isotropic (TSI) phase transition temperature. 
 

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

 i
so

 


av

x5DBT 

 
 

(a)

 
Figure 5.3(a) Variation of (iso av) with the mole fraction of 5DBT. 
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Figure 5.3(b) Variation of , , av, iso  andwith the mole fraction of 5DBT at 
50oC. (■) -, () -av, ( ) -) - iso and () - . 

 

To explain the static dielectric behavior of liquid crystals, Maier and Meier 

extended [25] the Onsager theory [26] and showed that both the parallel and 

perpendicular component of dielectric constants are related to dipole moment (), 

molecular polarizability anisotropy (), order parameter <P2> and its orientation 

with respect to the molecular long axis () in the molecular frame, through the 

relations 
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where N = A
N

ρ
M

,  is the density, NA the Avagadro’s number, M is the molecular 

weight, kis the Boltzmann constant,  is the polarizability anisotropy and   is 

the mean polarizability. The reaction field factor 
1

F = 
1 αf

 with 

av

av

2ε 24π
f = N

3 2ε +1


 is the Onsager factor and cavity field factor av

av

3ε
h =  

2ε +1
. 

From the refractive indices [32] and density values (described in the 

section 5.4) average molecular polarizability (α ), polarizability anisotropy () 

and the order parameter <P2> have been calculated. From these parameters along 

with the dielectric constants, the values of the effective molecular dipole moment 

(eff) in the mesomorphic phases as well as their inclination angles () with the 

molecular long axes of the mixture x5DBT = 0.301, have also been calculated using 

Equations (5.1) and (5.2). It has been observed that the free molecular dipole 

moments of both of the pure compounds are relatively greater than the effective 

dipole moments of the mixture under study. The temperature dependence of the 

effective dipole moment and the angle of inclination are shown in the Figure 5.4. 

The eff value increases with increase in temperature, as the number of 

homodimers and heterodimer decreases [33]. On the other hand the angle of 

inclination is almost constant in the low temperature region but as clearing 

temperature is approached its value increases slightly with increase in temperature.

One interesting feature of the isotropic-nematic or isotropic-smectic phase 

transitions is the discontinuity of the transition T* (T* = TNI (or TSI) -T*), 

where TNI and TSI are the nematic-isotropic and smectic A-isotropic phase 

transition temperatures respectively and T* denotes the extrapolated temperature 
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of a virtual continuous phase transition. Recently a number of attempts have been 

made [34-39] to study the pretransitional behavior at the nematic-isotropic phase 

transition. 
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Figure 5.4 Temperature dependence of the effective dipole moment (eff) and the 
angle of inclination () for the mixture x5DBT = 0.301. () represents eff and ( ) 
represents

The simple and trustworthy parameterization of the pretransitional behavior of 

static dielectric permittivity in the high temperature isotropic phase provides a 

strong and exclusive experimental technique for determining the N-I phase 

transition discontinuity and it also gives adequate description of the critical 

behavior of the transition. In the last few decades the mean field model fails to 

explain the experimental observations based on linear and non-linear dielectric 

permittivity studies. Recently the fluid like model [27,28] provides a good 

description of the pretransitional phenomena in the isotropic phase. According to 

this model the nematic-isotropic phase transition lies on the loci of continuous 

phase transition curve [27,34,35,40]. In the static region the dielectric permittivity 
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can be well parameterize by the fluid like equation as applied by others 

[28,29,34,35,40]: 

                   
+ + 1 α

iso T T
ε (T ) =  ε*+ a (T T *) +  A (T T *)        (5.5) 

                        for T > TNI = T* + T* 

                   
1 α

av T T
ε (T) = ε** + a (T** T) + A (T** T)                (5.6) 

                        for T < TNI = T** T** 

where, * and** are the values of iso andav at the critical temperatures or 

spinodal temperatures T* and T** respectively. +

T
a ,

T
a  , +

T
A  and 

T
A  are the 

critical amplitudes and  is the critical exponent (similar to specific heat critical 

exponent). The parameters can be obtained by fitting the dielectric data in the 

isotropic as well as nematic phases. In Figure 5.5 the dielectric measurements for a 

particular concentration x5DBT = 0.301 and the results obtained by fitting the data to 

Equations (5.5) and (5.6) are shown. The sample was heated up to 50oC above the 

clearing temperature (TNI) and then cooled down slowly at the rate of 0.5oC/min 

and the data were recorded at a frequency of 10 kHz. 

From the Figure 5.5 it has been observed that the dielectric permittivity in 

the isotropic phase could be described by Equation (5.5) with ε* = 8.79±0.02, 
+

T
 a = 0.035±0.001, +

T
A = 0.227±0.011, T* = 342.26±0.18K and 

α=0.502±0.008 and the average dielectric permittivity in the nematic phase by 

Equation (5.6) with ε** = 9.18±0.001, 
T

a  = 0.024±0.0002, 
T

A  = 0.209±0.001, 

T** = 345.9±0.26K and α = 0.501±0.001. The absolute value of +

T
A /

T
A  is 

nearly equal to 1 whereas the ratio +

T
a /

T
a  is slightly greater than unity. So 

from this analysis both T* (= TNI T*) and T** (= T** TNI) as well as the 

width of the metastable region (T** T*) can be obtained. It has been found that 

the metastable region has a width of 3.64K.  It is also observed that the T* is 

higher than the T** and the critical exponents α is nearly equal to 0.5 (according 

to the tricritical hypothesis =0.5) indicating a first order nature of the N-I phase 

transition. In the vicinity of transition temperature TNI the low value of TNI T* 
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compared to the theoretical prediction of Landaue-de Gennes theory along with 

the critical exponent ~ 0.5 imply the fluid like critical nature of the N-I phase 

transition. 
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Figure 5.5 Dielectric permittivity as a function of temperature for the 
concentration x5DBT = 0.301. Solid lines are fit to Equations (5.5) and (5.6). The 
fitting parameters in both nematic and isotropic phases are mentioned in the 
figure. The temperatures T* and T** are indicated with a star symbol () and the 
dotted line represents the nematic-isotropic phase transition temperature (TNI). 
 

It is also of much interest to observe how the discontinuity of transition 

(T*) varies with the mixture concentration. Till now there is no strong 

experimental evidence which is able to produce a reliable relation between the 

value of T* and molecular configuration. Keeping this in mind the dielectric 

permittivity has been measured over a wide range in the isotropic phase for all the 

mixtures under study. Strong pretransitional behavior is observed in the vicinity of 

nematic-isotropic phase transition. The dielectric constant data in the isotropic 

phase for all mixtures are shown in Figures 5.6(a-b). On approaching the clearing 

temperature from the isotropic phase, iso of all the mixtures under study exhibit a 

maximum. Similar observations have also been reported by others [34-36,39] for 

some pure compounds and binary mixtures as well. The bending of the iso is 
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related to the pre-nematic fluctuations due to the formation of pseudo nematic 

domain within the isotropic phase. The amount of bending increases for the 

mixtures where the concentration of 10OCB is greater. Perhaps the comparatively 

higher dipole moment of 10OCB leads to an enhanced pretransitional effect at the 

transition. However, the decrease in the isotropic dielectric permittivity very close 

to TNI is associated with the mutual cancelation of the anti parallel ordering of the 

dipole moment of LC molecules. 

Near the transition from isotropic to nematic phase, a competition between 

the parallel and anti parallel ordering of the dipoles of the mesogenic molecules 

takes place.  As it approaches TNI the anti parallel ordering dominates and thereby 

showing a critical behavior. The data analysis has been carried out according to 

the Equation (5.5) and the fit lines are depicted in Figures 5.6(a-b). It is necessary 

to mention that in some cases during fitting of iso, the critical exponent  was kept 

fixed at 0.5 in order to get the best fit result. All the fitting parameters and T* for 

all the mixtures under study are listed in Table 5.1.  
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Figure 5.6(a) Temperature variation of the dielectric permittivity for the different 
mixtures measured in the isotropic phase. The concentrations are indicated in the 
figures. Solid lines are the fit to Equation (5.5) and the star symbol represents the 
critical temperature (T*). 
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Figure 5.6(b) Temperature variation of the dielectric permittivity for the different 
mixtures measured in the isotropic phase. The concentrations are indicated in the 
figures. Solid lines are the fit to Equation (5.5) and the star symbol represents the 
critical temperature (T*). 
 
 

Figure 5.7(a) shows a systematic concentration dependence of 

discontinuityT*) and the dielectric permittivity (*) at the critical temperature 

(T*). Interestingly, T* near TNI for the studied mixtures increases with the 

concentration of 5DBT. The strength of the first order transition could be 

measured by determining the value of T* which lies between 1.76K and 9.28K 

for the mixtures while for the two pure compounds, 5DBT and 10OCB the same 

assumes values 6.32K and 3.14K respectively. On the other hand, the critical 

amplitudes +

T
A and +

T
 a within the error limit when plotted against the mole 

fraction of 5DBT shows reverse trend as shown in Figure 5.7(b).  Therefore, 

assuming the fluid like behavior, the nematic-isotropic (N-I) phase transition can 

be well described with a critical exponent of about 0.5 (tricritical value). 
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Figure 5.7(a-b) Concentration dependence of (a) the dielectric constant (*) at the 
critical temperature T* and discontinuity (T*) of the nematic-isotropic phase 

transition. (■) - * and (●) - T* and (b) the critical amplitudes +

T
A and +

T
 a . (■) 
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TA  and (●) - 

Ta . 



         

Chapter 5 

162 | P a g e  
 

 
 

T
ab

le
 5

.1
 R

es
ul

ts
 o

f 
fi

t t
o 

E
qu

at
io

n 
(5

.5
) 

in
 th

e 
is

ot
ro

pi
c 

ph
as

e 
fo

r 
th

e 
di

ff
er

en
t m

ix
tu

re
s.





0.
49

8±
0.

00
7 

0.
49

2±
0.

00
1 

0.
50

0a  

0.
51

2±
0.

00
4 

0.
50

4±
0.

00
5 

0.
50

2±
0.

00
8 

0.
50

0a  

0.
51

±0
.0

23
 

0.
49

8±
0.

00
9 

0.
49

2±
0.

00
7 

0.
50

0a  

0.
50

4±
0.

00
9 

0.
49

3±
0.

00
7 

0.
49

9±
0.

07
 

0.
50

1±
0.

00
7 

N
ot

e:
 a  

 w
as

 k
ep

t f
ix

ed
 a

t 0
.5

00
.  

 

 
T

*

 

3.
14

 

1.
76

 

1.
95

 

2.
38

 

2.
26

 

2.
74

 

3.
56

 

3.
88

 

4.
96

 

6.
43

 

7.
20

 

7.
84

 

8.
48

 

9.
28

 

6.
32

 

 TA
 

0.
28

86
±0

.0
06

8 

0.
26

39
±0

.0
01

4 

0.
28

24
±0

.0
01

8 

0.
24

41
± 

0.
00

99
 

0.
23

26
±0

.0
00

3 

0.
22

7±
0.

01
1 

0.
21

67
±0

.0
05

7 

0.
22

85
±0

.0
08

5 

0.
20

75
±0

.0
15

3 

0.
20

98
±0

.0
09

3 

0.
21

40
±0

.0
01

4 

0.
22

9±
0.

01
5 

0.
22

13
±0

.0
16

6 

0.
18

82
±0

.0
16

8 

0.
12

49
±0

.0
24

7 

 Ta
 

0
.0

39
9±

0.
00

07
 

0
.0

38
6±

0.
00

01
 

0
.0

38
8±

0.
00

01
 

0
.0

37
1±

0.
00

06
 

0
.0

34
0±

0.
00

01
 

0
.0

35
±0

.0
01

 

0
.0

32
2±

0.
00

05
 

0
.0

33
6±

0.
00

07
 

0
.0

30
6±

0.
00

15
 

0
.0

31
9±

0.
00

07
 

0
.0

32
3±

0.
00

01
 

0
.0

33
1±

0.
00

09
 

0
.0

32
5±

0.
00

11
 

0
.0

28
5±

0.
00

12
 

0
.0

25
2±

0.
00

22
 




8.
04

8±
0.

00
9 

8.
22

4±
0.

00
3 

8.
29

5±
0.

00
5 

8.
39

4±
0.

01
2 

8.
64

5±
0.

00
1 

8.
79

0±
0.

02
 

8.
97

7±
0.

00
7 

8.
98

6±
0.

01
2 

9.
10

7±
0.

02
2 

9.
14

5±
0.

01
4 

9.
12

7±
0.

00
4 

9.
07

9±
0.

02
5 

9.
11

2±
0.

02
6 

9.
12

5±
0.

02
6 

9.
17

1±
 0

.0
36

 

T
* 

(K
) 

35
3.

85
±0

.0
01

 

35
0.

04
±0

.0
27

 

34
8.

25
±0

.0
69

 

34
6.

02
±0

.0
48

 

34
4.

89
±0

.0
01

 

34
2.

26
±0

.1
8 

33
8.

94
±0

.0
01

 

33
7.

82
±0

.0
01

 

33
5.

65
±0

.0
02

 

33
4.

57
±0

.0
01

 

33
3.

80
±0

.0
70

 

33
3.

85
±0

.0
01

 

33
4.

92
±0

.0
02

 

33
7.

92
±0

.0
01

 

34
4.

26
±0

.0
02

 

M
ol

e 
fr

ac
ti

on
 

x 5
D

B
T
 

0.
0 

(1
0O

C
B

) 

0.
10

0 

0.
16

1 

0.
20

3 

0.
25

2 

0.
30

1 

0.
44

7 

0.
50

3 

0.
60

4 

0.
69

6 

0.
74

1 

0.
80

4 

0.
88

7 

0.
95

2 

1.
0 

(5
D

B
T

) 

 



         

Chapter 5 

163 | P a g e  
 

The dielectric anisotropy data has been used to explore the critical behavior 

near the SmA-N phase transition. At the SmA-N phase transition temperature  

values do not show any sharp discontinuity, therefore to locate the exact transition 

temperature the minimum value of the quantity d(∆)/dT has been used. In order 

to proceed further a new parameter has been defined with the following form [41]:   

                                          
SN

SN

Δε(T) Δε(T )
E(T) = 

T T




                                    (5.7) 

where ∆(TSN) is the dielectric anisotropy value at the smectic A-nematic phase 

transition temperature (TSN) obtained by differentiating ∆ with respect to 

temperature. To study the critical behavior at TSN, we have fitted E(T) as obtained 

from Equation (5.7) with an expression,  

                                                
α

± ±
E(T) = A t +B


                                          (5.8) 

where A+ and A− are the critical amplitudes and B+ and B- are the background 

terms above and below the smectic Anematic (SmA-N) phase transition 

temperature (TSN),  is the critical exponent similar to specific heat critical 

exponent and t =|(T − TSN)/(TSN)| is the reduced temperature. The temperature 

variation of E(T) showing the critical behavior in the vicinity of SmA-N phase 

transition for three mixtures are shown in Figure 5.8. The results of fit using 

Equation (5.8) are presented in Table 5.2.  For x5DBT = 0.100 the critical exponent 

 is found  to be 0.511± 0.021 which indicates that the SmA-N transition is of first 

order. On the other hand, for x5DBT = 0.161 and 0.203 the critical exponent values 

are less than 0.5 which implies the second order nature of the SmA-N phase 

transitions. An inspection of Figure 5.8 also reveals that the change in the value of 

the quotient E(T) for x5DBT = 0.100 is comparatively much higher than those of the 

other two concentrations 0.161 and 0.203. As the nematic region decreases the 

coupling between the nematic and smectic order parameter increases which results 

a more increase in the peak height of E(T). So the crossover between the second 

order to first order nature takes place somewhere in between the concentration 

range x5DBT = 0.100 to 0.161. Therefore, the tricritical point (TCP) should be 

present between these two concentrations. In order to determine the McMillan 

ratio (TSN/TNI) (or the mole fraction) where the SmA-N transition changes from 
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second order to first order i.e. the tricritical point (TCP), the  values have been 

plotted with the TSN/TNI. From the inset of Figure 5.8 it is observed that the critical 

exponent  has the value of 0.5 at the McMillan ratio of about 0.992. So the 

tricritical point perhaps located near x5DBT = 0.120. Such an outcome has appeared 

to be in well conformity with that obtained from the analysis of the high resolution 

birefringence (Δn) data [32] presented earlier in chapter 4. 
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Figure 5.8 E(T) vs. temperature near SmA-N transition. Different concentrations 
are indicated in the figure. Solid lines are fit to Equation (5.8). Dotted arrow 
indicate TSN. In the inset variation of  with McMillan ratio is shown. TCP 
indicates the tricritical composition. The solid line is linear fit to the  () values. 

Table 5.2 Results of fit to Equation (5.8) for the three mixtures at SmA-N phase 
transition. 

x5DBT  or  or

0.100 T<TSN 0.02268±0.00374 0.511±0.021 -0.107±0.01736 

T>TSN 0.01045±0.00038 0.511b 0.4861±0.0116 

0.161 

 

T<TSN 0.01438±0.00081 0.462±0.007 -0.0229±0.0026 

T>TSN 0.0048±0.00134 0.443±0.030 0.2008±0.0061 

0.203 T<TSN 0.0144±0.00253 0.357±0.019 0.0173±0.0049 

T>TSN 0.005±0.00211 0.361±0.041 0.0773±0.0074 

 Note: b  was kept fixed at 0.511. 
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5.4 Density measurements 

The temperature variation of the density values for x5DBT = 0.301 is shown 

in Figure 5.9(a). It has been observed that far away from the nematic to isotropic 

phase transition temperature variation of density is quite linear, but in the vicinity 

of transition temperature linearity is not maintained. Precise density measurement 

also enables us to obtain the critical exponent. An attempt is made to fit the molar 

volume (VT) data by the following relations [42]: 

                            
(1 α)

T
V = At + Bt + C

           T>TNI                                   (5.9) 

                                  
' (1 α) ' '= A t + B t + C

           T<TNI                                 (5.10) 

where t = |(TTc)/Tc|  is the reduced temperature. Tc is the temperature whose 

value is equal to T* when T > TNI and T** when T < TNI, α is the critical exponent. 

The results of fitting of molar volume data according to the Equations (5.9) and 

(5.10) in the isotropic and nematic phases respectively are portrayed in the Figure 

5.9(b). 
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Figure 5.9 (a) Temperature dependence of density for the concentration x5DBT = 
0.301. The dashed arrow denotes the nematic-isotropic (N-I) phase transition 
temperature (TNI). 
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Figure 5.9 (b) Molar volume as a function of temperature for x5DBT = 0.301. Solid 
lines are fit to Equations (5.9) and (5.10). The fitting parameters in both the 
nematic and isotropic phases are mentioned in the figure. The temperatures T* and 
T** are indicated with a star symbol. 

 

From the fitting parameters it has been seen that the absolute value of the 

ratio of the critical amplitudes B/B' and C/C' are nearly equal to 1, but for A/A' the 

value is nearly equal to 0.65. The fitted lines are extrapolated to the virtual 

transition temperatures (T* and T**) and marked by the star symbols as shown in 

Figure 5.9(b). The T* (= TNI T*) value is higher than the T** (= T** TNI) 

and the width of the metastable region is found to be 3.03K which is comparable 

to the value 3.64K as obtained from the dielectric permittivity measurement 

mentioned earlier. The critical exponent () in both the regions is close to each 

other and consistent with the value of 0.5 according to the tricritical hypothesis, 

thereby indicating a first order nature of the phase transition. Similar behavior has 

also been observed from dielectric data in the isotropic phase. So the results 

obtained from dielectric study agree well with the high resolution density 

measurements. 
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5.5 Conclusion 

The static dielectric permittivities of the two smectogenic compounds and 

their binary mixtures at thirteen different concentrations have been determined 

throughout the entire mesomorphic range. For most of the mixtures in the smectic 

phase the parallel component of dielectric permittivity shows a prominent decrease 

due to dipole-dipole correlation. Free molecular dipole moments of the two pure 

compounds 5DBT and 10OCB have been determined by Guggenheim method and 

it has been found that the CN terminal group contributes more dipole moment than 

the NCS terminal group. Moreover, the effective molecular dipole moment (eff) 

increases with increase in temperature and angle of inclination remains nearly 

constant in the low temperature region but slightly increases near the clearing 

temperature. By measuring the dielectric parameter in the isotropic phase the 

pretransitional behavior of the N-I transition have been explored. For all the 

mixtures, iso exhibits a maximum near the nematic to isotropic phase transition 

temperature due to different factors such as strength of the transition, correlation 

of dipole moments and formation of pseudo nematic domains in the isotropic 

phase. For a particular mixture x5DBT = 0.301, the critical exponents and 

discontinuity of the N-I phase transition along with the width of the metastable 

region are determined from the dielectric permittivitty as well as high resolution 

density measurements. The two sets of data so obtained are comparable to each 

other. For the all mixtures the critical amplitudes, dielectric parameters at the 

critical temperature and the discontinuity of the N-I transition shows a systematic 

concentration dependence. The critical exponents so obtained are nearly equal to 

0.5 within the error limit and agrees well with the tricritical hypothesis. 

Moreover, the nature of the SmA-N phase transition has been studied for 

three concentrations from dielectric anisotropy measurements. It has been 

observed that for two mixtures (x5DBT = 0.161 and 0.203), the SmA-N phase 

transition is of second order in nature whereas for the other mixture (x5DBT =0.100) 

SmA-N phase transition is first order through a tricritical point (TCP) located near 

x5DBT = 0.120. This shows an excelent conformity with the results extracted from 

the high resolution optical birefringence measurements. 
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CHAPTER 6 

High resolution density measurement in 
some binary liquid crystalline mixtures 
exhibiting induced smectic A phase 

 
 

6.1 Introduction  

Different types of phase transition in liquid crystals are accompanied by 

changes in the local molecular ordering and are generally observed by the 

variation in different anisotropic properties. However, depending on the order of 

the phase transition it may also be accompanied by the changes in some 

parameters like enthalpy, density () etc. The variations in density, the associated 

volume jump and thermal expansion coefficient at the transition have been the 

subjects of numerous investigations [1–22]. In addition, the pretransitional 

anomaly in thermal expansion coefficient near the transition temperature is an 

intriguing topic which can also add an extra dimension to study the critical 

behavior at the phase transition [19-20]. 

Experimental determination of several thermodynamic properties of liquid 

crystals (LCs) provides an idea not only of their fundamental phase behavior, but 

also of their applications in different fields of science. Density is an important 

parameter in the study of liquid crystal systems, especially in the investigation of 

phase transitions [18]. Measurement of density provides clear information 

regarding the nature of the phase transition and molecular ordering. Further, such 

studies also endow with a confirmatory experimental evidence for the results 

obtained by using other well known experimental techniques, such as polarizing 
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optical microscopy and differential scanning calorimetry that concerns the phase 

transition temperatures, the nature of the phase transition, and also the thermal 

stability of different mesophases. The increase in the density values on enhancing 

the molecular ordering correspond to the increase in molecular attraction. This is 

perhaps the central driving force for liquid crystal ordering. Hence, it appears very 

much reasonable to obtain an accurate density data and the coefficient of volume 

expansion of liquid crystals. Again to understand the fundamental aspect as well 

as the nature of molecular packing, molecular interactions and usage of LC 

compounds in different technological applications, density study is very much 

important. Moreover, precise measurement of density provides a qualitative 

indication of pretransitional phenomena, strength of the transition and can also 

offer a unique way to determine the critical exponent at various mesophase 

transitions for the thermotropic system [19-22]. Although several high resolution 

experimental techniques have contributed considerably by revealing subtle thermal 

characteristics of various mesophases in the vicinity of phase transitions [21-22], 

but a detailed study of high resolution density measurement in binary mixtures of 

two purely nematogenic compounds showing induced smectic A phase is scanty. 

Furthermore, density studies by Anton Paar digital density meter in liquid crystals 

have gained considerable importance in recent time due to its high precision 

measurement [20-22], even though a large amount of sample (~1.5-2g) is required. 

One of the most interesting phenomena reported experimentally for the 

binary nematic liquid crystal mixtures is the induction of smectic A phase [23-27]. 

The formation of induced mesophase can arise in binary mesogenic mixtures, 

showing the more ordered mesophase which is absent in the pure compounds. The 

induction of new mesophases in binary liquid crystalline mixtures can be caused 

by the specific interaction between the two different molecules and is related to 

the formation of molecular complexes. Evidently the interaction between the 

constituent molecules must be significant in the formation of induced smectic A 

phase and persuades the nematic phase properties in the neighbourhood of the 

smectic region of the phase diagram. Many bi-component mixtures comprising of 

nematic compounds have been observed in which induced smectic A phase was 

noticed [27-30]. 



 

   Chapter 6 

   174 | P a g e  
 

This chapter deals with the phase properties of the binary mixtures of 4-

heptyl-4-n-cyanobiphenyl (7CB) and 4-n-pentyl-4-n-hexyloxybenzoate 

(ME6O.5). The results of high resolution density measurement have been 

presented and the nature of the phase transitions involved across the 

transformation of different phases has been assessed. Even if the nematic-isotropic 

(N-I) phase transition has been a subject of active theoretical as well as 

experimental studies over the last few decades [20-21,31-40], descriptions on the 

smectic A-isotropic (SmA-I) transition are relatively scarce [41-44]. Therefore, 

from the density measurements nature of the SmA-I transition has also been 

studied in detail in the present chapter along with the N-I and smectic A-nematic 

(SmA-N) phase transitions. 

 

6.2 Materials 

The compound 7CB were obtained from Merck (UK) and ME6O.5 from 

AWAT Co. Ltd. (Poland) and used without further purification. The pure 

compounds were thoroughly mixed to obtain a homogeneous mixture. The 

transition temperatures and the structural formulae of the pure compounds are 

given below: 

CNC7H15

 
4-heptyl-4-n-cyanobiphenyl (7CB): Cr 30oC N 42.8oC I 

COO C5H11OC6H13

 
   4-n-pentyl-4-n-hexyloxybenzoate (ME6O.5): Cr 49.5oC N 62.5oC I 

 

Fourteen mixtures were prepared having mole fraction of 7CB equal to 

0.05, 0.095, 0.127, 0.142, 0.164, 0.235, 0.352, 0.424, 0.477, 0.535, 0.600, 0.700 

0.800 and 0.852. The phase transition temperatures were determined by a 

polarizing optical microscope (Motic BA 300) equipped with a Mettler FP900 hot 

stage. 
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6.3 Phase diagram 

The phase diagram of the binary system 7CB+ME6O.5 has been 

constructed using the polarizing optical microscopy (POM) by determining the 

phase transition temperatures of the mixtures made up at specific concentrations. 

A detailed study of the phase diagram revealed that the transition temperatures are 

reproducible within ±0.1oC between the heating and cooling cycles for all the 

studied mixtures. Figure 6.1 illustrates the phase diagram where the nematic–

isotropic (N-I), smectic A-isotropic (SmA-I) and smectic A–nematic (SmA-N) 

transition temperatures are plotted against the mole fraction of 7CB. Even though 

the two pure compounds used in this study have only the nematic phase but their 

mixtures show the presence of smectic A (SmA) phase. Of the fourteen mixtures 

prepared in this study, five shows only the SmA phase while x7CB= 0.852 exhibits 

only the nematic phase and the rest of the mixtures have both the nematic and 

smectic A phases. The SmA range shows a domelike structure with a rather strong 

concentration dependence of the SmA-N transition temperature.  
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Figure 6.1 Phase diagram of the binary system 7CB+ME6O.5. (□)- nematic-
isotropic transition temperature (TNI), ()- smectic A-isotropic transition 
temperature (TSI), and ()- smectic A-nematic transition temperature (TSN). TCP 
indicates the tricritical points. 
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The nematic range of low mole fraction side decreases with increase in the 

concentration of 7CB and ceases to exist near x7CB = 0.352. For the concentrations 

x7CB = 0.352, 0.424, 0.477, 0.535 and 0.600 the nematic phase disappears and the 

isotropic phase directly transforms into smectic A phase which is confirmed by the 

appearance of fan shaped textures (shown in Figure 6.2) [45-46]. Maximum 

stability of the induced SmA phase is observed near x7CB = 0.352. This smectic A-

isotropic (SmA-I) transition is a clear manifestation of the concurrent development 

of the orientational as well as translational ordering which is accompanied by the 

breaking of infinite rotational symmetry of the completely disordered isotropic 

phase. Moreover, on the right side of the phase diagram (x7CB > 0.600) the width 

of the nematic phase increases on increasing the concentration of 7CB. 

The characteristic textures of different LC phases observed from the 

polarizing optical microscopy study are presented in Figure 6.2. Schlieren textures 

and typical marbled type textures have been observed in the nematic phase for the 

studied mixtures whereas the induced smectic A phase exhibits fan-shaped 

textures [45-46]. 

 

   

                             (a)           (b) 

Figure 6.2 (a-b) Microphotographs (400x magnification) of the textures observed 
under the polarizing optical microscope for the two mixtures during cooling. (a) 
Schlieren texture of the nematic phase at 57oC for x7CB = 0.852 and (b) Marble 
type texture of the nematic phase at 58.3oC for x7CB = 0.127. 
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(c) 

Figure 6.2(c) Microphotograph of the fan shaped texture observed under the 
polarizing optical microscope during cooling in the SmA phase at 61.8oC for x7CB 
= 0.424. 
 

6.4 Density measurements 

The results of density measurements for different mixtures in the isotropic, 

nematic and smectic A phases are presented in Figure 6.3(a-l). The density value 

increases almost linearly with decrease in temperature in different phases, except 

across the phase transformations. Near the phase transition region a non-linear 

behavior of temperature dependent density has been observed, indicating a strong 

pretransitional change on approaching the transition. At the N-I phase transition 

the density values exhibit a sudden change before it attains the equilibrium value 

of the next lower temperature phase, thus indicating an alteration in the molecular 

ordering from the disordered isotropic phase to ordered nematic phase. Moreover, 

the slope of the density data increases on entering  the nematic phase from the 

isotropic phase, which indicates the relatively closer packing of the orientationaly 

ordered molecules in the nematic phase. Note that the density change at the N-I 

phase transition for all the studied mixtures is well defined and corresponds to a 

change in the density (/) value ranging between 1.910-3 to 2.910-3 g/cm3. 

This is very much reliable with the thermodynamic description of the weakly first 

order phase transition [47-50].  
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Figure 6.3(a-b) Temperature dependence of density for (a) x7CB = 0.095 and (b) 
x7CB = 0.127 in the isotropic, nematic and smectic A phases. Solid arrow and 
dashed arrow denote the nematic-isotropic (N-I) and smectic A-nematic (SmA-N) 
transition temperatures respectively. 
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Figure 6.3(c-d) Temperature dependence of density for (c) x7CB = 0.142 and (d) 
x7CB = 0.164 in the isotropic, nematic and smectic A phases. Solid arrow and 
dashed arrow denote the nematic-isotropic (N-I) and smectic A-nematic (SmA-N) 
transition temperatures respectively. 
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Figure 6.3(e-f) Temperature dependence of density for (e) x7CB = 0.235 and (f) 
x7CB = 0.352 in the isotropic, nematic and smectic A phases. Solid arrow, dashed 
arrow and dotted arrow (for x7CB = 0.352) denote the nematic-isotropic (N-I), 
smectic A-nematic (SmA-N) and smectic A-isotropic (SmA-I) transition 
temperatures respectively. 
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Figure 6.3(g-h) Temperature dependence of density for (g) x7CB = 0.424 and (h) 
x7CB = 0.477 in the isotropic and smectic A phases. Dotted arrow denotes the 
smectic A-isotropic (SmA-I) transition temperature. 
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Figure 6.3 (i-j) Temperature dependence of density for (i) x7CB = 0.535 and (j) 
x7CB = 0.600 in the isotropic and smectic A phases. Dotted arrow denotes the 
smectic A-isotropic (SmA-I) transition temperature. 
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Figure 6.3(k-l) Temperature dependence of density for (k) x7CB = 0.700 and (l) 
x7CB = 0.800 in the isotropic, nematic and smectic A phases. Solid arrow and 
dashed arrow denote the nematic-isotropic (N-I) and smectic A-nematic (SmA-N) 
transition temperatures respectively. In the inset variation of  near TNI is 
shown.1 and 2 are density values obtained by extrapolation on either side of TNI. 
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The density jump, (/), is calculated as the vertical distance between the density 

values (1 and 2 as shown in the inset of Figure 6.3 (k)) obtained by linear 

extrapolation from either sides of the transition, i.e. [{(1-2)}/{½(1+2)}]. The 

calculated / values suggest that the N-I transition to be a weakly first order 

phase transition. This is very much comparable to the value reported by the 

different researchers for diverse LC compounds [18, 47-50]. As far as the smectic 

A-isotropic (SmA-I) transition is concerned, it is accompanied by a large density 

jump of 7.210-3 to 9.710-3 g/cm3 compared to the N-I transition. Moreover, for 

the concentrations x7CB = 0.095, 0.127, 0.142, 0.164, 0.235, 0.700 and 0.800 

within the experimental resolution, there is no sharp discontinuity in the density 

values near the SmA-N transition temperature (TSN). Even though the density 

changes smoothly at TSN, there is an overall increase in its value in going from the 

smectic A to nematic phase. The temperature dependence of  is fairly linear on 

both the nematic and smectic A sides, except in the immediate vicinity of the 

SmA-N transition where it demonstrates a pretransitional behavior. The  vs T 

curve also reveals that the pretransitional effect near the SmA-N transition is much 

weaker than the same at the N-I or SmA-I transition. The / value at the SmA-

N transition varies from 8.210-5 to 2.710-3 g/cm3 for different mixtures. 

The first-order phase transition is generally characterized by a discontinuity 

or a steep change in the specific volume associated with a thermal expansion 

coefficient (1/)(d/dT). Furthermore, the thermal expansion coefficient derived 

from the density data points provides information about the nature of SmA-N, N-I 

or SmA-I transitions because it shows the same critical behavior as revealed by the 

specific heat capacity data (CP) at the transition. There are several reports in the 

literature which show that analysis of the thermal expansion coefficient yields 

critical exponents characterizing the critical behavior at the transition in excellent 

agreement with those obtained from the specific heat capacity studies [19-21,51-

52]. Indeed, this resemblance was first demonstrated by Pippard [53] and 

afterward by Garland [54] along the lambda (transition. Therefore, it certainly 

reflects that the two independently obtained experimental data can be represented 

by a same power law expression with same critical exponent but different critical 

amplitudes. 
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Figure 6.4(a-b) Thermal expansion coefficient for (a) x7CB = 0.424 near the 
smectic A-isotropic (SmA-I) transition, (b) x7CB = 0.800 near the nematic-isotropic 
(N-I) and smectic A-nematic (SmA-N) transitions. Results have been calculated 
from the pairs of neighbouring density data points. 
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Figure 6.4(a-b) depicts the change in the thermal expansion coefficient at the 

SmA-I, N-I and SmA-N transitions for the two representative concentrations. Note 

that the thermal expansion coefficient at both the N-I and SmA-I phase transitions 

changes much faster than the same at the SmA-N transition. The temperature 

dependences of thermal expansion coefficient exhibit obvious critical behavior 

near the transitions. But the calculated data show some scattered values innate to 

the derivative procedure of the density, which might create a certain difficulty in 

the rigorous fitting of the data. This difficulty can be prevailed over if one avoid 

the numerical derivative part and use the molar volume data (VT). The molar 

volume is an important parameter that can be measured with high degree of 

accuracy directly from the experimentally obtained density values with the help of 

molecular weight and is very effective like other thermodynamic parameters that 

are capable of producing singularities at the phase transitions. Moreover, to 

complete the thermodynamic description of a phase VT is an essential parameter. 

In this case the data analysis has been performed by considering the logarithm of 

the molar volume (lnVT) instead of the thermal expansion coefficient. Figure 

6.5(a-l) illustrates the logarithm of molar volume as a function of temperature in 

the vicinity of N-I and SmA-I phase transitions for the investigated concentrations. 

An attempt has been made to quantify the critical behavior of lnVT associated with 

the N-I and SmA-I transitions by using the following fitting equations [20-21] 

              
I I I 2 I 1 α

T 0 1 2
lnV = E + E (T T*) + E (T T*) + A (T T*)                  (6.1) 

for T >TNI = T*+T* 

              
N N N 2 N 1 α

T 0 1 2
lnV = E + E (T T**) + E (T T**) + A (T T**)             (6.2) 

  for T < TNI = T**T** 

where T* represents the temperature at which the N-I transition would occur 

coming from the isotropic phase if it was second-order and T** has the same 

meaning when temperature increases from the nematic phase. These critical 

temperatures T* and T** are often called the spinodal temperatures which belong 

to the spinodal curve having a maximum at the critical point [19].  is the specific 

heat critical exponent which should presume a value 0.5 according to the tricritical 

hypothesis [55]. I

0
E , N

0
E , I

1
E , N

1
E , I

2
E , N

2
E , IA , NA are the independent coefficients 
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having different values in two phases. The superscripts ‘I’ and ‘N’ in the relevent 

coeffecients represent the value of the parameter in the isotropic and nematic 

phases respectively. Therefore, in case of the SmA-I transition the superscript ‘N’ 

has been replaced by ‘S’. The transition temperature TNI has also been changed to 

TSI in Equation (6.1) and (6.2) accordingly.  

Fitting has been performed by considering all the coefficients as a free 

parameter. Inclusion of this fact improves the fitting quality as it has been seen 

that (in Figure 6.5) the fitted curve so obtained describes lnVT data very well for 

all the studied concentrations of the present binary system. In addition, the quality 

of all fits has been tested by calculating the reduced 56 For a correct error 

estimation and a quality of fit corresponding to the experimental error, the value 

should close to unity. In this case ranging from 1.21 to 1.47 indicating a good fit 

to the data points. 
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Figure 6.5(a) Logarithm of molar volume as a function of temperature for x7CB = 
0.095 in the vicinity of nematic-isotropic (N-I) phase transition. Solid lines 
represent the fit according to Equation (6.1) and (6.2). The temperatures T* and 
T** are indicated with a star symbol (). Vertical arrow denotes the N-I transition 
temperature (TNI). 
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Figure 6.5(b-c) Logarithm of molar volume as a function of temperature for (b) 
x7CB = 0. 127 and (c) x7CB = 0.142 in the vicinity of nematic-isotropic (N-I) phase 
transition. Solid lines represent the fit according to Equation (6.1) and (6.2). The 
temperatures T* and T** are indicated with a star symbol (). Vertical arrow 
denotes the N-I transition temperature (TNI). 
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Figure 6.5(d-e) Logarithm of molar volume as a function of temperature for (d) 
x7CB = 0.164 and (e) x7CB = 0.235 in the vicinity of nematic-isotropic (N-I) 
transition. Solid lines represent the fit according to Equation (6.1) and (6.2). The 
temperatures T* and T** are indicated with a star symbol (). Vertical arrow 
denotes the N-I transition temperature (TNI). 
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Figure 6.5(f-g) Logarithm of molar volume as a function of temperature for (f) 
x7CB = 0.352 and (g) x7CB = 0.424 in the vicinity SmA-I transition. Solid lines 
represent the fit according to Equation (6.1) and (6.2). The temperatures T* and 
T** are indicated with a star symbol (). Dotted arrow denotes the SmA-I 
transition temperature (TSI). 
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Figure 6.5(h-i) Logarithm of molar volume as a function of temperature for (h) 
x7CB = 0.477 and (i) x7CB = 0.535 in the vicinity of smectic A-isotropic (SmA-I) 
transition. Solid lines represent the fit according to Equation (6.1) and (6.2). The 
temperatures T* and T** are indicated with a star symbol (). Dotted arrow 
denotes the SmA-I transition temperature (TSI). 
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Figure 6.5(j-k) Logarithm of molar volume as a function of temperature for (j) 
x7CB = 0.600 and (k) x7CB = 0.700 in the vicinity of SmA-I and N-I transitions 
respectively. Solid lines represent the fit according to Equation (6.1) and (6.2). 
The temperatures T* and T** are indicated with a star symbol (). Solid and 
dotted arrows denote the N-I transition and SmA-I transition temperatures 
respectively. 
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Figure 6.5(l) Logarithm of molar volume as a function of temperature for x7CB = 
0.800 in the vicinity of nematic-isotropic (N-I) transition. Solid lines represent the 
fit according to Equation (6.1) and (6.2). The temperatures T* and T** are 
indicated with a star symbol (). Vertical arrow denotes the N-I transition 
temperature (TNI). 
 

Generally, the spinodal temperature for the isotropic phase i.e. T* is 

determined by a linear extrapolation method from diverse experimental techniques 

such as scattered light intensity measurements [57], Cotton-Mouton effect [58], 

Kerr effect [59-60], dielectric permittivity measurements [38,61-62] or by fitting 

the dielectric permittivity  as a function of temperature [38,62-68]. On the other 

hand the spinodal temperature of the nematic phase i.e. T** can be found from the 

temperature variation of the dielectric strength [65], birefringence [69-70] or 

average dielectric permittivity [63,67-68]. But it is very hard to determine T** 

from the above mentioned parameters because sometimes it results a value even 

less than the nematic-isotropic phase transition temperature (TNI) [63]. In the 

present case, the thermodynamic values of the spinodal temperatures have been 

determined by a fitting procedure through the temperature dependence of molar 

volume (VT) data measured in the vicinity of the N-I or SmA-I phase transitions. 

The fitting results of the lnVT values in both sides of the studied transitions, 
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according to Equations (6.1) and (6.2) are consigned in Table 6.1. Furthermore, 

the fitted curves are extrapolated to the spinodal temperatures T* and T** as 

shown in Figure 6.5. These spinodal temperatures (T* and T**) along with the 

transition temperatures (TNI or TSI) allow one to find out both the discontinuity 

T* and T** as well as (T**T*) as tabulated in the Table 6.1. The temperature 

difference T**T* can be stated as the width of the metastable state for the 

studied phase transitions. Interestingly, the parameter T* i.e. the lower stability 

temperature of the super cooled isotropic phase contains information on how far a 

weakly first order phase transition is from a truly second order phase transition. 

The fitting results T* values lies in the range 0.88K to 1.05K and 1.4K to 1.9K 

while T** is ranging between 0.23K to 0.33K and 0.34K to 0.6K for the N-I and 

SmA-I transitions respectively. It is obvious from the above results that the value 

of the temperature difference TSI T* or T**TSI is higher than that of TNI T* 

or T**TNI. Therefore, the neighborhood of a SmA-I phase transition has a 

striking influence on the pretransitional behavior in the isotropic phase. Moreover, 

the width of the metastable region varies from 1.11K to 1.53K for the N-I 

transition whereas for the SmA-I transition it varies from 1.74K to 2.5K. It should 

be stressed that the width of the metastable region for the N-I transition is less than 

that extracted for the SmA-I transition, since this is anticipated for a comparatively 

weaker first order phase transition of a nearly tricritical character. Another 

important observation is that as the concentration of the polar compound 7CB 

increases the discontinuity T* as well as T** at the transition decreases for both 

the N-I and SmA-I transitions. Besides, the ratio of the two discontinuities 

(T*/T**) is supposed to be non-universal and varying from 3.16 to 4.15 which 

significantly differs from the theoretical Landau-de Gennes value of 8 [19].  

According to Mukherjee [41], presence of a cubic coefficient in the free 

energy density expansion in terms of the order parameter confirms the first order 

nature of SmA-I transition. Also the SmA-I transition is accompanied by a jump of 

the order parameter at TSI. Ocko et al. [71] have reported that the smectogenic LC 

4-n-dodecyl-4'-cyanobiphenyl (12CB) undergoes a first order SmA-I transition. 

From the birefringence study Olbrich et al. [72] argued that both the nematic and 

smectic fluctuations become significant near the SmA-I transition temperature.  
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The similar type of pretransitional behavior for the SmA-I transition is also 

obtained in some smectogenic cyanobiphenyl liquid crystals [62,66,73]. Therefore, 

different experimental outcomes confirm that the SmA-I transition is considered to 

be first order in nature. 

Moreover, the absolute value of the ratio (AN/AI) is found to lie in the range 

1.09 to 2.71 while NE0 / IE0  assume values close to unity. These type of values of 

the critical amplitude ratio are very much equivalent to those reported for other 

LCs at the N-I [74-75] and SmA-I [62,73] transitions respectively. The fittings 

lead to a comparable value of the other coefficients as tabulated in Table 6.1.  In 

addition, it has been observed that the critical exponent () is nearly equal to 0.5 

within the error limit (showing an excellent agreement with the tricritical value) 

for N-I as well as SmA-I transitions. It certainly confirms that both the transitions 

are fully compatible with the tricritical behavior and undoubtedly proved the first 

order character of the aforesaid transitions. 

The smectic A to nematic phase transition has also been studied from the 

density data. In this case the molar volume (VT) data is not suitable in analyzing 

the critical behavior at the SmA-N transition due to small change in VT at TSN 

compared to the same at TNI or TSI. On the other hand, it has been shown that the 

thermal expansion coefficient (1/)(d/dT) is too scattered near the transition 

(Figure 6.4) and also not appropriate in analyzing the critical behavior. Hence, in 

analogy with the method adopted earlier in chapter 3 of this thesis (determination 

of specific heat critical exponent  from Q(T) instead of –d(n)/dT values) here 

also a differential quotient R(T) has been considered with the following form: 

                   

SN

SN

(T ) (T )1
R (T )

T T

   
   

   
                                    (6.3) 

where (TSN) is density value at TSN. The parameter R(T) also presents a critical 

anomaly near TSN with a reasonably smooth variation compared to the thermal 

expansion coefficient as shown in Figure 6.6. The nature of the SmA-N transition 

has been assessed by analyzing the limiting behavior of R(T) with the following 

power law expression (similar to the expression used in chapter 3 for Q(T)) [76]  

                                          

R (T ) A t B
                                                     (6.4) 
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where A+ and A− are the critical amplitudes and B+ and B-
 are the background 

terms above and below the transition temperature (TSN),  is the critical exponent 

similar to specific heat capacity critical exponent and t = |(T − TSN)/(TSN)| is the 

reduced temperature. Generally, the binary systems containing polar and non polar 

compounds exhibit Fischer renormalization [77-81] while polar- polar systems are 

free from it [82]. In addition, Fischer renormalization strongly depends on the 

slope of smectic A-nematic phase transition line or the steepness of phase 

boundary. Applicability of Fischer renormalization has been verified for this 

binary system (7CB+ME6O.5) by determining a suitable parameter to characterize 

this dependence i.e. the slope of lnTSN vs. concentration curve. For the SmA-N 

phase boundary of 7CB+ME6O.5 the slope [d(lnTSN)/dx)]2 assumes values 

between 0.060 to 0.207 which is less compared to the same reported by others for 

polar-non polar binary systems showing Fischer renormalization [79-81].  
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Figure 6.6 R(T) as a function of temperature for some mixtures in the vicinity of 
SmA-N transition. Solid lines represent the fit according to Equation (6.4). For 
better representation R(T) data for the following three concentrations x7CB = 0.095, 
0.127 and 0.700 has been shifted by 8K, 5K and +3K respectively. In the inset 
variation of thermal expansion coefficient for x7CB = 0.800 is illustrated. 
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If [d(lnTSN)/dx)]2 lies between 0.74 to 9.0 or more then Fischer renormalization is 

expected to occur [79-80]. The SmA-N transitions for the present binary system 

are free from Fischer renormalization due to comparatively small value of 

[d(lnTSN)/dx)]2. The positive  values describing the critical behavior at the SmA-

N transition lies in the range 0.036 to 0.512 within the limit of uncertainty as listed 

in Table 6.2. Now the consistency of  values as obtained from the fit to R(T) data 

has been checked with the same obtained from high resolution birefringence (n) 

data. Figure 6.7(a) depicts temperature dependence of birefringence for three 

representative concentrations of 7CB. Following the similar procedure as adopted 

earlier (in Chapter 3)the specific heat critical exponent has been determined 

from the transitional divergence of Q(T) which has been derived from 

birefringence.  Figure 6.7(b) illustrates Q(T) data near the SmA-N transition. 

 

Table 6.2 The best fit parameter values for R(T) near the SmA-N transition of the  
binary system 7CB+ME6O.5 obtained from Equation (6.4). 

x7CB 
 

 or  or  No of data 
points 

0.095 T<TSN 0.0008±0.00001 0.067±0.007 -0.0002±0.00001 1.45 80 
 T>TSN 0.0009±0.00002 0.068±0.002 -0.0003±0.00001 1.51 82 

0.127 T<TSN 0.0008±0.00004 0.153±0.004 -0.0005±0.00006 1.68 51 
 T>TSN 0.0013±0.00003 0.143±0.003 -0.0015±0.00003 1.59 38 

0.164 T<TSN 0.0002±0.00001 0.332±0.028 0.0005±0.00002 1.55 27 
 T>TSN 0.0001±0.00001 0.345±0.013 0.0007±0.00003 1.49 34 

0.235 T<TSN 0.0001±0.00002 0.512±0.004 0.0010±0.00002 1.66 24 
 T>TSN 0.0001± 0.00001 0.509±0.008 0.0010±0.00001 1.69 39 

0.700 T<TSN 0.0001±0.00002 0.314±0.045 0.00062±0.00002 1.59 32 
 T>TSN 0.0001±0.00004 0.309±0.008 0.00074±0.00003 1.41 42 

0.800 T<TSN 0.0023±0.00001 0.039±0.014 -0.0021±0.00001 1.75 51 
 T>TSN 0.0025±0.00003 0.036±0.016 -0.0023±0.00001 1.61 51 

 
 

From the fitting of both R(T) and Q(T) data it has been observed that the 

SmA-N transition exhibits a crossover from second order to first order nature with 

varying fromto 0.512 within the error limit. All the studied mixtures 

shows second order SmA-N transition except x7CB = 0.235 for which the critical 

exponent is found to be ~ 0.5 indicating a first order nature of SmA-N transition.  
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Figure 6.7(a) Birefringence as a function of temperature for three concentrations. 
Dashed lower head arrow denotes TSN. (b) Q(T) as a function of temperature near 
SmA-N transition. Solid lines represent the fit according to Equation (3.4). For 
better representation Q(T) data for the following three concentrations x7CB = 0.095, 
0.127 and 0.700 has been shifted by 8K, 5K and +3K respectively. 
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Table 6.3 The best fit parameter values for Q(T) near the SmA-N transition of the  
binary system 7CB+ME6O.5 obtained from Equation (3.4). 

x7CB 
 

 or  or  No of data 
points 

0.095 T<TSN 0.0202±0.0001 0.088±0.007 -0.0280±0.00011 1.55 108 
 T>TSN 0.0100±0.0001 0.087±0.002 -0.0103±0.0009 1.68 112 

0.127 T<TSN 0.0050±0.0003 0.153±0.004 -0.0100±0.0002 1.48 114 
 T>TSN 0.0044±0.0002 0.143±0.003 -0.0061±0.0001 1.47 109 

0.164 T<TSN 0.0020±0.00001 0.344±0.028 -0.0046±0.0002 1.52 45 
 T>TSN 0.0014±0.00001 0.345±0.013 -0.0042±0.0001 1.68 50 

0.235 T<TSN 0.0012±0.0002 0.505±0.002 -0.0070±0.00002 1.45 113 
 T>TSN 0.0010±0.0001 0.501±0.004 0.0116±0.00001 1.48 71 

0.700 T<TSN 0.0010±0.0001 0.334±0.045 0.0021±0.0001 1.39 113 
 T>TSN 0.0011±0.0001 0.331±0.008 0.0025±0.0001 1.57 123 

0.800 T<TSN 0.0131±0.0007 0.043±0.001 -0.0126±0.0006 1.61 63 
 T>TSN 0.0205±0.0009 0.045±0.001 -0.0212±0.0007 1.49 57 
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Figure 6.8 Variation of critical exponent with McMillan ratio for some 
concentrations of the binary system 7CB+ME6O.5 obtained from two sets of 
measurements i.e. density and birefringence data. (● or ) represents the  values 
averaged over the two values obtained from fitting above and below the transition 
temperature TSN. Solid line represents a polynomial fit to the  values.  
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The two sets of  values (listed in Table 6.2 and 6.3) has been plotted against the 

McMillan ratio in Figure 6.8 which clearly demonstrates that both the high 

resolution density as well as birefringence measurements yields comparable  

values at the SmA-N transition. Moreover, a polynomial fit to the extracted  

results a particular value of McMillan ratio 0.994 for which critical exponent 

attains the tricritical value 0.5. Interestingly, this polar-non polar induced smectic- 

A binary system (7CB+ME6O.5) have two tricritical points (TCP) on either sides 

of the phase diagram at x7CB = 0.232 and 0.627 respectively (shown by the arrow 

mark in Figure 6.1). 

 

6.5 Conclusion  

A precise high resolution method with reasonably good accuracy (±0.00005 

g/cm3) has been carried out to measure the temperature variation of density of 

some binary mixtures exhibiting induced smectic A phase. The density data shows 

a clear evidence of pretransitional behavior in the vicinity of N-I or SmA-I phase 

transition due to the enhancement of the molecular ordering. The appearance of 

pretransitional anomaly has been observed for both the N-I and SmA-I transitions 

and analysis have been carried out to obtain the values of discontinuity, the 

hypothetical continuous phase transition temperatures and the metastable region to 

probe the critical behavior at the phase transitions. Particular emphasis has been 

devoted to determine the spinodal temperatures T* and T** from the very precise 

changes of molar volume in the vicinity of the N-I and SmA-I transitions. The 

discontinuity (T*) at the clearing temperature is one of the basic characteristics 

of the N-I or SmA-I transitions which is amounted to several degrees and is found 

to be substantially higher for SmA-I transition than the N-I transition. The 

consistent values of TNI-T* or T**-TNI favors that the N-I and SmA-I transitions 

are fully compatible with the tricritical nature. It should be stressed that the width 

of the metastable region for the N-I transition is less than that found for the SmA-I 

transition. This fact can easily be extracted from the comparison of density change 

for both phase transitions. 

Moreover, by exploiting the fact that the thermal expansion coefficient near 

the clearing temperature exhibit the same power law divergence as the specific 
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heat capacity, the effective critical exponent α has been extracted by a fit to the 

lnVT data which is directly linked to the thermal expansion coefficient. The critical 

exponent α for the N-I and SmA-I transitions has been found to reach the tricritical 

value 0.5 within the error limit. Also it indicates the fluid like resemblance in the 

isotropic phase of the SmA-I phase transition. Therefore, this high resolution 

density measurement can be successfully applied to study the pretransitional 

effects near the phase transitions as well as the nature of the phase transitions in 

liquid crystal systems. 

 Additionally, the SmA-N transition has also been reviewed from the high 

resolution density data which is very much useful in determining the order 

character of the same. Nevertheless the outcomes of density measurements have 

also been compared with high resolution birefringence measurements and these 

two sets of data show a very good agreement. Finally, this induced binary system 

endows with two tricritical points (TCP) located at x7CB = 0.232 and 0.627 on both 

sides of phase diagram at which the SmA-N transition changes its character from 

second order to first order. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

   Chapter 6 

   204 | P a g e  
 

References 

[1]      E. Gulari, B. Chu, Density of methoxybenzylidene butylaniline about the 

isotropic–nematic phase transition, J. Chem. Phys., 62, 795 (1975).  

[2] S. Torza, P.E. Cladis, Volumetric Study of the Nematic-Smectic-A 

Transition of N− p− Cyanobenzylidene− p− Octyloxyaniline, Phys. Rev. 

Lett., 32, 1406 (1974). 

[3] B. Bahadur, Specific volume studies on some nematic liquid crystals, Z. 

Naturforsch., 30a, 1094 (1975). 

[4] W. Maier, A. Saupe, Eine einfache molekular-statistische theorie der 

nematischen kristallinflüssigen phase. Teil II, Z. Naturforsch., 15a, 287 

(1960). 

[5] M.J. Press, A.S. Arrott, Expansion coefficient of methoxybenzylidene 

butylaniline through the liquid-crystal phase transition, Phys. Rev. A, 8,  

1459 (1973).  

[6] D. Armitage, F.P. Price, Volumetric behavior of liquid crystal Np-

cyanobenzylidene-p-octyloxyaniline, Mol. Cryst. Liq. Cryst., 38, 229, 

(1977). 

[7] I. Zgura, R. Moldovan, T. Beica, S. Frunza, Temperature dependence of the 

density of some liquid crystals in the alkyl cyanobiphenyl series, Cryst. 

Res. Technol., 44(8), 883 (2009). 

[8] D. Demus, J. Goodbye, G.W. Gray, H.-W. Spiess (eds.), Handbook of 

liquid crystals, Vol 1, V. Vill, Wiley-VCI, Weinheim, New York, Chiche, 

Brisbane, Singapore, Toronto (1998).  

[9] D. Armitage, F.P. Price, Volumetric study of the nematic-isotropic 

pretransition region, Phys. Rev. A, 15, 2496 (1977). 

[10] A.J. Leadbetter, J.L.A. Durant, M. Rugman, The density of 4 n-octyl-4-

cyano-biphenyl (8CB), Mol. Cryst. Liq. Cryst. Lett., 34, 231 (1977). 

[11] D.A. Dunmur, W.H. Miller, Volumetric studies of the homologous series of 

alkyl-cyano-biphenyl liquid crystals, J. Phys. Coll. (Paris), 40, C3-141 

(1979). 

[12] H.R. Zeller, Dielectric relaxation in nematics and Doolittle's law, Phys. 

Rev. A, 26, 1785 (1982). 



 

   Chapter 6 

   205 | P a g e  
 

[13] T. Beica, R. Moldovan, I. Zgura, S. Frunza, Interfacial tension of some 

liquid crystals in the cyanobiphenyl series at the interface with glycerol, J. 

Opt. Adv. Mater., 11, 3624 (2007).  

[14] J. Deschamps, J.P.M. Trusler, G. Jackson, Vapor pressure and density of 

thermotropic liquid crystals: MBBA, 5CB, and novel fluorinated 

mesogens, J. Phys. Chem. B, 112, 3918 (2008). 

[15] G.A. Oweimreen, The effect of quasispherical solutes on the smectic-a− 

nematic and nematic− isotropic phase equilibria in pn-alkyl-p'-

cyanobiphenyl liquid crystals, J. Phys. Chem. B, 105, 8410 (2001). 

[16] M.K. Das, R. Paul, Optical birefringence, density and order parameter of an 

ester-biphenyl mixture exhibiting an injected smectic phase, Phase 

Transit.,  46, 185 (1994). 

[17] A. Zywocinski, S.A. Wieczorek, J. Stecki, High-resolution volumetric 

study of the smectic-A -to-nematic transition in 4-(n-pentyl)phenylthiol-4'-

(n-octyloxy)benzoate (SSS) and octyloxycyanobiphenyl (8OCB), Phys. 

Rev. A, 36, 190 (1987). 

[18] J. Lalitha Kumari, P.V. Datta Prasad, M.R.N. Rao, D. Madhavilatha, 

V.G.K.M. Pisipati, Synthesis, characterization and phase transition studies 

across different liquid crystalline phases in nO.O4 compounds, Phase 

Transit., 84(7), 639 (2011). 

[19] A. Zywocinski, Spinodal temperatures at the nematic to isotropic phase 

transition from precise volumetric measurements, J. Phys. Chem. B, 107, 

9491 (2003). 

[20] J. Salud, P. Cusmin, M.R. de la Fuente, M.A. Perez-Jubindo, D.O. Lopez, 

S. Diez-Berart, Study of the critical behavior and scaling relationships at 

the N-to-I phase transition in hexyloxycyanobiphenyl, J. Phys. Chem. B, 

113, 15967 (2009). 

[21] P. Cusmin, M.R. de la Fuente, J. Salud, M.A. Pe´rez-Jubindo, S. Diez-

Berart, D.O. Lo´pez, Critical behavior and scaling relationships at the 

smad-n and n-i transitions in nonyloxycyanobiphenyl (9OCB), J. Phys. 

Chem. B, 111, 8974 (2007). 

[22] P. Cusmin, J. Salud, D.O. Lopez, S. Diez-Berart, M.R. de la Fuente, M.A. 

Pe´rez-Jubindo, N. Veglio, Overall analysis of first-order phase transitions 



 

   Chapter 6 

   206 | P a g e  
 

in some alkyloxycyanobiphenyl liquid crystals, Liq. Cryst., 35(6), 695 

(2008). 

[23] W.H. de Jeu, L. Longa, D. Demus, Simple model of induced smectic 

phases in binary mixtures of liquid crystals, J. Chem. Phys., 84, 6410 

(1986). 

[24] L.K.M. Chen, G.W. Gray, D. Lacey, S. Srilhauratana, K.L. Toyne, 

Reentrant nematic and injected smectic behaviour in binary mixtures 

including those of terminally non-polar compounds, Mol. Cryst. Liq. 

Cryst., 150, 335 (1987). 

[25] K. Araya, Y. Matsunaga, Liquid crystal formation in binary systems. II. 

Induction of nematic and smectic phases by electron donor-acceptor 

interaction between the p-dimethylamino and p-nitro derivatives of n-

benzylideneaniline, Bull. Chem. Soc. Jap., 53, 3079 (1980). 

[26] N.K. Sharma, G. Pelzl, D. Demus, W. Weissflog, EDA complexes from 2 

liquid-crystal components, Z. Phys. Chem., 261, 579 (1980). 

[27] M.K. Das, R. Paul, D.A. Dunmur, Small angle x-ray diffraction studies of 

an ester/biphenyl mixture (5CB/ME 50.5) showing an injected smectic 

phase, Mol. Cryst. Liq. Cryst., 258, 239 (1995). 

[28] S. Garg, T. Spears, Dielectric properties of a nematic binary mixture, Mol. 

Cryst. Liq. Cryst., 409, 335 (2004). 

[29] P.D. Roy, S. Paul, M.K. Das, Dielectric permittivity studies of nematogenic 

compounds and their binary mixtures showing induced smectic Ad phase, 

Phase Transit., 79, 323 (2006). 

[30] P.D. Roy, A. Prasad, M.K. Das, Study of the physical properties of a 

mesogenic mixture showing induced smectic Ad phase by refractive index, 

density and x-ray diffraction measurements, J. Phys.: Condens. Matter, 21, 

075106 (2009). 

[31] P.G. de Gennes, J. Prost, The physics of liquid crystals, Clarendon Press, 

Oxford (1993). 

[32] S. Chandrasekhar, Liquid Crystals, Cambridge University press, 

Cambridge (1992). 

[33] P.K. Mukherjee, The TNI –T* puzzle of the nematic–isotropic phase 

transition, J. Phys.: Condens. Matter, 10, 9191 (1998). 



 

   Chapter 6 

   207 | P a g e  
 

[34] M.A. Anisimov, Critical phenomena in liquids and liquid crystals, Gordon 

and Breach, Philadelphia (1991). 

[35] E.F. Gramsbergen, L. Longa W.H. de Jeu, Landau theory of the nematic-

isotropic phase transition, Phys. Rep., 135, 195 (1986) 

[36] S. Singh, Phase transitions in liquid crystals, Phys. Rep., 324, 107 (2000).  

[37] P.K. Mukherjee, T.R. Bose, D. Ghose, M. Saha, Inclusion of density 

variation in the Landau–de Gennes theory of the nematic-isotropic phase 

transition, Phys. Rev. E, 51, 4570 (1995). 

[38] A. Drozd-Rzoska, S.J. Rzoska, J. Zioło, Critical behavior of dielectric 

permittivity in the isotropic phase of nematogens, Phys. Rev. E, 54(6), 6452 

(1996). 

[39] S. Yildiz, H. Ozbek, C. Glorieux, J. Thoen, Critical behaviour at the 

isotropic–nematic and nematic–smectic A phase transitions of 4-

butyloxyphenyl 4'-decyloxybenzoate liquid crystal from refractive index 

data. Liq. Cryst., 34(5), 611 (2007). 

[40] M.A. Anisimov, S.R. Garber, V.S. Esipov, V.M. Mamnitskii, G.I. Ovodov, 

L.A. Smolenko, E.L. Sorkin, Anomaly of the specific heat and the nature of 

the phase transition from an isotropic liquid to a nematic liquid crystal, Sov. 

Phys. JETP., 45, 1042 (1977). 

[41] P.K. Mukherjee, Isotropic to smectic-A phase transition: A review, J. Mol. 

Liq., 190, 99 (2014). 

[42] F.V. Chavez, R.H. Acosta, D.J. Pusil, Molecular dynamics above the 

smectic A-isotropic phase transition of thermotropic liquid crystals studied 

by NMR, Chem. Phys. Lett., 392, 403 (2004). 

[43] S.G. Polushin, V.B. Rogozhin, E.I. Ryumtsev, A.V. Lezov, The Kerr effect 

in the vicinity of the transition from the isotropic to smectic a phase, Russ. 

J. Phys. Chem., 80, 1016 (2006). 

[44] G. Cordoyiannis, L.F.V. Pinto, M.H. Godinho, C. Glorieux, J. Thoen, 

High-resolution calorimetric study of the phase transitions of 

tridecylcyanobiphenyl and tetradecylcyanobiphenyl liquid crystals, Phase 

Transit., 82, 280 (2009). 

[45] D. Demus, L. Richter, Textures of liquid crystals, Verlag Chemie, 

Weinheim (1978). 



 

   Chapter 6 

   208 | P a g e  
 

[46] I. Dierking, Textures of liquid crystals, Wiley-VCH, Weinheim (2003). 

[47] B.R. Rajeswari, P. Pardhasaradhi, M.R.N. Rao, P.V. Datta Prasad, D. 

Madhavi Latha, V.G.K.M. Pisipati, Phase transition studies in (p-n-

phenylbenzylidene)-p-alkoxy anilines, J. Therm. Anal. Calorim., 111, 561 

(2013). 

[48] P.V. Datta Prasad, M.R.N. Rao, V.G.K.M. Pisipati, Phase transition studies 

in liquid crystals across i-n and n-sc phases in alkoxy benzoic acids – 

density measurements, Mol. Cryst. Liq. Cryst., 511, 112/[1582] (2009). 

[49] A.A. Barbosa, A.J. Palangana, Comparison between densitometer and 

dilatometer measurements in liquid-crystal phases, Phys. Rev. E, 56(2), 

2295 (1997). 

[50] K. Fakruddin, R. Jeevan Kumar, V.G.K.M. Pisipati, D. Madhavi Latha,  

B.T.P. Madhav,  P.V. Datta Prasad, Phase transitions and thermodynamic 

parameters of n-(p-n-octyloxybenzylidene)-p-nalkoxyanilines— a 

dilatometric study, Mol. Cryst. Liq. Cryst., 524, 102 (2010). 

[51] E. Anesta, G.S. Iannacchione, C.W. Garland, Critical linear thermal 

expansion in the smectic-A phase near the nematic-smectic phase 

transition, Phys. Rev. E, 70, 041703 (2004). 

[52] A. Zywociński, SA Wieczorek, High-resolution volumetric study of the 

smectic-A-smectic-C transition in 4-(n-pentyl)phenylthio-4'-(n-

octyl)oxybenzoate (8S5), Phys. Rev. A, 31, 479 (1985). 

[53] A.B. Pippard, Thermodynamic relations applicable near a lambda-

transition, Philos. Mag., 1, 473 (1956). 

[54] C.W. Garland, Generalized Pippard equations, J. Chem. Phys., , 41, 1005 

(1964). 

[55] P.H. Keyes, Tricritical behavior at the isotropic-nematic transition, Phys. 

Lett. A, 67, 132 (1978). 

[56] P.R. Bevington, Data reduction and error analysis for the Physical 

Sciences, McGraw Hill, New York (1969). 

[57] M.A. Anisimov, Universality of the critical dynamics and the nature of the 

nematic-isotropic phase transition, Mol. Cryst. Liq. Cryst., 146, 435 (1987). 

[58] C. Rosenblatt, Evidence for classical critical behavior at the nematic-

isotropic phase transition, Phys. Rev. A, 27, 1234 (1983). 



 

   Chapter 6 

   209 | P a g e  
 

[59] A.J. Nicastro, P.H. Keyes, Electric-field-induced critical phenomena at the 

nematic-isotropic transition and the nematic-isotropic critical point, Phys. 

Rev. A, 30, 3156 (1984). 

[60] P.V. Kolinsky, B.R. Jennings, Optical Kerr effect in the isotropic phase of 

various alkyl-cyanobiphenyl homologues, Mol. Phys., 40, 979 (1980). 

[61] G. Czechowski, J. Jadzyn, J. Zioło, S.J. Rzoska, M. Paluch, Linear and 

non-linear dielectric pretransitional behavior near the isotropic-nematic 

phase transition for 4-cyano-4-n-pentylbiphenyl (5CB), Z. Naturforsch. A, 

46, 244 (2002). 

[62] A. Drozd-Rzoska, S. J. Rzoska, K. Czupryn´ski, Phase transitions from the 

isotropic liquid to liquid crystalline mesophases studied by linear and 

nonlinear static dielectric permittivity, Phys. Rev. E, 61, 5355 (2000). 

[63] S.J. Rzoska, J. Zioło, W. Sułkowski, J. Jadzùyn, G. Czechowski, Fluidlike 

behavior of dielectric permittivity in a wide range of temperature above 

and below the nematic-isotropic transition, Phys. Rev. E, 64, 052701 

(2001). 

[64] A. Drozd-Rzoska, Quasicritical behavior of dielectric permittivity in the 

isotropic phase of n-hexyl-cyanobiphenyl in a large range of temperatures 

and pressures, Phys. Rev. E, 59, 5556 (1999). 

[65] J. Thoen, G. Menu, Temperature dependence of the static relative 

permittivity of octylcyanobiphenyl (8CB), Mol. Cryst. Liq. Cryst., 97, 163 

(1983). 

[66] A. Drozd-Rzoska, S.J. Rzoska, J. Zioło, Quasicritical behavior of dielectric 

permittivity in the isotropic phase of smectogenic n-cyanobiphenyls, Phys. 

Rev. E, 61, 5349 (2000). 

[67] S.K. Sarkar, M.K. Das, Critical behavior of dielectric permittivity in the 

vicinity of nematic–isotropic and smectic–nematic phase transitions in 

smectogenic binary mixtures, Fluid Phase Equilib., 365, 41 (2014). 

[68] S.K. Sarkar, M.K. Das, Dielectric studies and critical behaviour in the 

vicinity of nematic–isotropic phase transition of a smectogenic binary 

mixture showing induced nematic phase, Liq. Cryst., 41, 1410 (2014). 



 

   Chapter 6 

   210 | P a g e  
 

[69] S.K. Sarkar, P.C. Barman, M.K. Das, Optical birefringence and its critical 

behavior in the vicinity of nematic–smectic A phase transition in a binary 

mixture, Physica B, 446, 80 (2014). 

[70] S.K. Sarkar, M.K. Das, Order parameter and its critical exponent for some 

binary mixtures showing induced nematic phase, Phase Transit., 89(9), 910 

(2016). 

[71] B.M. Ocko, A. Braslau, P.S. Pershan, J. Als-Nielsen, M. Deutsch, 

Quantized layer growth at liquid-crystal surfaces, Phys. Rev. Lett., 57, 94 

(1986). 

[72] M. Olbrich, H.R. Brand, H. Finkelmann, K. Kawasaki, Fluctuations above 

the smectic-A-isotropic transition in liquid crystalline elastomers under 

external stress, Europhys. Lett., 31, 281 (1995). 

[73] A. Drozd-Rzoska, Influence of measurement frequency on the 

pretransitional behaviour of the no-linear dielectric effect in the isotropic 

phase of liquid crystalline materials, Liq. Cryst., 24, 835 (1998). 

[74] S. Diez, D.O. Lopez, M.R. De la Fuente, M.A. Perez-Jubindo, J. Salud, J. 

Ll. Tamarit, Thermodynamic and dielectric studies concerning the 

influence of cylindrical submicrometer confinement on 

heptyloxycyanobiphenyl, J. Phys. Chem. B, 109, 23209 (2005). 

[75] G.S. Iannacchione, D. Finotello, Specific heat dependence on orientational 

order at cylindrically confined liquid crystal phase transitions, Phys. Rev. 

E, 50, 4780 (1994). 

[76] S. Erkan, M. Cetinkaya, S. Yildiz, H. Ozbek, Critical behavior of a 

nonpolar smectoge from high-resolution birefringence measurements, 

Phys. Rev. E, 86, 041705(1) (2012). 

[77] M.E. Fisher, Renormalization of critical exponents by hidden variables, 

Phys. Rev.176, 257 (1968). 

[78] M.E. Fisher, P.E. Scesney, Renormalization of critical exponents by hidden 

variables, Phys. Rev.A, 2, 825 (1970). 

[79] M.E. Huster,  K.J. Stine, C.W. Garland, Calorimetric study of nematic-

smectic-A tricritical behavior in mixtures of 

heptyloxypentylphenylthiolbenzoate and octyloxycyanobiphenyl, Phys. 

Rev. A, 36, 2364 (1987). 



 

   Chapter 6 

   211 | P a g e  
 

[80] K.J. Stine, C.W. Garland, Calorimetric study of Fisher renormalization of 

tricritical behavior in mixtures of octyloxycyanobiphenyl and terephtal-bis-

butylaniline, Phys. Rev. A, 39, 1482 (1988). 

[81] J. Caerels, C. Glorieux, J. Thoen, Photopyroelectric ac calorimetric study of 

the nematic–smectic-A phase-transition line in binary liquid crystal 

mixtures with injected smectic-A phases, Phys. Rev. E, 65, 031704 (2002). 

[82] M.B. Sied, J. Salud, D.O. Lopez, M.Barrio, J.Ll. Tamarit, Binary mixtures 

of nCB and nOCB liquid crystals. Two experimental evidences for a 

smectic A–nematic tricritical point, Phys. Chem. Chem. Phys., 4, 2587 

(2002). 

 



 

 

 

CHAPTER 7 

Study of the order parameter and its 
critical exponent for some binary 
smectogenic mixtures 

 
 

7.1 Introduction 

Order parameter is one of the key parameters of the liquid crystalline 

materials. It controls almost all the anisotropic properties [1-2] and hence most of 

these properties enable one to determine the order parameter. Diverse 

experimental techniques [3-12] have been developed to determine the orientational 

order parameter for the liquid crystalline phases. Some of the well known methods 

are Vuks method [13] and Neugebauer method [14] in which the isotropic and 

anisotropic local fields experienced by the nematic (N) liquid crystal (LC) 

molecules are considered. Determination of the orientational order parameter is 

simple if the internal field is not considered while consideration of the same makes 

the process slightly difficult compared to the previous one. The internal field 

model necessitates the values of molecular polarizabilities, which may not be 

accurate because the knowledge of molecular symmetry or other related 

parameters are always not known properly. One of the most commonly used 

technique for determining the orientational order parameter without considering 

the local field experienced by the molecule in a liquid crystal phase is the direct 

extrapolation technique [15,16] in which the order parameter is determined from 

the optical anisotropy data only. This excludes the prerequisite of individual 

refractive indices as well as density values and thereby, the determination of the 
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polarizability of the molecule. Another advantage is that absence of local field 

assumption makes the direct extrapolation method suitable for determining the 

order parameter of the LC phases other than the nematic phase.  

On the other hand, dielectric anisotropy () of LCs arises due to the long 

range molecular ordering and the distribution of the molecular dipole moments 

with respect to the director axis. Knowledge of the dielectric anisotropy is 

essential to evaluate the elastic constants of the nematic liquid crystals and to 

comprehend the electric field effects to the LCs. Apart from that, the dielectric 

anisotropy () of LCs is also related to the orientational order parameter, in a 

more or less complicated way. Therefore,  can be used to assess the order 

parameter and its critical behavior near phase transition. 

Moreover, in the study of phase transition, knowledge of the order 

parameter is very important because of its dimensionality, which is an essential 

factor in identifying the possible universality class of the phase transition. Again, 

order parameter makes it possible to formulate a clear explanation of the phase 

transition in various critical systems. The exact nature of the phase transitions can 

be determined from the behavior of order parameter at the phase transition 

temperatures. There are numerous data available in the literature [17-23] which 

concerns the temperature dependence of the order parameter for different liquid 

crystalline phases of pure LC compounds or binary mixtures but the critical 

characteristics of the same in the vicinity of nematic-isotropic (N-I) phase 

transition still grabs some attention. The experimental determination of exact 

universality class of the critical exponents describing critical anomaly at the N-I 

transition is always very interesting. Keyes et al. [24,25] and Anisimov et al. 

[26,27] divulged that the N-I phase transition can be satisfactorily described by 

tricritical like critical exponents while according to Rosenblatt [28] the classical 

mean field critical exponents are also very well suited for the same. This reveals a 

possible ambiguity in determining the critical exponents at the N-I transition. 

Earlier, Haller [29] made an important contribution by giving an idea that the 

nematic order parameter can be described by a simple power law expression with 

an exponent  (known as the order parameter critical exponent) but the 

experimental outcomes reveal that the  values are very much less than the 



 

Chapter 7 

214 | P a g e  
 

theoretical predictions. It has been envisaged that the order parameter critical 

exponent  which is related to the limiting behavior of the order parameter near 

the N-I phase transition should presume any one of the possible theoretically 

predicted values quantitatively 0.25, 0.325 and 0.5 for a tricritical, Ising and 

critical system, respectively. Recently, the order parameter critical exponent and 

its universality class have been investigated from various experimental techniques 

[30-35] and the outcomes are explained within the context of theoretical 

predictions.   

This chapter presents the experimental data on the temperature dependence 

of refractive index and static dielectric permittivity in the isotropic, nematic and 

smectic A phases of the binary mixtures comprising of 5-trans-n-butyl-2-(4-

isothiocyanatophenyl)-1,3-dioxane (4DBT) and 4-cyano-4-n-undecyloxy-

biphenyl (11OCB) [36,37]. This binary system exhibits an induced nematic phase 

within the concentration range 0.100< x4DBT <0.951. From the refractive index 

data, the optical birefringence (n = ne no) has been calculated and hence this 

birefringence data has been used to determine the orientational order parameter of 

the investigated mixtures by a simple extrapolation technique [15,16]. The order 

parameter values obtained experimentally have also been compared with Maier–

Saupe theory [38] for the nematogens and McMillan’s model [39,40] for those 

mixtures showing both the nematic and smectic A phases. 

The order parameter critical exponent () has been extracted from the 

birefringence data by using a Haller type expression but it results systematically 

lower values of the same. Therefore, four parameter power law expressions have 

been employed to determine the exponent  from the birefringence (n) as well as 

dielectric anisotropy () data. Fitting results obtained by applying the Haller type  

fit formula and four parameter model expressions are compared with each other 

and also with the existing theoretical predictions. 

 

7.2 Materials 

The compound 4DBT was obtained from AWAT Co. Ltd., Warsaw, Poland 

and compound 11OCB was purchased from Merck, U.K. and both were used 

without further purification. The chemical names, structural formulae and the 
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phase transition temperatures of the two liquid crystalline compounds are as 

follows: 

Compound 1: 5-trans-n-butyl-2-(4-isothiocyanatophenyl)-1,3-dioxane (4DBT) 

                                   O

O

NCSC4H9

 
                 Cr 61oC SmA 75.2oC I 

Compound 2: 4-cyano-4-n-undecyloxy-biphenyl (11OCB) 

         

CNC11H23O

 

                  Cr 71.5oC SmA 87.5oC I 

Eleven mixtures were prepared having mole fraction of 4DBT equal to 0.100, 

0.208, 0.291, 0.393, 0.491, 0.592, 0.665, 0.707, 0.787, 0.884 and 0.951. The 

nature of the different phases and corresponding phase transition temperatures 

were determined by a polarizing optical microscope (Motic BA 300) equipped 

with a Mettler FP900 hot stage. 

 

7.3 Phase diagram 

The compound 4DBT has a monolayer smectic A1 phase while the second 

one i.e. 11OCB has a partially bilayer smectic Ad phase. When these two 

smectogens are mixed together, their mixtures show the presence of both the 

nematic and smectic A phases in a certain concentration range. Figure 7.1 depicts 

the phase diagram of the binary system of 4DBT+11OCB as obtained from the 

polarizing optical microscopy [36,37]. An induced nematic phase emerges in the 

phase diagram within the concentration range of 0.100< x4DBT <0.951 even if both 

the pure compounds are purely smectogenic. The clearing temperature of the 

mixtures decreases significantly compared to the pure compounds. Near the centre 

of the phase diagram, the induced nematic region gets wider and the most stable 

nematic phase is observed at about x4DBT = 0.665. A complete suppression of the 

smectic phase is observed in the concentration range 0.291< x4DBT <0.707 where 

only the nematic phase is present. 
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Figure 7.1 Phase diagram of the binary system of 4DBT+11OCB. x4DBT is the 
mole fraction of 4DBT. ()- nematic to isotropic (or smectic A to isotropic) phase 
transition temperature; (■)- smectic A to nematic phase transition temperature.  
 

7.4 Refractive index measurements 

The extraordinary and ordinary refractive indices for the mixtures under 

study have been measured by thin prism technique [20] at  = 632.8nm with an 

accuracy of ±0.0006. The temperature variation of two principal refractive indices 

in the nematic and smectic A phases are shown in Figure 7.2(a-i). In the isotropic 

(I) phase, the measured refractive index (niso) do not show any significant change 

with respect to the change in temperature. But in the vicinity of nematic-isotropic 

(N-I) phase transition, the isotropic refractive index splits into two parts, i.e. one 

with higher and another with lower values than the isotropic value corresponding 

to the extraordinary (ne) and ordinary (no) refractive indices, respectively. The 

extraordinary component ne strongly depends on temperature in the whole 
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mesomorphic range while the ordinary component no exhibits weak temperature 

dependence but near the nematic-isotropic (N-I) transition, it increases slowly with 

increases in the temperature. Moreover, the smectic A-nematic (SmA-N) transition 

is accompanied by a continuous change in the two refractive indices for all the 

investigated mixtures except x4DBT = 0.884, for which a sharp discontinuity in the 

ne and no values have been clearly observed near the SmA-N transition 

temperature (TSN). Temperature dependence of optical birefringence (n = ne no) 

for the studied mixtures are also shown in the respective figures. It is quite evident 

that the relatively higher value of n in the smectic A phase compared to nematic 

phase is due to the increased molecular ordering, which results in an enhanced 

optical anisotropy. Nevertheless, the temperature variation of n in the smectic A 

phase is comparatively sluggish with respect to that in the nematic phase. 
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Figure 7.2(a) Refractive indices (ne, no) and birefringence (n = ne-no) as a 
function of temperature for x4DBT = 0.208. Solid arrow and dashed arrow denote 
the nematic-isotropic (TNI) and smectic A-nematic (TSN) transition temperatures 
respectively. The solid lines are fit to Equation (7.3). 



 

Chapter 7 

218 | P a g e  
 

320 330 340

1.5

1.6

1.7

0.0

0.1

0.2

0.3

T
SNn

n
e,

 n
o

T in K

(b)

ne

no

x4DBT = 0.291

T
NI

 

 

niso


n

 

320 330 340
1.5

1.6

1.7

0.0

0.1

0.2

0.3

T
NIn

n e
, n

o

T in K

(c)

ne

no

x4DBT = 0.393

niso


n

 

 

 

Figure 7.2(b-c) Refractive indices (ne, no) and birefringence (n = ne-no) as a 
function of temperature for (b) x4DBT = 0.291 and (c) x4DBT = 0.393. Solid arrow 
and dashed arrow denote the nematic-isotropic (TNI) and smectic A-nematic (TSN) 
transition temperatures respectively. The solid lines are fit to Equation (7.3). 
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Figure 7.2(d-e) Refractive indices (ne, no) and birefringence (n = ne-no) as a 
function of temperature for (d) x4DBT = 0.491 and (e) x4DBT = 0.592. Solid arrow 
denotes nematic-isotropic transition (TNI) temperature. The solid lines are fit to 
Equation (7.3). 
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Figure 7.2(f-g) Refractive indices (ne, no) and birefringence (n = ne-no) as a 
function of temperature for (f) x4DBT = 0.665 and (g) x4DBT = 0.707. Solid arrow 
and dashed arrow denote the nematic-isotropic (TNI) and smectic A-nematic (TSN) 
transition temperatures respectively. The solid lines are fit to Equation (7.3). 
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Figure 7.2(h-i) Refractive indices (ne, no) and birefringence (n = ne-no) as a 
function of temperature for (h) x4DBT = 0.787 and (i) x4DBT = 0.884. Solid arrow 
and dashed arrow denote the nematic-isotropic (TNI) and smectic A-nematic (TSN) 
transition temperatures respectively. The solid lines are fit to Equation (7.3). 
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7.5 Determination of the orientational order parameter  

A simple but very useful technique has been used to determine the 

orientational order parameter (<P2>) for some of the mixtures under study. 

According to de Gennes [1], the anisotropy of any physical quantity can be a 

measure of the orientational order. Furthermore, de Jeu [2] have shown that the 

optical anisotropy i.e. birefringence (n) can be used for this purpose. Kuczynski 

et al. [15,16] have also proposed a simple procedure to determine the order 

parameter directly from the birefringence (n) data. This procedure does not 

consider any internal field to the LC molecule, so it can be applied to evaluate the 

order parameter of any higher order phase other than the nematic phase. The 

temperature dependence of optical birefringence (n) has been fitted according to 

the following Haller’s type equation [29]: 

                                       

β

0
NI

T
Δn = Δn 1

T

 
 
 
 

                                            (7.1) 

n0 is the extrapolated birefringence in the perfectly ordered state (i.e. at T=0K) 

and  is the critical exponent. Therefore, the orientational order parameter <P2> 

can be determined by the relation [2] 

                                          2
0

Δn
P  =  

Δn                                                     (7.2) 

Equation (7.1) and (7.2) can be used to determine the orientational order 

parameter. Since all the mixtures under study have nematic phase and the 

temperature variation of n is different for different phases, fitting has been 

carried out by considering the n data in the nematic phase only. In Figure 7.3(a-

i), the orientational order parameter is presented as a function of temperature for 

the investigated mixtures. It has been observed that near the N-I transition 

temperature (TNI) the order parameter increases sharply, indiacting a first order 

nature of the N-I phase transition. As the temperature decreases, a gradual increase 

in <P2> has been clearly observed, which is associated with the enhanced 

molecular ordering in the nematic and smectic A phase. 
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Figure 7.3(a-b) Temperature dependence of order parameter (<P2>) for (a) x4DBT 
= 0.208 and (b) x4DBT = 0.291. Solid arrow and dashed arrow denote the nematic-
isotropic (TNI) and smectic A-nematic (TSN) transition temperatures respectively. 
The solid line represents <P2> from the McMillan’s theory. 
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Figure 7.3(c-d) Temperature dependence of order parameter (<P2>) for (c) x4DBT = 
0.393 and (d) x4DBT = 0.491. Solid arrow denotes the nematic-isotropic (TNI) 
transition temperature. The solid line represents <P2> from the Maier-Saupe 
theory. 
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Figure 7.3(e-f) Temperature dependence of order parameter (<P2>) for (e) x4DBT = 
0.592 and (f) x4DBT = 0.665. Solid arrow denotes the nematic-isotropic (TNI) 
transition temperature. The solid line represents <P2> from the Maier-Saupe 
theory. 
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Figure 7.3(g-h) Temperature dependence of order parameter (<P2>) for (g) x4DBT 
= 0.707 and (h) x4DBT = 0.787. Solid arrow and dashed arrow denote the nematic-
isotropic (TNI) and smectic A-nematic (TSN) transition temperatures respectively. 
The solid line represents <P2> from the McMillan’s theory. 
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Figure 7.3(i) Temperature dependence of order parameter (<P2>) for x4DBT = 
0.884. Solid arrow and dashed arrow denote the nematic-isotropic (TNI) and 
smectic A-nematic (TSN) transition temperatures respectively. The solid line 
represents <P2> from the McMillan’s theory. 
 

In the vicinity of smectic A-nematic (SmA-N) phase transition, all the mixtures 

under study exhibit a continuous change in order parameter value except for x4DBT 

= 0.884. For this concentration, a sharp change in the order parameter value near 

the SmA-N transition temperature (TSN) has been detected, signaling a first order 

nature of the SmA-N phase transition while in the rest of the mixtures SmA-N 

transition is second order in nature. The calculated orientational order parameter 

(<P2>) has also been compared with the same obtained from Maier-Saupe [38] and 

McMillan theory [39,40]. At very close to the clearing temperature the 

experimental <P2> values fall quicker than those predicted by Maier-Saupe and 

the quality of agreement between the theoretical and experimental <P2> value is 

poor. This type of variation of the order parameter values near the N-I transition 

has also been reported by others [20,41-44]. But far from the clearing temperature, 

the experimental <P2> values can be well portrayed by the theoretical curves for 
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most of the investigated mixtures and the conformity between the two sets of 

values is fairly good. The best fitted theoretical curves which was obtained by 

changing the parameter  and of the McMillan potential (discussed in detail in 

chapter 2 of this thesis) corresponding to the experimentally obtained order 

parameter are presented in Figure 7.3(a), (b) and (g)-(i). The parameter δ in 

McMillan’s theory [39,40] being the ratio of the translational to the orientational 

part of the potential, may be assumed to be almost constant with concentration 

(= 0.95 produces best fit in this case). On the other hand, the parameter  varies 

from 0.3125 to 0.3553 for the different concentrations having smectic A phase. 

The fit parameters n0 and  for different concentrations are listed in the 

Table 7.1. The value of the order parameter critical exponent  as obtained from 

the fitting of n data was found to lie in the range 0.161 to 0.203, which is 

definitely smaller than any of the theoretical predictions. Although, the Haller’s 

type equation is widely used [45-50] in treating the optical anisotropy or the 

polarizability anisotropy data, it is incompatible with the weakly first order 

character of the N-I transition [30,51-55], as it envisages a continuous decrease of 

the order parameter at the clearing temperature. 

Table 7.1 Value of the fitting parameters n0 and  obtained from the fit to 
Haller’s type Equation (7.1). 

x4DBT n0  

0.208 0.277±0.025 0.161±0.019 

0.291 0.265±0.016 0.188±0.007 

0.393 0.320±0.002 0.190±0.002 

0.491 0.262±0.003 0.191±0.003 

0.592 0.269±0.012 0.193±0.007 

0.665 0.310±0.016 0.203±0.010 

0.707 0.294±0.004 0.196±0.004 

0.787 0.334±0.004 0.200±0.003 

0.884 0.341±0.017 0.194±0.012 

 

Recently, a four parameter power-law expression [31], consistent with the 

mean-field theory for critical as well as tricritical behavior of the weakly first-



 

Chapter 7 

229 | P a g e  
 

order transition, has been introduced to surpass the difficulty encountered in the 

Haller’s model and expressed in the following form:  

                            
βT

D = A[B + (1 B)(1 ) ]
T**

                                      (7.3) 

where D is the physical parameter under consideration (birefringence in this case),  

A is a term which entails the molecular polarizability and the nematic order 

parameter, is the order parameter critical exponent, T** is the effective second-

order transition temperature seen from below the clearing temperature and B is a 

fit parameter. The solid lines in Figure 7.2 (a-i) represent the four parameter fit to 

the birefringence (n) data. The fitting has been performed in the nematic phase 

only and extrapolated to the smectic A phase. Table 7.2 lists the different fit 

parameters obtained from the fitting of experimental n data to Equation (7.3). It 

has been observed that the order parameter critical exponent  has the values 

ranging between 0.239 and 0.254 within the error limit. The consistency of the  

value is especially very important because it describes the global behavior of the 

nematic order parameter. For x4DBT = 0.592, fitting yields 0.249±0.009 which 

represents the closest approach to the theoretically predicted tricritical value of 

0.25 [24-27] and strongly supports the tricritical nature of the N-I phase transition. 

Hence, the four parameter power law expression works better than the three 

parameter Haller’s type expression as far as the  value is concerned. 
 

Table 7.2 Values of the fitting parameters , B, T** and  obtained from the four 
parameter fit. 

x4DBT A B T**(K)  

0.208 0.236±0.010 0.421±0.011 347.9±0.7 0.239±0.011 

0.291 0.345±0.006 0.002±0.001 343.5±0.1 0.253±0.008 

0.393 0.280±0.012 0.286±0.007 339.0±0.6 0.247±0.008 

0.491 0.282±0.011 0.110±0.001 335.9±0.8 0.254±0.001 

0.592 0.320±0.005 0.005±0.001 334.2±0.6 0.249±0.009 

0.665 0.332±0.004 0.081±0.002 333.1±0.9 0.252±0.007 

0.707 0.329±0.012 0.049±0.003 332.6±0.1 0.248±0.008 

0.787 0.366±0.004 0.102±0.002 333.0±0.2 0.252±0.007 

0.884 0.255±0.050 0.414±0.008 336.9±0.7 0.248±0.011 
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7.6 Static dielectric parameter measurements 

The temperature variation of the static dielectric permittivity ,  in the 

mesophases and iso in the isotropic phase for the studied mixtures [37] are 

presented in Figure 7.4(a-i). The average dielectric permittivity av= (+2)/3 

calculated from the measured values of  and  is also shown in the respective 

figures. The perpendicular component of the dielectric permittivity i.e.  follows 

almost identical trend with decreasing temperature for all the mixtures while the 

parallel component i.e.  follows a reverse trend as that of . But for the two 

concentrations x4DBT = 0.787 and 0.884, a slight decrease of  has been observed 

in the SmA phase relative to the nematic phase. All the mixtures exhibit a large 

positive dielectric anisotropy (>0) due to the presence of terminal polar end 

groups (NCS and CN) in the two pure compounds. As far as the dielectric 

anisotropy is concerned, all the mixtures exhibiting induced nematic phase show 

no appreciable jump in the vicinity of smectic A-nematic (SmA-N) phase 

transition temperature except x4DBT = 0.787 which shows a noticeable change in 

 near the SmA-N transition temperature. 
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Figure 7.4(a) Temperature variation of the dielectric parameters for x4DBT = 0.208. 
Solid arrow and dashed arrow indicate nematic–isotropic (TNI) and smectic A–
nematic (TSN) phase transition temperatures respectively. 
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Figure 7.4(b-c) Temperature variation of the dielectric parameters for (b) x4DBT = 
0.291 and (c) x4DBT = 0.393. Solid arrow and dashed arrow indicate nematic–
isotropic (TNI) and smectic A–nematic (TSN) phase transition temperatures 
respectively. 
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Figure 7.4(d-e) Temperature variation of the dielectric parameters for (d) x4DBT = 
0.491 and (e) x4DBT = 0.592. Solid arrow indicates nematic–isotropic phase 
transition temperature (TNI). 
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Figure 7.4(f-g) Temperature variation of the dielectric parameters for (f) x4DBT = 
0.665 and (g) x4DBT = 0.707. Solid arrow and dashed arrow indicate nematic–
isotropic (TNI) and smectic A–nematic (TSN) phase transition temperatures 
respectively. 
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Figure 7.4(h-i) Temperature variation of the dielectric parameters for (h) x4DBT = 
0.787 and (i) x4DBT = 0.884. Solid arrow and dashed arrow indicate nematic–
isotropic (TNI) and smectic A–nematic (TSN) phase transition temperatures 
respectively. 
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Moreover, the dielectric anisotropy () depends on the degree of parallel 

alignment of the adjacent LC molecules, which makes the dependence on order 

parameter particularly important. Maier and Meier [56] have given a 

comprehensive idea about the relation between the order parameter and dielectric 

anisotropy but it requires the temperature dependence of density as well as the 

polarizability anisotropy data similar to the optical method. Further, de Jeu and 

Bordewijk [57] argued that the  data can be used to evaluate order parameter if 

a particular local field is applied to the LC molecules. Also it is well known that 

any kind of anisotropy is related to the order parameter, so the dielectric 

anisotropy () is directly proportional to the order parameter and can also be used 

to determine the order parameter critical exponent  which is an important 

parameter to check the tricritical nature of the N-I transition. The  data 

calculated from the difference between the  and  data have been parameterized 

according to the following expression [30,58,59]: 

                                       
β

1
Δε = Δε**+B (T** T)                                  (7.4) 

where B1 is an adjustable parameter, ** is the dieletric anisotropy at T** which 

is greater than the clearing temperature (TNI). The fitting to dielectric anisotropy 

() data for a representative mixture x4DBT = 0.665 is shown in Figure 7.5. It has 

been found that the Equation (7.4) described very well the experimental  data 

points. For all the mixtures showing induced nematic phase the fitting were 

performed considering the data points of the nematic phase only and the fit 

parameters are listed in Table 7.3. The order parameter critical exponent  lies in 

between 0.225 to 0.253 [37] which excludes the higher theoretical mean field 

value ( = 1/2) and also smaller than the non classical value ( = 1/3), supporting 

the tricritical nature of the nematic-isotropic (N-I) phase transition. In the inset of 

Figure 7.5 a plot of log10 (**) as a function of log10 (T**T) is shown for 

x4DBT = 0.665. It is quite evident from the figure that the log-log plot exihibits a 

straight line, the slope of which is the order parameter critical exponent. Again the 

βvalue is found nearly equal to 0.255 which is very close to the tricritical value 

(= 0.25). Such an outcome has also appeared to be in well agreement with those 

obtained from the analysis of the birefringence (Δn) data earlier. Therefore, taking 
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into account the margin of error the obtained  values are almost fully compatible 

with the tricritical hypothesis (= 0.25). 
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Figure 7.5 Measured dielectric anisotropy () as a function of temperature for 
the mixture x4DBT = 0.665. Dotted lower head arrow indicates the temperature T**. 
The inset shows a double logarithmic plot of (**) vs (T**T). The dashed 
lines are fit to the data points according to the Equation (7.4). 
 

Table 7.3 Values of the fitting parameters obtained from the fit to Equation (7.4). 
x4DBT ** B1 T** in K 
0.208 

0.291 

0.393 

4.05±0.15 2.32±0.15 347.5±0.07 0.225±0.014

3.55±0.73 2.51±0.59 344.1±0.33 0.248±0.033

2.17±0.40 3.11±0.32 339.5±0.15 0.250±0.014

0.491 2.14±0.42 3.73±0.34 336.6±0.13 0.248±0.013

0.592 2.35±0.11 4.00±0.10 334.1±0.02 0.250±0.005

0.665 2.17±0.29 4.09±0.23 333.4±0.09 0.247±0.008

0.700 1.56±0.12 4.25±0.77 333.2±0.51 0.242±0.059

0.787 2.96±1.47 4.29±1.20 333.5±0.38 0.253±0.042

0.884 5.43±1.01 2.77±1.31 336.8±0.88 0.235±0.041
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7.7 Conclusion 

A detailed study on the orientational order parameter (<P2>) has been 

performed for some mixtures of two smectogenic compounds exhibiting induced 

nematic phase by means of refractive index measurements. For this, a direct 

extrapolation technique has been adopted which provides a very simple way to 

determine the orientational order parameter excluding the requirement of 

polarizability anisotropy as well as density values. The experimentally determined 

<P2> values have been compared with McMillan’s theory in the smectic A phase 

and Maier–Saupe theory in the nematic phase. Haller’s type fitting expression 

results in a very low value of the critical exponent  differing from the theoretical 

values by a considerable margin, whereas the four parameter fitting expressions, 

consistent with the mean field theory, describes the critical behavior of the order 

parameter near the N-I transition with a  value close to 0.25. So, the nematic 

order parameter presents a unique behavior with a critical exponent in accordance 

with the tricritical hypothesis. Within the experimental uncertainty, the order 

parameter critical exponent  obtained from the fitting of dielectric anisotropy 

() data revealed to be in excellent agreement with those previously obtained 

from the optical anisotropy (n) data.  
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CHAPTER 8 

Measurement of splay elastic constant 
and rotational viscosity for some 
mixtures of an induced nematic system 

 
 

8.1 Introduction  

Liquid crystal (LC) plays a very important role both in the fundamental and 

applied aspects [1,2] of soft condensed matter. It exhibits unique phase transitions 

and thermal properties that make them very useful for different potential 

applications. Several attempts have been made to study the physical properties of 

both pure compounds as well as their mixtures [3-11] for a better insight into their 

mesomorphic behavior. However, these types of studies are still open and need to 

be investigated. Study of the different thermal parameters of LCs such as splay 

elastic constant (K11), threshold voltage (Vth), relaxation time (0), rotational 

viscosity (1) etc. still grasp a scope for improvement. These mesomorphic 

properties provide important information about the molecular orientations and 

their interactions in the mesophases. On the other hand, knowledge of temperature 

variation of elastic constant, relaxation time and rotational viscosity are of 

immense significance for the practical applications of LCs [12-14].  

LC compounds are very sensitive to external perturbations (electric or 

magnetic field) and their physical properties can be suitably tuned by preparing 

binary mixtures. Mixture formulation modifies the range of certain phases along 

with a substantial change in the thermal parameters of the same compared to the 

pure liquid crystalline compounds. Basically there is considerable interest in 
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studying the behavior of binary mixtures because of the insight they offer in 

different areas, such as testing the phase transition phenomena, understanding the 

interaction of molecules, and providing the idea about microscopic structure of the 

ordered state and order parameter fluctuations. Thus, the dynamics of the phase 

behavior, phase transitions and structure formation in mesogenic mixtures are the 

fundamental aspect of liquid crystal science and technology. 

Although, impressive experimental studies have been performed to derive 

the temperature dependence of K11, 0, 1 etc. but a detailed study on an induced 

nematic binary system is scanty. In this context, it is interesting to study the 

different physical properties of a binary system whose individual components are 

purely smectogenic. In this chapter the splay elastic constant (K11), relaxation time 

(0) as well as the rotational viscosity (1) have been presented for some mixtures 

of an induced nematic binary system comprising of 5-trans-n-butyl-2-(4-

isothiocyanatophenyl)-1,3-dioxane (4DBT) and 4-cyano-4-n-undecyloxy-

biphenyl (11OCB) [15]. By using the dielectric anisotropy () data of the 

respective mixtures (as reported in the chapter 7 of this thesis) the K11 values have 

been determined with the help of electric field induced Freedericksz transition [16-

21]. Moreover, a capacitive decay method [22,23] has also been employed to 

extract the relaxation time (0) and hence the rotational viscosity (1) of the 

investigated mixtures. 

 

8.2 Splay elastic constant measurements 

Electric field induced Freedericksz transition [16-21] of a planner aligned 

sample has been used to evaluate the splay elastic constant (K11) for the studied 

mixtures. All the mixtures exhibit positive dielectric anisotropy (>0) throughout 

the entire mesomorphic range. Hence, application of an external electric field 

causes a reorientation of the molecules from planar to homeotropic alignment. 

With increasing the applied field, the capacitance of the LC filled cell increases 

from the initial value (C) to final value (C) due to the splay distortion of the LC 

director. This variation of capacitance is accompanied by a threshold voltage i.e. 

the capacitance remains almost invariable before the applied voltage attains a 

particular value. This particular voltage is known as the Freedericksz threshold 
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voltage (Vth) which has been determined from the voltage dependent capacitance 

curve. Figure 8.1 shows the voltage dependent capacitance profile for the mixture 

x4DBT = 0.393 at different temperatures in the nematic phase. From the figure it is 

evident that there is a substantial increase in the threshold voltage Vth as the 

temperature decreases. Similar type of behavior has also been observed for the 

other investigated mixtures. This can be attributed to the enhanced molecular 

ordering within the mesophase.  
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Figure 8.1 Voltage dependent capacitance of the planar aligned LC cell at 
different temperatures for x4DBT = 0.393. The enhancement of the threshold 
voltage with lowering the temperature is clearly observed. Different temperatures 
in oC are mentioned in the figure. 

 

On the basis of threshold voltage Vth (in r.m.s.) and the dielectric 

anisotropy () (presented in chapter 7 of the thesis) the splay elastic constant K11 

has been determined by using the following relation [24-27]: 

                                                

2
0 th

11 2

ε ΔεV
K =

π
                                               (8.1) 

where 0 is the permittivity of the free space. Figure 8.2 shows the temperature 

dependence of K11 as a function of shifted temperature for various concentrations 
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of 4DBT. It has been observed that in the nematic phase the splay elastic constant 

monotonically increases as the temperature is reduced. In approaching smectic A-

nematic (SmA-N) transition the K11 vs temperature curve for the concentrations 

x4DBT = 0.208, 0.291, 0.707 do not exhibit any change of curvature but for x4DBT = 

0.787 and 0.884 a gentle increase in K11 has been observed as the SmA phase is 

approached. This pre-smectic behavior is due to the short range smectic like 

ordering within the nematic phase which plays an important role in enhancing K11. 

Such type of stiffening of the splay elastic constant in the pre-smectic region has 

been revealed in some early reports also [11,26,28,29]. 
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Figure 8.2 Variation of the splay elastic constant (K11) of different mixtures as a 
function of shifted temperature. Dashed upper head arrow denotes SmA-N 
transition temperature (TSN) for the respective mixtures. Different mole fractions 
of 4DBT are indicated in the figure. 
 

Moreover, in order to get an idea on the correlation between the splay 

elastic constant and order parameter (<P2>), K11 as a function of the order 

parameter (discussed in chapter 7 of this thesis) has been plotted in Figure 8.3(a-
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b). According to the mean field theory K11 has a quadratic dependence on <P2> i.e. 

the interdependence can be expressed by the following relation [30] 

                                                   K11 (<P2>)2                                                    (8.2) 
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Figure 8.3(a-b) Variation of K11 as a function of (<P2>)2 at the different 
concentrations of 4DBT. Solid lines are linear fit to the data points. Different mole 
fractions of 4DBT are indicated in the figure. 
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The fitted lines in Figure 8.3(a-b) indicate an overall good agreement between the 

experimental results and the theoretical prediction. In this context it is necessary to 

mention that some data points very close to the SmA-N transition temperature 

have been excluded during fitting to avoid the pretransitional influence of the 

aforesaid phase transition. 

 

8.3 Relaxation time measurements 

Measurement of the molecular relaxation time (0) has been carried out for 

the studied binary mixtures from a capacitive study of the molecular decay 

dynamics [22,23]. The experimental details of the capacitive decay method have 

been discussed in chapter 2 of this thesis. At a fixed temperature a voltage much 

higher than the Freedericksz threshold voltage was applied across the liquid 

crystal cell for near about one minute. When the applied voltage is suddenly 

removed the liquid crystal director relaxes back to the planar orientation with a 

characteristic time 0. This characteristic time 0 is called the relaxation time 

which measures the time limit required to reorient a molecule. Figure 8.4 depicts 

the temperature variation of the experimentally determined relaxation time (0) for 

the different concentrations of 4DBT ranging from 0.208 to 0.884. It is evident 

from the figure that with increasing the concentration of 4DBT in the range 0.393 

to 0.707 the relaxation time decreases. This digression in response time in the 

concentration range 0.291 ≤  x4DBT  ≤ 0.787 may be due to the less inter-molecular 

packing of the two mesogenic compounds with different central core unit (one is 

biphenyl and another is dioxane-phenyl). For the mixtures with concentration 

x4DBT = 0.208, 0.291, 0.787 and 0.884 the temperature dependence of 0 is more 

significant particularly in the neighbourhood of the SmA-N transition temperature 

(TSN) as reflected in Figure 8.4. A more rapid increase in 0 has been observed in 

those mixtures as the SmA-N transition is approached. Formation of the smectic 

like clusters within the nematic phase hinders the rotational motion in the system 

and may leads to the enhancement of the relaxation time in the vicinity of the 

smectic A-nematic (SmA-N) phase transition. 
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Figure 8.4 Relaxation time (0) as a function of shifted temperature for the studied 
mixtures. Dashed upper head arrow denotes SmA-N transition temperature (TSN) 
for the respective mixtures. Different mole fractions of 4DBT are indicated in the 
figure. 
 

8.4 Rotational viscosity measurements 

Rotational viscosity 1) provides an idea about viscous torque that restricts 

the director reorientation in absence of flow. For a planer aligned LC cell of 

thickness d, the relaxation time (0) is related to the rotational viscosity (1) by the 

following relation [22,23,25] 

                                          

2

0 11
21

τ K π
γ = 

d
                                                 (8.3) 

where K11 is the splay elastic constant. An overview of the temperature dependent 

variation of 1 in the nematic phase for all the investigated mixtures are illustrated 

in Figure 8.5. As seen from the figure, for all the studied mixtures, 1 exhibit 

almost similar temperature dependence as obtained for the relaxation time (0). 

With lowering the temperature 1 increases due to the enhanced molecular 

ordering within the nematic phase. Presence of 4DBT with heterocyclic oxygen 
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atom in the core structure disrupts the molecular packing through the structural 

incompatibility and leads to reduction in the rotational hindrance of the composite 

system. As a result, the value of 1 decreases with increasing concentration of 

4DBT within the range 0.291 to 0.787. For the other two mixtures (i.e. 0.208 and 

0.884), relatively higher values of 1 has been obtained. Therefore, the rotational 

viscosity is not linearly dependent on the concentration of 4DBT as the 

microscopic friction of the binary mixtures depend on concentration of the 

components in a complex manner. 
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Figure 8.5 Rotational viscosity (1) as a function of shifted temperature for the 
different mixtures. Dashed upper head arrow denotes smectic A-nematic transition 
(TSN) temperature for the respective mixtures. Different mole fractions of 4DBT 
are indicated in the figure. Dashed lines are fit to Equation 8.4. 
 

Moreover, due to the onset of smectic fluctuation within the nematic phase, 

molecular rotational motion is slowed near the SmA-N transition, showing a clear 

pretransitional behavior in the rotational viscosity data. In the vicinity of SmA-N 

transition, fluctuation in the smectic order parameter affects certain physical 

properties including the viscosity coefficients [31]. McMillan [32] and Jähnig et 

al. [33] developed two different theoretical models to explain the behavior of 

rotational viscosity (1) close to phase transition. According to McMillan, the 
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critical exponent () associated with the pretransitional behavior of 1 assume 

value equal to 0.5, while Jähnig et al. [33] envisaged that the exponent  for the 

divergence of 1 near the SmA-N transition should be 0.33. Therefore, an attempt 

has been made to analyze the pretransitional behavior of the rotational viscosity 

above the SmA-N transition temperature using the following expression [33,34]: 

                                      
ν

1 SNγ = a(T T )  + b                                       (8.4) 

where a and b are two fit parameters. Fits to the rotational viscosity data using the 

Equation 8.4 are displayed as the dashed lines in Figure 8.5 while the 

corresponding outcomes for the fit parameters a, b and exponent  are listed in 

Table 8.1. The extracted critical exponent () have been found to lie between 

0.336 to 0.352 within the error limit for the different concentrations considered 

here. Hence, the  values are almost in line with those (= 0.33) proposed by 

Jähnig et al.[33] excluding the higher possible mean field value (= 0.5). 

 
Table 8.1 Fit parameters obtained from the fitting of temperature dependence of 1 
to Equation 8.4 for the different concentrations. 

x4DBT a b 

0.208 447.6±1.3 -334.1±1.7 0.352±0.009 

0.291 706.3±2.4 -244.7±1.5 0.347±0.017 

0.707 1250.1±1.9 -396.2±2.6 0.336±0.007 

0.787 479.8±2.8 -184.8±1.1 0.342±0.018 

0.884 250.36±1.7 1.84±0.1 0.351±0.007 

 

8.5 Determination of activation energy 

Activation energy (Ea) for director reorientation is a measure of the 

potential hindrance due to the local field generated by other molecules in the 

system against which the director rotates. It strongly depends on the viscous 

properties and interactions among the components of the mixture. Experimentally 

it has been observed that Ea varies in different mesophases due to difference in the 

molecular ordering, orientation and viscosity of various mesophases. Generally the 
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value of Ea is higher in layered smectic phase than the less ordered nematic phase 

[35]. The temperature dependent rotational viscosity (1) has been fitted to the 

following expression [5,9,35,36] 

                                 1 0 2 exp( )aE
P

k T
                                                 (8.5)                        

where T is the absolute temperature, k is the Boltzmann constant, 0 is the fitting 

parameter, <P2> is the orientational order parameter which has been determined 

from the birefringence (n) data (discussed in chapter 7 of this thesis) and Ea is the 

associated activation energy. The plot of ln(1/<P2>) vs reciprocal of temperature 

(1/T), namely the Arrhenius plot (shown in Figure 8.6 for a representative 

concentration x4DBT = 0.665), gives a straight line and, from the slope of the 

straight line, Ea has been estimated and shown in Table 8.2. Figure 8.7 illustrates 

the concentration dependence of the activation energy for rotation. It is clear from 

this figure that Ea has a systematic variation with the concentration of 4DBT and 

the lowest value of Ea has been obtained for x4DBT = 0.665 where the nematic 

phase gets maximum stability. 
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Figure 8.6 Variation of ln(1/<P2>) with 1/T for the concentration x4DBT = 0.665. 
The solid line is linear fit to the data points. 
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     Table 8.2 Activation energy in the nematic phase for the different mixtures. 

x4DBT Ea (kJ/mol) x4DBT Ea (kJ/mol) 
0.208 139.25 0.665 72.48 
0.291 110.57 0.707 74.12 
0.393 87.48 0.787 82.43 
0.491 80.29 0.884 193.83 
0.592 75.70   
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Figure 8.7 Activation energy as a function of concentration of 4DBT. 

 

8.6 Conclusion 

The splay elastic constant for binary mixtures of 4DBT and 11OCB 

exhibiting an induced nematic phase has been investigated on the basis of electric 

field induced Freedericksz transition. Using the threshold voltage for Freedericksz 

transition and dielectric anisotropy data, the splay elastic constant has been 

determined. A simple capacitive decay method has been used to determine the 

relaxation time and hence the rotational viscosity for the studied mixtures. The 

rotational viscosity shows normal temperature variation for the nematogens (i.e. it 

increases with lowered temperature), but for mixtures having smectic A phase a 
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pre-transitional behavior was noticed near the SmA-N transition owing to the 

smectic short-range order fluctuations within the nematic phase. The critical 

exponent  associated with the rotational viscosity near the SmA-N transition has 

been observed to be quite comparable to 0.33, indicating a disagreement with the 

corresponding mean field exponent (. Moreover, the activation energy for 

rotation in the nematic phase has been determined from the Arrhenius plot. For the 

present binary system the activation energy is relatively lower in the region of 

maximum nematic phase stability.   
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CHAPTER 9 

Conclusions
 

 

The dissertation entitled “Phase transition in binary liquid crystalline 

mixtures” submitted for the degree of Doctor of Philosophy (Physics) of the 

University of North Bengal is mainly focused on the critical behavior at the 

nematic-isotropic (N-I) and smectic A-nematic (SmA-N) phase transitions in  

some binary liquid crystalline systems using different experimental techniques. 

The aim of this dissertation is to provide a clear idea about the phase behavior as 

well as the nature of the phase transitions involved. The thesis comprises of eight 

chapters. 

 In the first chapter, a brief introduction to liquid crystals (LCs) has been 

given, particularly the thermotropic liquid crystals and different mesophases 

exhibited by LCs has also been pointed out. Necessity of mixture formulation of 

liquid crystalline compounds and appearance of the induced phase has been 

illustrated. Finally, a very concise review about the phase transition is also given 

in this chapter. 

In chapter 2, different experimental techniques used in this work has been 

discussed elaborately and the relevant theoretical backgrounds are highlighted. 

These useful experimental techniques facilitate to characterize several physical 

properties of the liquid crystalline materials under study. The experimental 

techniques employed are phase detection by the texture studies, refractive index, 

optical birefringence, static dielectric permittivity, dipole moment, density, splay 

elastic constant and rotational viscosity measurements. The molecular statistical 

theory of Maier and Saupe for the nematic phase as well as nematic to isotropic 
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(N-I) phase transition is presented. The qualitative behavior of the smectic A 

phase or the SmA-N phase transition has also been discussed in the light of the 

McMillan model. Moreover, the phenomenological theory of phase transition in 

liquid crystals, the so called Landau-de Gennes theory has been dealt with in 

detail. First the basic ideas of Landau theory are explored. Then this theory is 

extended to the nematic-isotropic (N-I) as well as smectic A-nematic (SmA-N) 

phase transitions. Finally, some attention has also been paid to the elastic 

continuum theory and Freedericksz transition. 

Chapter 3 deals with the phase diagram of three binary systems comprising 

of alkoxycyanobiphenyl (nOCB) and alkylcyanobiphenyl (nCB). These binary 

systems have been selected in such a manner that the nematic range may vary 

suitably with the concentration of the mixtures. The high resolution birefringence 

(Δn) data exhibits a clearly distinguishable pretransitional behavior within a 

temperature range of around 1-2K above and below the smectic A-nematic 

transition. This pretransitional signature is found to be enhanced with a reduction 

in nematic range in the studied mixtures. The birefringence data have been rather 

thriving in a precise probing of the transitional character at both the nematic-

isotropic (N-I) as well as smectic A-nematic (SmA-N) phase transitions. At the 

SmA-N transition the diverging behavior of a differential parameter Q(T) has 

found to be well described by a simple power-law expression and the effective 

critical exponent ( so obtained is strongly dependent on the nematic range. 

Reduction of the nematic range of the investigated mixtures drives the SmA-N 

transition from second order to first order nature due to the enhanced coupling 

between the nematic and smectic A order parameters. Indeed, the evolution of the 

critical exponent () with respect to the McMillan ratio (TSN/TNI) suggests that the 

key parameter is the nematic range which governs the order of the SmA-N phase 

transition. The values are found to demonstrate a crossover behavior between 

the 3D-XY limit and tricritical point (TCP). The limiting value of the McMillan 

ratio at which the SmA-N transition changes its character from second order to 

first order is nearly equal for all the three binary systems ranging from 0.992 to 

0.997 while for the 3D-XY limit the same varies from 0.937 to 0.942. Furthermore, 

a precise study of the transmitted intensity in the isotropic phase of several 
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mixtures of the binary system 9OCB+7CB endows with a clearly distinguishable 

pretransitional behavior just above the clearing temperature (TNI). This is due to 

some short of pre-nematic short range ordering, appearing in the vicinity of the 

NI transition and their preferred alignment under the influence of strong surface 

anchoring in the thin sample of liquid crystals. The parameterization of this critical 

fluctuation as used for the SmA-N transition leads to a rather valuable quantization 

of the pretransitional aspects near the N-I phase transition. The critical exponent α 

at the N-I transition assumes a value of around 0.5 irrespective of the 

concentration supporting a tricritical nature of the N-I transition for all the studied 

mixtures. In addition, a four parameter fit model consistent with the weakly first 

order nature of the N-I transition results order parameter critical exponent  very 

close to the tricritical value (= 0.25). This certainly implies an excellent 

conformity with the outcomes from the parameterization of the critical fluctuation 

of birefringence at the N-I transition. 

Chapter 4 summarizes the development of induced nematic phase from the 

mixture of two purely smectogenic compounds 5-trans-n-pentyl-2-(4-

isothiocyanatophenyl)-1,3-dioxane (5DBT) and 4-cyano-4-n-decyloxy-biphenyl 

(10OCB). A depression of smectic A phase stability occurs in the mixtures with 

the appearance of an induced nematic phase in a certain concentration range of 

0.05< x5DBT <0.952. Within the concentration range 0.252< x5DBT<0.696 smectic A 

phase completely disappears and only the nematic phase is present. The induced 

nematic phase is most stable near x5DBT = 0.696. The systematic study of the 

ordinary (no) and extraordinary (ne) refractive indices demonstrate normal 

temperature variation with a rapid change near the N-I transition. The 

birefringence value obtained from two different probing methods viz. thin prism 

and optical transmission techniques are in good agreement with a small deviation 

of about 2-3%. In this chapter specific importance has also been given to the 

birefringence data near the SmA-N phase transition with the aim of determining 

the order character of the SmA-N transition. The parameterization of critical 

behavior of n endows with a second order nature of the SmA-N phase transition 

in all the mixtures except for x5DBT = 0.100 for which the same is first order in 

nature. This induced nematic system also exhibits a uniform crossover of the 
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SmA-N transition from the 3D-XY universality limit to tricritical point. Most 

importantly, this binary system shows the presence of two tricritical points (TCP) 

for the SmA-N transition on either side of the phase diagram for x5DBT = 0.123 and 

0.894, at which a crossover from second order to first order nature arises. 

Interestingly, both the TCP concentrations having a common value of the 

McMillan ratio TSN/TNI = 0.992. However, the 3D-XY universal limit for the SmA-

N transition is reached almost exactly at x5DBT = 0.696 with a critical exponent 

value of = 0.00680.0004, for which the McMillan ratio is 0.912. 

Chapter 5 is focused on the measurement of free molecular dipole moment 

of the two pure smectogenic compounds 5DBT and 10OCB of the induced 

nematic system and static dielectric study of their mixtures. The compound 

10OCB with CN terminal possesses slightly higher value of dipole moment than 

5DBT with NCS terminal group because the CN terminal group contributes more 

dipole moment than the NCS terminal group. In the smectic A phase the parallel 

component of dielectric permittivity shows a prominent decrease for most of the 

studied mixtures as a result of the dipole-dipole correlation within the mesophase. 

The effective molecular dipole moment (eff) shows an increasing trend with 

increase in temperature while the angle of inclination remains almost constant 

in the low temperature region but increases to some extent near the clearing 

temperature (TNI). For all the mixtures the isotropic dielectric permittivity (iso) 

shows a strong pretransitional behavior exhibiting a maximum near TNI. This 

bending of iso arises due to different factors such as strength of the transition, 

correlation of dipole moments and formation of pseudo nematic domains in the 

isotropic phase. The amount of bending increases for those mixtures where the 

contribution of 10OCB is greater. This may due to fact that the comparatively 

higher dipole moment of 10OCB leads to an enhanced pretransitional effect near 

the transition temperature. On the other hand, the decrease in the isotropic 

dielectric permittivity very close to TNI is related to the mutual cancelation of the 

anti parallel ordering of the dipole moment of liquid crystal molecules. The 

dielectric permittivity data has been parameterized by the fluid like model 

according to which the N-I phase transition lies on the loci of continuous phase 

transition curve. For all the mixtures the discontinuity of the N-I transition (T* = 
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TNI T*) demonstrates a systematic concentration dependence. The low value of 

T* at N-I transition compared to the same predicted theoretically by the 

phenomenological Landaue-de Gennes theory entails fluid like critical nature of 

the N-I phase transition. The critical exponent α is nearly equal to 0.5 which 

strongly supports the tricritical hypothesis (according to tricritical hypothesis = 

0.5) and indicates a first order nature of the N-I phase transition. The results of 

dielectric measurements have also been verified by high resolution density study 

for a particular concentration x5DBT = 0.301, which results a very much comparable 

value for both the critical exponent and the width of metastable region at TNI. In 

addition, the dielectric anisotropy offers a unique way to determine the nature of 

the SmA-N phase transition. It has been observed that in two mixtures x5DBT = 

0.161 and 0.203, the SmA-N phase transition is second order in nature while for 

x5DBT = 0.100 SmA-N phase transition is first order through a tricritical point 

(TCP) located near x5DBT  = 0.120. This exemplifies an excellent consistency with 

the consequences extracted from the high resolution birefringence measurements. 

Chapter 6 presents high resolution density studies for a polar-non polar 

binary system comprising of 4-heptyl-4-n-cyanobiphenyl (7CB) and 

4npentyl4nhexyloxybenzoate (ME6O.5) showing induced smectic A 

phase. The density data is quite successful in characterizing the pretransitional 

anomaly near the N-I as well as SmA-I phase transition. The spinodal 

temperatures T* and T** along a hypothetical continuous phase transition have 

been determined from a fitting procedure by using the molar volume data. The 

discontinuity (T*) at the clearing temperature is found to be considerably higher 

for SmA-I transition than the same at N-I transition. The extracted values of both 

TNI T* and T**TNI (or TSI T* and T**TSI) supports the tricritical nature of 

N-I (or SmA-I) transition. Besides, the width of the metastable region i.e. T**T* 

for the SmA-I transition is greater than that obtained for the N-I transition, which 

is in evitable from the comparison of density jumps for both the transitions. A 

further significant finding is that both the N-I and SmA-I transitions is 

accompanied by a decrease in the T* as well as T** with increasing 

concentration of the polar compound 7CB. The ratio of the two discontinuities 

(T*/T**) is appeared to be non-universal in nature disagreeing appreciably 



 

Chapter 9 

264 | P a g e  
 

from the theoretical Landau-de Gennes value. Like all other cases the critical 

exponent α for the N-I and SmA-I transitions has been found to accomplish the 

tricritical value 0.5 indicating the fluid like resemblance in the isotropic phase of 

the aforesaid transitions. Moreover, the SmA-N transition has also been assessed 

from the density data and the related outcomes are compared with the same 

obtained from high resolution birefringence measurements. Both of these 

independent measurements offer a very good agreement as far as the order of the 

SmA-N transition is concerned. Significantly, this binary system (7CB+ME6O.5) 

imparts two tricritical points (TCP) located at x7CB = 0.232 and 0.627 on either 

side of the phase diagram. 

Chapter 7 embraces a detailed study on the orientational order parameter 

(<P2>) from the refractive index measurements for a polar-polar binary system 

exhibiting induced nematic phase in a certain concentration range involving two 

smectogenic compounds 5-trans-n-butyl-2-(4-isothiocyanatophenyl)-1,3-dioxane 

(4DBT) and 4-cyano-4-n-undecyloxy-biphenyl (11OCB). A direct extrapolation 

technique offers an easy way to determine the orientational order parameter from 

the birefringence data excluding the prerequisite of molecular polarizability and 

density values. The N-I transition is accompanied by a sharp increase of the order 

parameter, demonstrating a first order character of the N-I phase transition. On 

decreasing the temperature, a gradual increase in <P2> value has been observed 

owing to the enhanced molecular ordering in the nematic as well as smectic A 

phase. In contrast, the smectic A-nematic (SmA-N) phase transition is 

accompanied by continuous change in the order parameter except for x4DBT = 

0.884. A sharp change in the order parameter near the SmA-N transition 

temperature (TSN) indicates a first order nature of the SmA-N phase transition for 

x4DBT = 0.884. Although in rest of the mixtures SmA-N transition is second order 

in nature. A comparison of the <P2> values with the same obtained from Maier-

Saupe and McMillan mean field theory demonstrates the fact that at very close to 

TNI the <P2> values drop more rapidly than the theoretical mean field value and 

the quality of agreement between the theoretical and experimental <P2> value is 

poor. However, far from the transition, the experimental <P2> values can be well 

described by the theoretical mean field curves for most of the mixtures and the 

consistency between the two sets of values is quite good. Moreover, the Haller 
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type fitting expression results a very low value of the order parameter critical 

exponent  but using the four parameter fitting expressions to the optical as well 

as dielectric anisotropy () data this difficulty has been surpassed, resulting a 

consistent  values very close to 0.25, the tricritical value. The consistency of the 

 value with that predicted by the tricritical hypothesis (TCH) is particularly very 

imperative because it describes the global behavior of the nematic order 

parameter. Thus, the four parameter power law expression works much better than 

the Haller type expression as far as the order parameter critical exponent  is 

concerned. Again  values obtained from the dielectric anisotropy () show an 

excellent agreement with those obtained from the optical anisotropy (n). 

Chapter 8 is concentrated on the detailed study of splay elastic constant 

(K11) and rotational viscosity (1) for the binary system 4DBT+11OCB. On the 

basis of electric field induced Freedericksz transition the threshold voltage Vth has 

been calculated which increases substantially with decreasing temperature. The 

splay elastic constant exhibits normal temperature behavior in the nematic phase 

for most of the concentrations except for x4DBT = 0.787 and 0.884 which 

encompasses a stiffening of the same as the SmA phase is approached. The 

relaxation time (0) shows a noticeable decrease with increasing the concentration 

of 4DBT in the range 0.393 to 0.707. This may happens because of a lesser 

amount of inter-molecular packing of the two mesogenic compounds with 

dissimilar core unit. Also the rotational viscosity (1) demonstrates similar trend as 

exhibited by 0. Existence of 4DBT with heterocyclic oxygen atom in the core 

structure interrupts the molecular packing through the structural incompatibility 

and causes a reduction in the rotational hindrance of the composite system. Again 

1 is not linearly dependent on the concentration as the microscopic friction of the 

binary mixtures depends on the concentration of the LC compounds in a complex 

way. Interestingly, in the neighborhood of the SmA-N phase transition the 

variation of 1 for x4DBT = 0.208, 0.291, 0.707, 0.787 and 0.884 primarily snatches 

the attention due to a pretransitional behavior arising from the fluctuations of 

smectic like short range ordering within the nematic phase. The critical exponent  

associated with 1 near the SmA-N transition have been found to be quite 

comparable to 0.33, indicating a deviation from the corresponding mean field 
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exponent (0.5. Moreover, for the present binary system the activation energy 

for rotation in the nematic phase is relatively lower in the region of maximum 

nematic phase stability. 

There are numerous interesting and promising areas which can be explored 

further. Study of the other phase transitions like smectic A to smectic C, nematic 

to smectic C, nematic to smectic C* etc. would be very much exciting to 

understand the transitional order and the universality class of the associated 

critical exponents. In addition, a more challenging work would be to realize the 

effect of the range of different mesophases on the nature of the above said phase 

transitions. Continuous research efforts are required to further comprehend the 

critical behavior of those systems. Moreover, the experimental work focused on 

the induction of different liquid crystalline phases other than the nematic and 

smectic A phase also deserves some attention. This type of study may produce 

novel binary phase diagrams exhibiting various mesophases and physical 

properties. Nowadays an emerging area in the field of soft condensed matter 

physics is the nano-dispersed liquid crystalline systems. The critical behavior of 

the nano doped liquid crystal systems is also an unexplored area from the phase 

transition point of view. Further work in this direction may be carried out to deal 

with the above mentioned problems. 
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a  b  s  t  r  a  c  t

We  report  the  phase  diagram  of  a  binary  mixture  composed  of  compounds,  one  having  NCS  terminal
group  (5DBT,  showing  smectic  A1 phase)  and  the other  with  CN terminal  group  (10OCB,  showing  smectic
Ad phase),  exhibiting  induced  nematic  phase  in  a certain  concentration  range  (0.05  <  x5DBT <  0.95).  Mea-
surement  of  static  dielectric  parameters  on this  binary  system  within  the  whole  mesomorphic  range
is  being  reported.  Pretransitional  behavior  at the  nematic–isotropic  and  the smectic  A–nematic  phase
transitions  has  been  studied  by  measuring  the  static  dielectric  parameters  in the entire  mesomorphic
range.  Precise  determination  of discontinuity  (�T)  and  the  critical  exponent  (˛)  has  been  carried  out for
the  nematic–isotropic  phase  transition.  Effective  molecular  dipole  moment  and  the  angle  of  inclination
with  respect  to the molecular  long  axis  have  been  determined.  High  resolution  density  measurement
is  also  carried  out for  one  concentration  x5DBT =  0.301  and from  the  molar  volume  so  obtained,  the  dis-
continuity  (�T)  of  the  transition  and  the  critical  exponent  are  measured.  Additionally,  the  nature  of  the
N–SmA  phase  transition  has  been  studied  for  a  few  mixtures  from  dielectric  anisotropy  measurements
to  explore  the  critical  behavior  of  the N–SmA  phase  transition.

© 2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Study of the physical properties of mixtures of liquid crystalline
compounds has been a subject of considerable interest in order
to produce room temperature mesophases for application in dis-
play devices. There is also special interest in understanding the
behavior of the mixtures, so that better materials may  be produced
for applications. Although mixed systems show properties which
are predictable from the theory of ideal solutions, in some cases
a strong non-additive behavior is also observed. Sometimes liquid
crystalline phases existing in pure compounds enhanced their ther-
mal  stability in binary mixtures and new phases of higher order may
be produced. These new phases are commonly known as induced
phases or chemically induced phases [1]. Such behavior is usu-
ally observed in binary mixtures of two compounds, one having
a strongly polar terminal group and the other with a non-polar
one [1–10]. Strong induction of smectic Ad phase has also been
observed in mixtures of polar nematic compounds [11–13], some
of which exhibit the re-entrant nematic (Nre) phase as well. The
dipole–dipole, dipole-induced dipole or steric interaction plays a
major role in the stabilization of such phases. Conversely, smectic

∗ Corresponding author. Tel.: +91 3532582605; fax: +91 3532699001.
E-mail address: mkdnbu@yahoo.com (M.K. Das).

phases existing in pure compounds in binary or multi-component
systems decrease their smectic stability and lower order nematic
phase are created. These phases are termed as induced nematic
phases [14]. It has been observed that in mixtures of two polar
smectogenic compounds, where one of them possesses monolayer
smectic A (SmA1) and the other partially bilayer smectic A (SmAd)
phase, a depression of smectic phase stability may  occur with the
appearance of a nematic gap between them [15–17]. In spite of the
immense importance of the dipole–dipole interaction and dielec-
tric anisotropy for fundamental understanding and applications,
not much work still has been done on induced nematogenic sys-
tems whose individual components are purely smectogenic.

Again, the nematic–isotropic (N–I) phase transition in the field
of liquid crystal is most frequently studied due to its several sur-
prising features. From the mean field approach Landau-de Gennes
[18] provides a simplest description to describe the dynamical
behavior of N–I phase transition by expressing the free energy den-
sity in powers of the nematic order parameter. It is observed that
mean field theory [19] satisfactorily explains the behavior of the
mesophase over most of the temperature ranges, but at very close
to the transition temperature it fails to describe the critical region.
The N–I phase transition has been studied by several experimen-
tal techniques such as Kerr effect, polarized light microscopy, light
scattering and calorimetry. Despite few disagreements, those stud-
ies support the tricritical nature [20,21] of the N–I phase transition.

0378-3812/$ – see front matter © 2014 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.fluid.2013.12.010
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This tricritical nature can be explained in the context of Landau-de
Gennes theory when the free energy density is expanded up to sixth
order in powers of the nematic order parameter. From the mean
field theory as well as the phenomenological Landau-de Gennes
theory [18] for the N–I transition, discontinuity (�T*) is qualita-
tively too large around 7–40 K as compared to the relatively small
experimental observations of �T* = 1–2 K. The experimental data
available in the literature are insufficient to provide a consistent
relation for the critical exponent (˛) and the value of �T* with the
molecular structure. In spite of several experimental data for crit-
ical exponent or discontinuity of transition are available for pure
compounds, their systematic variations on mixed systems are very
rare.

On the other hand the nature of the nematic–smectic A (N–SmA)
phase transition is one of the most challenging issue in the field of
liquid crystals and also the most extensively studied. Assuming the
coupling between the nematic and smectic order parameters, de
Gennes [18] formulated the main aspect of the N–SmA transition in
terms of the close analogy with the normal-superconducting phase
transition and Landau mean field energy expressions. Depending
on the coupling strength between the two order parameters, the
N–SmA transition can either be a second order or a first order.
When the coupling is strong enough, the second order transition
may  change into first order through the tricritical point (TCP).
According to McMillan [22] the tricritical point should occur at
the McMillan ratio (TSN/TNI) of 0.87, but practically it is found to
be observed at somewhat higher values. Moreover, this behav-
ior may  be not universal and may  depend on the systems under
study.

In this work, we report the phase diagram of a binary
system of two smectogenic compounds 5-trans-n-pentyl-2-(4-
isothiocyanatophenyl)-1,3-dioxane (5DBT) and 1, cyano-biphenyl-
decyl-ether (10OCB) showing an induced nematic phase in a certain
concentration range 0.05 < x5DBT < 0.95. The first component has a
monolayer smectic A1 phase and the second one has a partially
bilayer smectic Ad phase. The results of static dielectric permit-
tivity measurements, carried out on the binary mixtures of 5DBT
and 10OCB throughout the entire composition range are reported
here. Free molecular dipole moments of 10OCB and 5DBT have
been determined using Guggenheim method [23]. The experimen-
tal molecular dipole moment values have also been compared with
those calculated using semi-empirical molecular orbital package,
MOPAC [24,25]. Maier and Meier extended [26] the Onsager’s the-
ory [27] where the effective dipole moment values in the parallel
and perpendicular directions to the molecular long axis are related
to the density, refractive index and dielectric parameters. From the
parallel and perpendicular components, the mesogenic effective
molecular dipole moment (�eff) and the inclination angles (ˇ) with
the molecular long axis for a particular mixture x5DBT = 0.301 have
also been determined.

The static dielectric parameters in the vicinity of the N–I phase
transition have been studied thoroughly, to analyze the pretransi-
tional behavior of dielectric parameters of all the binary mixtures
and to study the critical behavior at the N–I phase transition. The
evolution of �T* has also been determined within the framework of
fluid like model [28–31]. The critical behaviors at the N–SmA phase
transition for a few mixtures have been studied to determine the
order of the N–SmA phase transition.

High resolution density measurement have also been carried
out for a particular concentration (x5DBT = 0.301) of this system. The
critical behavior at the N–I transition is analyzed on the basis of
molar volume measurements. The value of the metastable region
and critical exponent of this mixture has been compared with the
same obtained from the dielectric measurement. The two sets of
data obtained from two independent measurements have been
found to be very close to each other.

2. Experimental

2.1. Materials

The compound 5DBT was  purchased from AWAT Co. Ltd., War-
saw, Poland and the compound 10OCB was  purchased from Merck,
U.K. and both were used without further purification. The struc-
tural formulae and chemical names of the two  liquid crystalline
compounds are as follows:

Component 1: 5-n-pentyl-2-(4′-isothiocyanatophenyl)-1,3-
dioxane (5DBT)

O

O

NCSC5H11

Cr 60.7 oC SmA 77.6 oC I 
Component 2: 1, cyano-biphenyl-decyl-ether (10OCB)

CNC10H21O

Cr 59.5 oC SmA 84 oC I 
Thirteen mixtures were prepared having molar concentration

of 5DBT equal to 0.100, 0.161, 0.203, 0.252, 0.301, 0.447, 0.503,
0.604, 0.696, 0.741, 0.804, 0.887 and 0.952. The phase transition
temperatures were determined with the help of a polarizing opti-
cal microscope (Motic BA 300) equipped with a Mettler FP900 hot
stage.

2.2. Dipole moment measurements

Following Debye equation, Guggenheim [23] put forward a way
of calculating the dipole moment. Free molecular dipole moments
of 10OCB and 5DBT were determined by measuring the concen-
tration dependence of refractive index (n) and dielectric constant
(ε) of the compounds dissolved in a non-polar solvent (p-xylene).
Dielectric permittivity at 1 kHz and 0.3 V was obtained by measur-
ing the capacitance of a liquid crystal cell using Agilent E4980A
digital LCR-bridge. Refractive index of the solution was measured
by the thin prism method [32]. The effective dipole moment (�) of
a solute in solution of molar concentration c can be written as [23]:

�2 = 27kˇT

4�NA
· (ε2 − n2

2) − (ε1 − n2
1)

(ε1 + 2)(n2
1 + 2)c

(1)

where the suffixes 1 and 2 respectively refer to the solvent and
solution parameters, kˇ is the Boltzmann constant, NA is the Avo-
gadro’s number and c is the molar concentration. The concentration
dependence of dipole moment is determined and its extrapolation
to infinite dilution gives the value of the dipole moment of the iso-
lated molecule. The experimental data for the dipole moment (�)
of 5DBT and 10OCB so obtained has been compared with those
obtained from semi-empirical molecular orbital package MOPAC
[24,25] in their minimum energy configuration.

2.3. Static dielectric permittivity measurements

The dielectric permittivities ε|| and ε⊥ along and perpendicu-
lar to the molecular long axis respectively were determined, by
measuring the capacitance of suitably aligned liquid crystal filled
cells, the details of which have been discussed elsewhere [33].
For this study the capacitance was measured at a frequency 1 kHz
using Agilent E4980A digital LCR-bridge with a relative accuracy
of 0.05%. Homogeneously aligned ITO coated liquid crystal cell of
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Fig. 1. Phase diagram for the binary system of 5DBT + 10OCB. x5DBT is the mole frac-
tion of 5DBT. I – isotropic phase, N – nematic phase and SmA – smectic A phase.
(©)  Nematic to isotropic (or smectic to isotropic) phase transition temperature; (�)
nematic–smectic A phase transition temperature and (�) melting temperature.

thickness 5 �m,  procured from AWAT Co. Ltd., Warsaw, Poland,
have been used. The measurements were performed with an accu-
racy of ±0.1 ◦C by using an electrically powered thermostat block
and a temperature controller (Eurotherm PID 2404).

2.4. Density measurements

The density measurement was done by Anton Paar Digital
density meter (model DMA4500) which provides accurate and con-
venient density measurements in a wide temperature range within
a precision of ±0.00005 g/cm3. The accuracy of temperature varia-
tion is ±0.01 ◦C. The measurements were performed during cooling
from the isotropic to the liquid crystalline phase.

3. Results and discussion

3.1. Phase diagram

Fig. 1 shows the phase diagram of the binary system
5DBT + 10OCB. The nematic–isotropic, smectic–nematic and melt-
ing temperatures are plotted against the mole fraction of 5DBT.
Although, both the pure compounds are smectogenic, the nematic
phase appears in the phase diagram in the concentration range
0.05 < x5DBT < 0.95. The nematic–isotropic transition temperature
of the mixtures decreases (maximum decrease of about 10–15 ◦C)
in comparison to that of the pure compounds. Moreover, in the
concentration range 0.252 < x5DBT < 0.696 smectic phase disappears
and only nematic phase is present. The stability of the smectic
phase is higher in the region where the concentration of any one
of the components is high. In the equimolar region the smectic
phase completely disappears and the most stable nematic phase
is observed at about x5DBT = 0.696.

3.2. Dipole moment measurements

The concentration dependence of the dipole moment for the
solution of 5DBT + p-xyline and 10OCB + p-xyline is shown in
Fig. 2(a) and (b). The extrapolation of the best fitted polynomial
curve to infinite dilution gives the dipole moment of the single
molecule. The molecular dipole moments of 5DBT and 10OCB are
found to be 4.40D and 4.60D respectively which are higher than
those obtained using MOPAC with the molecules in the minimum
energy configuration (5DBT = 3.711D and 10OCB = 3.858D). As the
dipole moment of CN group is about 30% higher than the dipole

moment of NCS group [34], the compound 10OCB with CN termi-
nal possesses slightly higher value of dipole moment than 5DBT
with NCS terminal group.

3.3. Static dielectric parameter measurements

The temperature variation of the dielectric parameters [ε||, ε⊥,
εiso, �ε  = (ε|| − ε⊥) and εav = {1/3(2ε⊥ + ε||)}] for the two pure com-
pounds and some of their mixtures are shown in Fig. 3(a)–(j). All
the mixtures including the pure compounds exhibit a large positive
dielectric anisotropy (�ε > 0) due to the presence of terminal polar
NCS and CN groups. For both the pure compounds and the mixtures
with higher concentrations of any one of the pure compounds, the
value of the isotropic dielectric permittivity (εiso) extrapolated to
the nematic phase is greater than the average dielectric permittivity
(εav). This decrease in εav values with respect to that in the isotropic
value (εiso) is due to the stronger dipole–dipole correlation in the
mesophase as compared to the isotropic phase. However, for mix-
tures near the center of the phase diagram, the difference between
isotropic dielectric permittivity (εiso) and the average dielectric per-
mittivity is relatively small. In fact from Fig. 4(a) it is observed that
the difference (εiso − εav) exhibits a broad minimum, the depth of
which varies with molar concentration of 5DBT. This observation
indicates that the dipole–dipole correlation is weaker near the cen-
ter of the phase diagram, where nematic phase is most stable. All the
mixtures exhibiting induced nematic phase (x5DBT = 0.100 to 0.887)
show no significant jump in the dielectric permittivity components
at the smectic–nematic phase transitions.

The concentration dependence of the dielectric parameters ε||,
ε⊥, �ε, εav and εiso at T = 50 ◦C is shown in Fig. 4(b). The param-
eters ε||, �ε  and εav show a broad maxima near the center of
the phase diagram while εiso shows a broad minimum. ε|| and
�ε have their maxima at x5DBT = 0.741 while εiso exhibits a min-
ima  near x5DBT = 0.604. Interestingly, this minimum or maximum
of the dielectric parameters is observed near the region where the
induction of the nematic phase is high.

To explain the static dielectric behavior of liquid crystals, Maier
and Meier extended [26] the Onsager theory [27] and showed
that both the parallel and perpendicular component of dielectric
constants are related to dipole moment (�), molecular polariz-
ability anisotropy (�˛), order parameter 〈P2〉 and its orientation
with respect to the molecular long axis (ˇ) in the molecular frame,
through the relations

ε|| − 1 = 4�NhF

{
¯̨  + 2

3
�˛〈P2〉 + F�2[1 − (1 − 3cos2ˇ)〈P2〉]

3kˇT

}
(2)

ε⊥ − 1 = 4�NhF

×
{

¯̨  − 1
3

�˛〈P2〉 + F�2[1 + (1/2)(1 − 3 cos2ˇ)〈P2〉]
3kˇT

}
(3)

εiso = 1 + 4�NhF

{
˛iso + F�2

3kˇT

}
(4)

εav = ε‖ + 2ε⊥
3

= 1 + 4�NhF

{
¯̨  + F�2

3kˇT

}
(5)

where N = �(NA/M), � is the density, NA the Avagadro’s number, M is
the molecular weight, kˇ is the Boltzmann constant, �˛  is the polar-
izability anisotropy and ¯̨  is the mean polarizability. The reaction
field factor F = 1/(1 − ¯̨ f ) with f = (4�/3)N(2εav − 2)/(2εav + 1) is
the Onsager factor and cavity field factor h = 3εav/(2εav + 1).

From the refractive indices [35] and density values (described
in Section 3.4) average molecular polarizability ( ¯̨ ), polarizability
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Fig. 2. The dipole moments of (a) 5DBT and (b) 10OCB in p-xylene solution as a function of weight percentage.

anisotropy (�˛) and the order parameter 〈P2〉 have been calcu-
lated. From these parameters along with the dielectric constants,
the values of the effective molecular dipole moment (�eff) in the
mesomorphic phases as well as their inclination angles (ˇ) with
the molecular long axes of the mixture x5DBT = 0.301, have also

been calculated using Eqs. (2) and (3). It is observed that the free
molecular dipole moments of both of the pure compounds are rel-
atively greater than the effective dipole moments of the mixture
under study. The temperature dependence of the effective dipole
moment and the angle of inclination are shown in Fig. 5. The �eff

(c)

Fig. 3. Temperature variation of dielectric parameters of 5DBT + 10OCB mixture, x5DBT is the mole fraction of 5DBT. (a) x = 0.0 (10OCB), (b) x = 0.100, (c) x = 0.161, (d) x = 0.203,
(e)  x = 0.301, (f) x = 0.503, (g) x = 0.696, (h) x = 0.803, (i) x = 0.887 and (j) x = 1.0 (5DBT). Solid arrows indicate nematic–isotropic phase transition temperature (TNI), dashed
arrow  indicates smectic A–nematic phase transition temperature (TSN) and dotted arrow (only for figure (a) and (j)) indicates smectic–isotropic phase transition temperature
(TSI).
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value increases with increase in temperature, as the number of
homodimers and heterodimer decreases [33]. On the other hand
the angle of inclination  ̌ is almost constant in the low temper-
ature region but as clearing temperature is approached its value
increases slightly with increase in temperature.

One interesting feature of the isotropic–nematic or
isotropic–smectic phase transitions is the discontinuity of the
transition �T* (�T* = TNI (or TSI) − T*), where TNI and TSI are the
nematic–isotropic and smectic–isotropic phase transition temper-
atures respectively and T* denotes the extrapolated temperature
of a virtual continuous phase transition. Recently a number of
attempts have been made [36–41] to study the pretransitional
behavior at the nematic–isotropic phase transition. The simple
and trustworthy parameterization of the pretransitional behavior
of static dielectric permittivity in the high temperature isotropic
phase provides a strong and exclusive experimental technique
for determining the N–I phase transition discontinuity and it also
gives adequate description of the critical behavior of the transition.
In the last few decades the mean field model fails to explain
the experimental observations based on linear and non-linear
dielectric permittivity studies. Recently the fluid like model [28,29]
provides a good description of the pretransitional phenomena in
the isotropic phase. According to this model the nematic–isotropic
phase transition lies on the loci of continuous phase transition
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curve [28,36,37,42]. In the static region the dielectric permittivity
can be well parameterize by the fluid like equation as applied by
others [29,30,36,37,42]:

εiso(T) = ε∗ + a+
T (T − T∗) + A+

T (T − T∗)1−˛ for T > TNI

= T∗ + �T∗ (6)

εav(T) = ε∗∗ + a−
T (T∗∗ − T) + A−

T (T∗∗ − T)1−˛ for T < TNI

= T∗∗ − �T∗∗ (7)

where ε* and ε** are the values of εiso and εav at temperatures T*
and T** respectively. aT and AT are the critical amplitudes and ˛
is the critical exponent (similar to specific heat critical exponent).
The parameters can be obtained by fitting the dielectric data in the
isotropic as well as nematic phases. In Fig. 6 the dielectric measure-
ments for a particular concentration x5DBT = 0.301 and the results
obtained by fitting the data to Eqs. (6) and (7) are shown. The sam-
ple was  heated up to 50 ◦C above the clearing temperature (TNI)
and then cooled down slowly at the rate of 0.5 ◦C/min and the data
were recorded at a frequency of 10 kHz.
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From Fig. 6 we observe that the dielectric permittivity in the
isotropic phase could be described by Eq. (6) with ε* = 8.79 ± 0.02,
a+

T = −0.035 ± 0.001, A+
T = 0.227 ± 0.011, T* = 342.26 ± 0.18 K

and  ̨ = 0.502 ± 0.008 and the average dielectric permittiv-
ity in the nematic phase by Eq. (7) with ε** = 9.18 ± 0.001,
a−

T = 0.024 ± 0.0002, A−
T = −0.209 ± 0.001, T** = 345.9 ± 0.26 K

and  ̨ = 0.501 ± 0.001. The absolute value of A+
T /A−

T is nearly equal
to 1 whereas the ratio a+

T /a−
T is slightly greater than unity. So from

this analysis both �T* (=TNI − T*) and �T** (=T** − TNI) as well as
the width of the metastable region (T** − T*) can be obtained. It
has been found that the metastable region has a width of 3.64 K.
It is also observed that the �T* is higher than the �T** and the
critical exponents  ̨ is nearly equal to 0.5 (according to tricritical
hypothesis) indicating a first order nature of the phase transition.
The low value of TNI − T* compared to the theoretical prediction
of Landaue-de Gennes theory in the vicinity of nematic–isotropic
phase transition along with the critical exponents  ̨ ∼ 0.5 imply
fluid like critical nature of the N–I phase transition.

It is also of much interest to observe how the discontinuity of
transition (�T*) varies with the mixture concentration. Till now
there is no strong experimental evidence which is able to produce
a reliable relation between the value of �T* and molecular con-
figuration. Keeping this in mind we have measured the dielectric
constant over a wide range in the isotropic phase for all the mix-
tures under study. Strong pretransitional behavior is observed in
the vicinity of isotropic to nematic phase transition. The dielectric
constant data in the isotropic phase for all mixtures are shown in
Fig. 7(a) and (b). On approaching the clearing temperature from
the isotropic phase, εiso of all the mixtures under study exhibit a
maximum. Similar observations have also been reported by oth-
ers [36–38,41] for some pure compounds and binary mixtures as
well.

These bending of the εiso are related to the pre-nematic fluctu-
ations due to the formation of pseudo nematic domain within the
isotropic phase. The amount of bending increases for the mixtures
where the concentration of 10OCB is greater. Perhaps the com-
paratively higher dipole moment of 10OCB leads to an enhanced
pretransitional effect at the transition. However, the decrease in the
isotropic dielectric permittivity very close to TNI is associated with
the mutual cancelation of the anti parallel ordering of the dipole
moment of LC molecules.

Near the transition from the isotropic phase to nematic phase, a
competition between the parallel and anti parallel ordering of the
dipoles of the mesogenic molecules takes place. As it approaches TNI
the anti parallel ordering dominates and thereby showing a critical
behavior. The data analysis has been carried out according to Eq.
(6) and the fit lines are depicted in Fig. 7(a) and (b). All the fitting
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Fig. 7. (a) and (b) Temperature dependence of dielectric permittivity of the mix-
tures measured in the isotropic phase. Several concentrations are indicated in the
figures. Solid lines are the fit to Eq. (6) and the star symbols represents the critical
temperature (T*).

parameters and �T* for all the mixtures under study are shown in
Table 1. Fig. 8(a) shows a systematic concentration dependence of
�T* and the dielectric permittivity (ε*) at the critical temperature
(T*).

The critical amplitudes A+
T and a+

T , when plotted against the
molar concentration of 5DBT shows reverse trend within the error
limit as shown in Fig. 8(b). Interestingly the �T* values for the mix-
tures increases with the molar concentration of 5DBT. The strength
of the first order transition could be measured by determining the
width of �T*. The variation of �T* for the mixture lies within 1.76 K
and 9.28 K whereas for the two  pure compounds, 5DBT and 10OCB

Table 1
Results of fit to Eq. (6) in the isotropic phase for the different mixtures.

Mole fraction x5DBT T* (K) ε* a+
T

A+
T

�T* (K) ˛

0.0 (10OCB) 353.85 ± 0.001 8.048 ± 0.009 −0.0399 ± 0.0007 0.2886 ± 0.0068 3.14 0.498 ± 0.007
0.100  350.04 ± 0.027 8.224 ± 0.003 −0.0386 ± 0.0001 0.2639 ± 0.0014 1.76 0.492 ± 0.001
0.161  348.25 ± 0.069 8.295 ± 0.005 −0.0388 ± 0.0001 0.2824 ± 0.0018 1.95 0.50a

0.203 346.02 ± 0.048 8.394 ± 0.012 −0.0371 ± 6.4E−4 0.2441 ± 0.0099 2.38 0.512 ± 0.004
0.252  344.89 ± 0.001 8.645 ± 0.001 −0.0340 ± 0.00003 0.2326 ± 0.0003 2.26 0.504 ± 0.005
0.301  342.26 ± 0.18 8.79 ± 0.02 −0.035 ± 0.001 0.227 ± 0.011 2.74 0.502 ± 0.008
0.447  338.94 ± 0.001 8.977 ± 0.007 −0.0322 ± 0.0005 0.2167 ± 0.0057 3.56 0.50a

0.503 337.82 ± 0.001 8.986 ± 0.012 −0.0336 ± 0.0007 0.2285 ± 0.0085 3.88 0.51 ± 0.023
0.604  335.65 ± 0.002 9.107 ± 0.022 −0.0306 ± 0.0015 0.2075 ± 0.0153 4.96 0.498 ± 0.009
0.696  334.57 ± 0.001 9.145 ± 0.014 −0.0319 ± 6.7E−4 0.2098 ± 0.0093 6.43 0.492 ± 0.007
0.741 333.80 ± 0.070 9.127 ± 0.004 −0.0323 ± 1.1E−4 0.2140 ± 0.0014 7.20 0.50a

0.804 333.85 ± 0.001 9.079 ± 0.025 −0.0331 ± 0.0009 0.229 ± 0.015 7.84 0.504 ± 0.009
0.887  334.92 ± 0.002 9.112 ± 0.026 −0.0325 ± 0.0011 0.2213 ± 0.0166 8.48 0.493 ± 0.007
0.952  337.92 ± 0.001 9.125 ± 0.026 −0.0285 ± 0.0012 0.1882 ± 0.0168 9.28 0.499 ± 0.07
1.0  (5DBT) 344.26 ± 0.002 9.171 ± 0.036 −0.0252 ± 0.0022 0.1249 ± 0.0247 6.32 0.501 ± 0.007

a
 ̨ was  kept fixed at 0.5.
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assumes values 6.32 K and 3.14 K respectively. In some cases during
the fitting of εiso, the critical exponent  ̨ was kept fixed to minimize
the errors associated with it. Assuming the fluid like behavior, the
nematic–isotropic phase transition can be well described with a
critical exponent of about 0.5 (tricritical value).

The dielectric anisotropy data have been used to explore
the critical behavior of the N–SmA phase transition. At the
nematic–smectic A phase transition temperature �ε  values do not
show any sharp discontinuity, therefore to locate the exact tran-
sition temperature the minimum value of the quantity d(�ε)/dT
has been used. In order to proceed further we have defined a new
parameter with the following form [43]:

E(T) = −�ε(T) − �ε(TSN)
T − TSN

(8)

where �ε(TSN) is the dielectric anisotropy value at the transition
temperature for the smectic–nematic transition (TSN) obtained by
differentiating �ε  with respect to temperature. To study the critical
behavior at TSN, we have fitted E(T) as obtained from Eq. (8) with
an expression,

E(T) = A±|t|−˛ + B± (9)

where A+ and A− are the critical amplitudes and B+ and B− are the
background terms above and below the nematic–smectic (N–SmA)
phase transition temperature (TSN),  ̨ is the critical exponent sim-
ilar to specific heat critical exponent and t = |(T − TSN)/(TSN)| is the
reduced temperature. The temperature variation of E(T) showing
the critical behavior in the vicinity of N–SmA phase transition for
three mixtures are shown in Fig. 9. The results of fit using Eq. (9)
are presented in Table 2. For x5DBT = 0.100 the critical exponent

 ̨ is found to be 0.511 ± 0.021 which indicates that the N–SmA
transition is of first order. On the other hand for 0.161 and 0.203
the critical exponent values are less than 0.5 which implies the

Table 2
Results of fit to Eq. (9) for the three mixtures at N–SmA phase transition.

x5DBT A− or A+  ̨ B− or B+

0.100
T < TSN 0.02268 ± 0.00374 0.511 ± 0.021 −0.107 ± 0.01736
T  > TSN 0.01045 ± 0.00038 0.511a 0.4861 ± 0.0116

0.161
T  < TSN 0.01438 ± 0.00081 0.462 ± 0.007 −0.0229 ± 0.0026
T  > TSN 0.0048 ± 0.00134 0.443 ± 0.030 0.2008 ± 0.00611

0.203
T  < TSN 0.0144 ± 0.00253 0.357 ± 0.019 0.01732 ± 0.0049
T  > TSN 0.005 ± 0.0021 0.361 ± 0.041 0.07734 ± 0.0074

a
 ̨ was  kept fixed at 0.511.

second order nature of the N–SmA phase transitions. An inspec-
tion of Fig. 9 also reveals that the change in the value of the
quotient E(T) for 0.100 is comparatively much higher than those
of the other two concentrations 0.161 and 0.203. As the nematic
region decreases the coupling between the nematic and smectic
order parameter increases which results a more increase in the peak
height of E(T). So the crossover between the second order to first
order nature takes place somewhere in between the concentration
range x5DBT = 0.100 to 0.161. Therefore the tricritical point (TCP)
should be present between these two concentrations. In order to
determine the McMillan ratio (TSN/TNI) (or the molar concentra-
tion) where the N–SmA transition changes from second order to
first order i.e. the tricritical point (TCP), we  have plotted the  ̨ val-
ues with the McMillan ratio. From the inset of Fig. 9 it is observed
that the critical exponent  ̨ has the value of 0.5 at the McMillan
ratio (TSN/TNI) of about 0.992. So the tricritical point (TCP) perhaps
located near x5DBT = 0.120.

3.4. Density measurements

The temperature variation of the density values for x5DBT = 0.301
is shown in Fig. 10(a). It is observed that far away from the nematic
to isotropic phase transition temperature variation of density is
quite linear, but in the vicinity of the transition temperature the lin-
earity no longer remains. Precise density measurement also enables

Fig. 9. Temperature variation of the parameter E(T) near nematic–smectic A
(N–SmA) transition. Concentrations are indicated in the figure. Solid lines are fit
to  Eq. (9). Dotted arrow indicate N–SmA phase transition temperature. In the inset
variation of critical exponent (˛) with the McMillan ratio (TSN/TNI) is shown. TCP
indicates the tricritical composition. The solid line is linear fit to the  ̨ (�) values.
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Fig. 10. (a) Temperature dependence of density for x5DBT = 0.301. (b) Molar volume as a function of temperature for x5DBT = 0.301. Solid lines are fit to Eqs. (10) and (11). The
fitting  parameters in both nematic and isotropic phases are mentioned in the figure. The temperatures T* and T** are indicated with a star symbol. In both of the figures the
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us to obtain the critical exponent. An attempt is made to fit the
molar volume (VT) data by the following relations [44]:

VT = At(1−˛) + Bt + C T > TNI (10)

VT = A′t(1−˛′) + B′t + C ′ T < TNI (11)

where t = |(T − Tc)/Tc| is the reduced temperature. Tc is the temper-
ature whose value is equal to T* when T > TNI and T** when T < TNI,

 ̨ and ˛′ are the critical exponents. The results of the fittings of the
molar volume data according to Eqs. (10) and (11) in the isotropic
and nematic phases respectively are portrayed in Fig. 10(b).

From the fitting parameters it is seen that the absolute value of
the ratio of the critical amplitudes B/B′ and C/C′ are nearly equal
to 1, but for A/A′ the value is nearly equal to 0.65. The fitted lines
are extrapolated to the virtual transition temperatures (T* and T**)
and marked by the star symbols as shown in Fig. 10(b). The �T*
(=TNI − T*) value is higher than the �T** (=T** − TNI) and the width
of the metastable region is found to be 3.03 K which is compara-
ble to the value 3.64 K as obtained from the dielectric permittivity
measurement mentioned earlier. The critical exponents (  ̨ and ˛′)
in both the regions are close to each other and consistent with the
value of 0.5 according to the tricritical hypothesis, thereby indicat-
ing a first order nature of the phase transition. Similar behavior has
also been observed from dielectric data in the isotropic phase. So
the results obtained from fluid like model agrees well with the high
resolution density measurements also.

4. Summary and conclusions

An induced nematic phase appears in the binary mixtures
of two smectogenic compounds within the concentration region
0.05 < x5DBT < 0.95. Higher stability of the smectic phase is observed
in the region where the concentration of any one of the pure com-
ponents is high and in the equimolar region only nematic phase
is present. Free molecular dipole moments of the two  pure com-
pounds 5DBT and 10OCB have been determined by Guggenheim
method. It has been found that the CN terminal group contributes
more dipole moment than the NCS terminal group. The static
dielectric permittivities of the two smectogenic compounds and
their binary mixtures at thirteen different concentrations have
been determined throughout their mesomorphic range. For most of
the mixtures in the smectic phase the parallel component of dielec-
tric permittivity shows a prominent decrease due to dipole–dipole
correlation. The effective molecular dipole moment (�eff) increases

with increase in temperature and angle of inclination (ˇ) remains
nearly constant in the low temperature region but slightly increases
near the clearing temperature. By measuring the dielectric param-
eter in the isotropic phase the pretransitional behavior of the
N–I transition have been explored. For all the mixtures the εiso
exhibits a maximum near the nematic to isotropic phase transi-
tion temperature due to different factors such as strength of the
transition, correlation of dipole moments and formation of pseudo
nematic domains in the isotropic phase. For a particular mixture
x5DBT = 0.301, the critical exponents and discontinuity of the N–I
phase transition along with the width of the metastable region are
determined from the dielectric permittivity as well as high resolu-
tion density measurements. The two sets of data so obtained are
comparable to each other. For the all mixtures the critical ampli-
tudes, dielectric parameters at the critical temperature and the
discontinuity of the N–I transition shows a systematic concen-
tration dependence. The critical exponents so obtained are nearly
equal to 0.5 within the error limit and agrees well with the tricritical
hypothesis.

Moreover, the nature of the N–SmA phase transition has been
studied for three concentrations from dielectric anisotropy mea-
surements. It is observed that for two mixtures (x5DBT = 0.161 and
0.203), the N–SmA phase transition is of second order in nature
whereas for the other mixture (x5DBT = 0.100) N–SmA phase tran-
sition is first order through a tricritical point (TCP) located near
x5DBT = 0.120.

List of symbols

� dipole moment in Debye (D) [Eq. (1)]
kˇ Boltzman constant [Eq. (1)]
T absolute temperature in Kelvin (K) [Eq. (1)]
NA Avogadro’s number [Eq. (1)]
ε dielectric permittivity [Eq. (1)]
n refractive index [Eq. (1)]
c molar concentration [Eq. (1)]
ε|| parallel component of dielectric permittivity [Eq. (2)]
ε⊥ perpendicular component of dielectric permittivity [Eq.

(3)]
εiso dielectric permittivity in isotropic phase [Eq. (4)]
εav average dielectric permittivity [Eq. (5)]
�ε dielectric anisotropy
˛iso molecular polarizability in isotropic phase in cm3 [Eq. (4)]
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¯̨  mean polarizability in cm3 [Eq. (2)]
�  ̨ polarizability anisotropy in cm3 [Eq. (2)]
V volt
TNI nematic–isotropic phase transition temperature in ◦C or

K
TSI smectic–isotropic phase transition temperature in ◦C or

K
TSN nematic–smectic A phase transition temperature in ◦C or

K
h cavity field factor
� density in gm/cm3

M molecular weight in atomic mass unit (a.m.u.)
F reaction field factor
f Onsager factor

 ̨ or ˛′ critical exponent [Eq. (6)]
〈P2〉 order parameter [Eq. (2)]

 ̌ angle of inclination in degree [Eq. (2)]
T* or T** critical temperature in Kelvin (K) [Eq. (6) or Eq. (7)]
ε* or ε** critical amplitude at T* or T** [Eq. (6) or Eq. (7)]
A+

T or A−
T critical amplitude above and below TNI or TSI [Eq. (6) or

Eq. (7)]
a+

T or a−
T critical amplitude above and below TNI or TSI [Eq. (6) or

Eq. (7)]
�T discontinuity of phase transition in K [Eq. (6)]
A± and B± critical amplitude above and below TSN [Eq. (9)]
A, A′, B and B′ critical amplitude in cm3/mol [Eqs. (10) and (11)]
C or C′ background term in cm3/mol [Eqs. (10) and (11)]
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