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2.1 Introduction 

This chapter describes the different experimental techniques used in the 

characterization of the physical and mesomorphic properties viz. birefringence 

(n), dielectric anisotropy (), splay elastic constant (K11), figure of merit (FoM), 

relaxation time (), viscosity (bulk, rotational and effective torsional), 

spontaneous polarization (Ps), activation energy (Ea), layer spacing (d), tilt 

angle(), correlation length etc. of the liquid crystalline compounds and multi-

component mixtures. An understanding of the working principle of these 

techniques and the behavior of the liquid crystalline materials under those 

experimental configurations has been discussed. The Maier–Saupe mean field 

theory [1–3] for the nematic phase has been illustrated briefly, since the 

experimentally determined orientational order parameter (S) have been compared 

with the theoretically predicted values. Moreover, a very concise description of the 

elastic continuum theory [4-7] and Freederiksz transition [8,9] has also been given 

in this chapter. 

  

2.2 Experimental techniques 

 

2.2.1 Texture studies 

Texture studies by polarizing optical microscopy have been employed as a 

primary tool for the characterization and determination of the transition 

temperatures of the different liquid crystalline phases. The textures of different 

phases of liquid crystalline samples placed between crossed polarizer and 

analyzer, were observed using a polarizing optical microscope, Motic BA300 

equipped with a Mettler Toledo FP90 thermo system [10,11]. Textures are 

generated due to the defects in structure that occurs in the long range molecular 

ordering of the liquid crystalline materials. Hence, defects in liquid crystals are 

important for the identification of different type of mesophases. The phase 

transitions could be observed clearly through the polarizing microscope when the 
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temperature of the sample is slowly varied. A detailed description of different 

textures with photographs is given by Demus [12] and Dierking [13]. 

 

2.2.2 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) has been used as a complementary 

tool to polarizing optical microscopy (POM). DSC measurement reveals the 

presence of liquid crystal phases by detecting the enthalpy change associated with 

the phase transitions. DSC is poor at detecting low enthalpy transitions such as 

second order. Although the calorimetry cannot identify the type of phases as POM, 

some useful information about the purity [14], order of the phase transition 

[15,16], conformational disorder [17] and molecular shapes can be derived from 

DSC. The phase transition temperatures were determined by differential scanning 

calorimetry using Pyris Diamond Perkin-Elmer 7 [18]. The sample (~ 6.97 mg) 

was hermetically sealed in an aluminium pan and placed in a nitrogen atmosphere 

within the sample chamber of the DSC instrument. The temperature and enthalpy 

change (ΔH) have been calibrated on extrapolated onsets of the melting points of 

ice, indium and zinc. Due to the ambiguity in defining the location of the transition 

temperatures by optical microscopy, several cooling or heating runs at the rate of 

5oCmin-1 in a nitrogen atmosphere were performed. Determination of phase 

transition temperatures from DSC measurements have been discussed in the 

literature [19]. With the aid of computers, the transition temperatures and enthalpy 

change can be easily derived from the peaks and corresponding area of the DSC 

scans respectively. 

 

2.2.3 X-ray diffraction study 

The structural properties of the liquid crystalline compounds can be studied 

conveniently from x-ray diffraction studies. Vainshtein [20] and Leadbetter 

[21,22] have given the theoretical interpretation for the x-ray diffraction of liquid 

crystals. From this measurement, information on both the intermolecular and intra-

molecular arrangement in the liquid crystals can be retrieved.  
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H 

The x-ray diffraction pattern appears as an arc and this can be interpreted in 

terms of the orientational distribution of the ordered liquid crystal molecules 

[23,24]. X-ray diffraction of the un-aligned nematic phase consists of a uniform 

halo just like that of an isotropic liquid (Figure 2.1(a)). This is due to the fact that 

a nematic liquid crystal generally consists of a large number of domains, the 

molecules being ordered within each domain along the director n, but there is no 

preferred direction for the sample as a whole so that the diffraction pattern has 

symmetry of revolution around the direction of the x-ray beam. However, 

application of suitable magnetic or electric field can produce a ‘monodomain’ or 

‘aligned’ or ‘oriented’ sample of liquid crystal. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1(a-d) Schematic representation of x-ray diffraction pattern of (a) 

unoriented nematic, (b) nematic (c) smectic A (d) smectic C oriented 

perpendicular to the direction of the incident x-ray beam. and H is the tilt angle 

and applied magnetic field respectively. 
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The small angle x-ray diffraction pattern from a nematic liquid crystal 

oriented perpendicular to the direction of the incident x-ray beam is shown in the 

Figure 2.1(b).The main halo splits into two crescents for each of which intensity is 

maximum in the equatorial direction, i.e. perpendicular to the director. These 

crescents are formed mainly due to the intermolecular scattering and the 

corresponding Bragg angle is a measure of the lateral intermolecular distance. The 

angular distribution of the x-ray intensity I() vs.  curve, gives the orientational 

order parameter. In the meridional direction two crescents are also observed at 

much smaller angle and the corresponding Bragg angle is a measure of the 

apparent molecular length. The x-ray diffraction pattern of the smectic A phase is 

shown in Figure 2.1(c). The meridional spots are formed due to Bragg reflection 

from the layers and provide the value of the layer thickness. Since smectic A 

phase can have only quasi-long range order along its layer normal, second order 

Bragg reflections in the meridional direction are generally very weak and are often 

absent in the x-ray diffraction photographs.  

The smectic C phase exhibit a tilted layered structure in which the smectic 

layer normal and the director are no longer collinear. Since there is no azimuthal 

preference for the tilt, the tilt occurs in different azimuthal direction as shown in 

Figure 2.1(d). For the smectic B phase, which is a three-dimensional ordered 

system with hexagonal symmetry, the outer diffraction ring is split up into six 

spots of strong intensity. Hence, the bond orientational order can be determined 

from the angular distribution of the x-ray intensity. 

 

2.2.3.1 Linear scanning of x-ray photographs 

The x-ray diffraction photographs, scanned by a high resolution scanner 

(HP Scanjet 5590) in the gray scale mode at 1200 dpi resolution have been 

analyzed using Origin software. The optical densities of the pixels were calculated 

and then converted to x-ray intensities with the help of a calibration curve 

following the procedure of Klug and Alexander [25].  
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2.2.3.2 Intermolecular distance 

The average lateral distance [18] between the neighbouring molecules (D) 

is related to the corresponding Bragg angle (2d) according to the formula;  

 

                   kD d sin2                                           (2.1) 

where, 2d is the Bragg angle for the equatorial diffraction,  is the wave length of 

the incident x-ray beam and k is a constant which comes from the cylindrical 

symmetry of the system.  For perfectly ordered state, k = 1.117 as given by de 

Vries [26]. However, since the variation of the value of k on order parameter is 

known to be small, the value of k = 1.117 has been retained for all the calculation 

[26,27].  

The longitudinal as well as the transverse in-plane correlation length in 

different mesophases have been determined from a linear scan of the inner and 

outer diffraction peaks. The intensity profile I(q) was then fitted to a Lorentzian 

form with a quadratic background [18], 
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Where, q is the magnitude of the scattering vector. Here a1, a2, q0, a3, a4 and a5 are 

the fitting parameters, which were adjusted to obtain the best fit. The position q0 of 

the peak in the intensity profile has been used to determine the apparent molecular 

length. The correlation length is defined by 

 

                                                   

1/2
22 ( )a                                              (2.3)    

The equatorial intensity profile at wide angle have been fitted to estimate the 

transverse correlation length(||) while the longitudinal correlation length() have 

been measured from the meridonial spread of the intensity profile at small angle 

arising from smectic-like fluctuations [18]. 
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2.2.3.3 Apparent molecular length or layer thickness 

 To calculate the apparent molecular length (l) or the layer thickness (d), the 

Bragg equation (Equation 2.1) have been used, where d is the Bragg angle for the 

meridional diffraction crescent or spot [19].  

 

2.2.3.4 Tilt angle 

 The tilt angle () has also been determined from the temperature variation 

of the layer thickness in SmA and SmC phase using the following equation [28-

30] 

                                                )/(cos)( 1

AddT                                        (2.4)   

where, d is the layer spacing values in the SmC phase and dA is the value of d in 

the SmA phase, measured at the SmA–SmC phase boundary. 

 

2.2.4 Optical birefringence measurement 

The nematic phase is optically uniaxial, strongly birefringent and possesses 

two refractive indices, which are important from application point of view. The 

principal refractive index of a nematic liquid crystal along and perpendicular to the 

molecular long axis are defined as extraordinary refractive index (ne) and ordinary 

refractive index (no) respectively. The difference between the extraordinary and 

ordinary component of the refractive index is known as the optical birefringence 

(n), expressed as: 

                         e on n n                                           (2.5)          

Optical birefringence (n) measurement [31-33] has been done by different 

methods. In the first method, the extraordinary and ordinary refractive indices (ne, 

no) were determined by thin prism technique [34,35] and hence the birefringence 

(Δn = ne-no) was evaluated. Secondly, a high resolution temperature scanning 

technique has been applied to determine the birefringence (Δn) of the samples in 

the different phases [36-40]. The well known Abbe refractometer has also been 

used to determine the refractive indices of few multi-component mixtures. 
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2.2.4.1 Thin prism technique 

The principal refractive indices (ne, no) of a liquid crystal sample have been 

measured by thin prism technique at a wavelength =632.8nm. Figure 2.2 

illustrates the experimental setup for refractive index measurements. Thin prisms 

with refracting angle less than 2o were prepared by using optically flat glass slides. 

First these slides were cleaned with detergent and water, and then treated in an 

acid mixture at a temperature of 60oC for one hour. After that, the slides were 

washed with distilled water and further treated in 1 molar solution of KOH at 60oC 

for the next one hour. Again the glass slides were washed with distilled water for 

several times. Finally, the glass plates were dipped into acetone to remove any 

organic impurities. A thin glass spacer was introduced between one of the vertical 

edge of the two glass slides to obtain the desired refracting angle of the prism. The 

glass plates of the prism were sealed together by using high temperature adhesive 

and were baked in an oven for few hours. 

Liquid crystal (LC) samples were introduced into the prisms from its top 

open side by melting. The sample filled prism was alternately heated to isotropic 

phase and cooled slowly so that the liquid crystals were perfectly aligned with its 

optic axis parallel to the refraction edge of the prism. The prism was then placed 

inside a specially designed brass heater provided with a transparent opening at the 

centre and the temperature of the heater was maintained at the desired value by a 

Eurotherm temperature controller (PID 2404) within an accuracy of 0.1oC. The 

heater containing the LC filled prism was placed between the two pole pieces of 

an electromagnet by which a magnetic field (~ 1 Tesla) was applied to align the 

LC sample. A light beam (=632.8nm) from a He–Ne laser was allowed to be 

incident normally onto the prism. After passing through the aligned sample, the 

incident light beam splits into two components i.e. ordinary and extraordinary and 

two spots were visible on a screen. With the help of a high-resolution digital 

camera suitably interfaced with a computer, high-resolution digital images were 

obtained which were further processed to locate the center of the spots from where 

the ordinary (no) and extraordinary (ne) refractive indices could be determined 
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within an accuracy of ±0.0006. The angle of the prism was first determined with 

the help of pure water. 

 

   

 

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

measurement using thin prism technique. 

 

2.2.4.2 Optical transmission method 

In the optical transmission (OT) method, the change in the transmitted 

intensity of a normally incident He-Ne laser beam (λ = 632.8nm) through a LC 

filled cell placed between a pair of crossed polarizers was recorded by a photo 

detector as a function of temperature [36-40]. The homogeneously aligned (planer 

geometry) (in a few cases homeotropically aligned) ITO coated cells were 

purchased from AWAT Co. Ltd., Warsaw, Poland. The temperature of the cell 

was controlled and measured with a temperature controller (Eurotherm PID 2404) 

with an accuracy of ±0.1oC by placing the cell in a brass heater. A precession 

multimeter (Keithley 2000) was used to measure the transmitted intensity of the 

laser beam. The optical birefringence (n) has been determined from the 

normalized transmitted intensity (I) data using the following equation [41-42]: 
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where d is the LC cell thickness, θ is the angle made by the polarizer with respect 

to the optical axis and  is the wavelength of the light used. In order to optimize 

the experimental measurements the angle between the polarizer and optical axis 

was fixed at 45o.  

The LC sample is believed to be a uniaxial birefringent medium with a 

spatially uniform orientation of the optic axis. The normalized transmitted 

intensity I(t) of the plane-polarized light passing through the LC sample of 

thickness d and birefringence n at normal incidence can be expressed as [41]: 

 

                    






 







nd
tI 22 sin)(2sin2sincos)(                    (2.7)            

where is the wavelength of the laser beam,  denotes the angle between 

polarizer and analyser and  is the angle between the polarizer and the projection 

of the optic axis into the substrate plane. Equation 2.7 indicates that the resultant 

normalized transmitted light intensity (I1(t) - I4(t)) can be obtained in four different 

orientations of the analyzer and polarizer:    

(i) when  
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tI
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1 sin2sin)(                                  (2.8)                  

Interestingly, Equation 2.8 is similar to Equation 2.6, used to determine the 

birefringence (n). 

(ii) when  
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(iii) when  
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(iv) when   
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From Equations 2.8-2.11 we can write 
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2
2 sin2cos

)()(

)(
                 (2.13)                                   

As the opposite tilt directions appear with the same light intensity, the parameters 

p1 and p2 remains invariant under a sign inversion of the tilt angle (). Therefore, 

Equation 2.12 and 2.13 are applicable for the SmC and SmC* phases. Using 

Equation 2.12 and 2.13 one can easily obtain the expressions for the tilt angle 

and birefringence n respectively, 

                                2
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                                       (2.15)                   

 

The values of the tilt angle () determined from the optical transmission 

method are found to be about 10 percent lower than those determined from the x-

ray diffraction technique. Due to the difficulty in achieving a perfectly uniform 

and defect-free alignment, a slight light leakage was observed even in the well 

aligned SmA phase with the average tilt angle ( parallel to one of the polarizers. 

This transmission value, which theoretically should be zero, was therefore 

subtracted from all the measured intensity values. This method is well suited for 

the tilt angles above 5o but for =0o the errors may have a larger effect. 

 

2.2.4.3 Determination of orientational order parameter 

A number of methods have been developed to determine the orientational 

order parameter (S) in the liquid crystalline phases. However, the optical method 

is the most commonly used owing to its simplicity as well as accuracy. The usual 

technique for the evaluation of the long range order parameter from optical 
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methods necessitates the measurement of both the ordinary and extraordinary 

refractive indices (no and ne) as well as the density () data. In such cases, using 

these three measured quantities, either the standard Vuk’s isotropic model [43] or 

the Neugebauer’s relations based on the anisotropy of the internal field [44] are 

adopted to determine the principal polarizabilities parallel and perpendicular to the 

molecular long axes and hence, the anisotropy of the molecular polarizabilities 

() can be calculated. The polarizability anisotropy (0) in the perfectly 

ordered crystalline state is determined from the well-known Haller’s extrapolation 

procedure [45] and the order parameter is calculated from the ratio 0. 

According to de Jue [46], the variation of density () over the nematic phase is 

usually small and the temperature dependence of the optical birefringence (n) 

gives a good indication of the variation of orientational order parameter with 

temperature. Furthermore, Kuczynski et al. [47] have also shown that the order 

parameter determined directly from the birefringence measurements are consistent 

with the S values obtained from the polarizability data. Therefore, in this work, the 

order parameter (S) has been determined using only the refractive indices and the 

birefringence data.  

The temperature dependence of optical birefringence (n) in the nematic 

phase can be described by a power law expression having the following form [45]: 

                                 













*0 1
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nn                                         (2.16)                              

where n0, T* and are adjustable parameters.*is about1-3K higher than the 

clearing temperature and the exponent depends on the molecular structure and 

its value is close to 0.2. n0 is the birefringence in the completely ordered state i.e. 

at the absolute zero temperature. Moreover, the temperature dependent 

birefringence is related to the order parameter (S) by the following expression 

[46]:   
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This direct extrapolation method offers a very useful technique to determine the 

order parameter from the high resolution n data and excludes the requirement of 

individual refractive indices as well as density values. 

 

2.2.5 Dielectric permittivity measurement 

The static dielectric permittivity measurements provide important 

information about the dipole organization and dipole-dipole interaction in the 

mesophases. Planar and homeotropically aligned ITO coated liquid crystal cells 

with unidirectionally rubbed polyimide layers having thickness 8.9m were 

procured from AWAT Co. Ltd., Warsaw, Poland and were used for filling the 

samples. The capacitance of the LC filled cells was measured at frequency of 

1kHz, as a function of temperature, using a digital LCR-bridge (Agilent E4980A) 

with a relative accuracy of about 0.05% [48-53]. The temperature of the sample 

was controlled and measured with an accuracy of ±0.1oC by placing the cell in a 

brass heater suitably connected with a temperature controller (Eurotherm PID 

2404). For this study, the cell was first calibrated by measuring the capacitances of 

standard dielectric liquids within an accuracy of 1%. The parallel and 

perpendicular components of the dielectric permittivity ( and ) were 

determined by measuring the capacitances Ca, Cb and Cx of the cell filled with 

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

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                                  (2.18) 

 where b and x are the relative permittivities of benzene and the liquid 

crystalline substance and that of the air is taken as unity. 

The complex dielectric permittivities were also determined with the help of 

HP 4192A impedence analyzer covering the frequency (f) ranges 1kHz to 30MHz 

at the Institute of Physics, Jagiellonian University in Krakow. The LC samples 

were oriented in a magnetic field of strength ~ 0.7 Tesla in the nematic phase. The 
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real (ε') and imaginary (ε'') component of the complex dielectric permittivity can 

be determined from the following equations   

 

                                                    ε' = Cx/Ca                                                     (2.19)                    

                                                  ε'' = /(2πfCa)                                              (2.20)                     

where  is the conductivity of the sample filled LC cell. 

 

2.2.6 Dipole moment measurement 

The dipole moment  has been measured by using the Guggenheim 

method [54] which is based on the Debye equation. The dielectric permittivity () 

and refractive index (n) of the compound dissolved in a non-polar solvent p-xylene 

were measured as a function of molar concentration (c) at 30oC to determine the 

dipole moment. The dielectric permittivities were determined by measuring the 

capacitance of a solution filled cell at 1 kHz by using Agilent E4980A digital 

LCR-bridge and the refractive index of the solution was measured by thin prism 

technique [34,35]. According to the Guggenheim [55,56], the effective dipole 

moment () of a molecule in solution of molar concentration c at room 

temperature can be written as [54]: 
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                      (2.21)                      

where, the suffixes 1 and 2 respectively refer to the solvent and solution 

parameters, k is the Boltzmann  constant, T is the absolute temperature and N is 

the Avogadro number. The dipole moment determined at different concentrations 

has been plotted as a function of weight percentage of the solute and an 

extrapolation of the fitted curve to infinite dilution gives the value of the same for 

an isolated molecule. The experimental value of the dipole moment ( has been 

compared with those obtained from the semi-empirical molecular orbital package 

MOPAC [57,58] for all the compounds investigated, in their minimum energy 

configuration. 
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2.2.7 Splay elastic constant measurement 

 In the nematic phase, the liquid crystal director may vary spatially due to 

the application of an external field. The deformations of a nematic phase can be 

traced back to three fundamental elastic deformations: splay, bend and twist 

(Figure 2.3(a-c)). In the deformed state, there exists an elastic restoring force 

which tries to bring the system into the equilibrium configuration. Generally, each 

of the deformation modes is characterized by an individual elastic constant. These 

elastic constants of the liquid crystals can be determined by different techniques. 

One of the simplest and most convenient method to obtain the elastic constant is 

the electric field induced Freedericksz transition [9,10] as shown in Figure 2.4(a-

b).  

For the splay elastic constant (K11) measurement, the LC sample was 

cooled from the isotropic phase to the nematic phase and a sinusoidal voltage of 

frequency 1kHz was applied [59-62] after the sample stabilized at a particular 

temperature. The applied voltage was increased in small steps from a value lower 

than the Freedricksz threshold [9,10] voltage to 20V rms. Agilent E4980A 

precession LCR-bridge was used to record the cell capacitance as a function of the 

applied voltage. The capacitance value changes rapidly near a certain voltage 

which is called the threshold voltage (Vth) for Freedericksz transition (Figure 2.5). 

Using the value of the threshold voltage (within ±0.5%) the splay elastic constant 

(K11) was calculated from the well known equation 
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where 0 is the free space permittivity. 
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                              (a)                                                           (b) 

 

 

 
(c) 

 
Figure 2.3(a-c) Schematic diagram of an ordered nematic liquid crystal in three 

different deformation states: (a) splay, (b) bend and (c) twist. 
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Figure 2.4(a-b) Schematic representation of director configuration: (a) below 

threshold field (Vth) (b) above the threshold field (Vth). 
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Figure 2.5 Voltage dependent capacitance change due to Freedricksz transition in 

a liquid crystal.  

 

2.2.8 Rotational viscosity measurement 

Rotational viscosity (1) of liquid crystals represents an internal friction 

between the directors during a rotation process. The magnitude of the rotational 

viscosity depends on the intermolecular structure, molecular association and also 

on the temperature. A relaxation technique [63-65] was used to probe the 

rotational viscosity (1). In this method, a He-Ne laser beam (λ = 632.8nm) was 

allowed to pass through a homogeneously aligned ITO coated LC cell (procured 

from AWAT Co, Warsaw, Poland) of thickness 8.9m placed between two 

crossed polarizers oriented at 45o to the director. The temperature of the cell was 

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

accuracy of 0.1oC by placing the cell in a brass heater with glass windows 

[61,65]. The schematic representation of the experimental set up for measuring the 

rotational viscosity is shown in Figure 2.6. 
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Figure 2.6 Experimental set up for determining rotational viscosity. 

 

When a linearly polarized light impinges in a parallel-aligned cell, if the 

polarization axis is parallel (i.e. the angle between the polarizer and the optic axis, 

 =0o) to the LC director, a pure phase modulation is achieved because light now 

behaves as an extraordinary ray. On the other hand, if the angle  = 45o, then 

phase retardation occurs due to the different propagating speed of the 

extraordinary and ordinary rays in the liquid crystalline medium. The resultant 

phase retardation () is determined by the LC layer thickness d and the effective 

birefringence, n(V, T, ), which is dependent on the applied voltage, temperature 

and wavelength of the incident light and can be written as [66,67] 

 

  (V,T,) = 2dn (V,T,)                                (2.23) 

At V = 0, n (= n e no) has its maximum value. However, in the V > Vth regime, 

the effective birefringence decreases sharply as voltage increases, and then 

gradually saturates. The slope depends on the elastic constants, dielectric 

permittivity and refractive indices of the LC material. At V >> Vth regime, 

basically all the bulk directors are aligned by the field to be perpendicular to the 
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substrates, except the boundary layers. Thus, further increase in voltage only 

causes a small change in the orientation of boundary layers. In this regime, the 

effective birefringence is inversely proportional to the applied voltage. The 

advantage of operating an LC device at low voltage regime is that a large phase 

change can be obtained merely with a small voltage swing. However, the value of 

the relaxation time is relatively higher [63]. 

The transmitted light intensity was measured as a function of applied 

voltage by using a photodiode which was connected to a digital storage 

oscilloscope (Agilent 54622A DSO). Figure 2.7 depicts the voltage dependent 

transmittance curve. A voltage (VB) corresponding to the first maximum or 

minimum in the transmitted intensity was applied to the LC cell. When the voltage 

VB was removed at t = 0, the optical transmission decreases and the phase change 

δ(t) could be calculated from the time dependent intensity, I(t), according to the 

following equation [61,65]: 

 

                            }2/))t(
nd2

{(sinII 2

ot 



                     (2.24)                          

where Io is the maximum intensity change. Therefore, the relaxation time [61,65] 

was determined from the equation given by [63]   
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                                     (2.25)                        

where 0 is the total phase change of the sample under the applied bias voltage VB. 

A plot of ln(t with time (t), yields a straight line with slope (2/0) and from 

the slope, the value of decay time 0 can be determined. 

Moreover, δ(t) becomes 0exp(-4t/0) in Equation 2.25 when the value of 0 

is around N(N= integer). Again applying the voltage VB to the liquid crystal cell 

the rise time rise was obtained in the similar way. The accuracy of the relaxation 

time measurement was found to be ±5ms. Thus, by measuring the relaxation time 
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τ0 and from the knowledge of the splay elastic constant K11 and the cell gap d, the 

rotational viscosity 1 was determined from the following equation [61,63,65,68]: 
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Figure 2.7 Voltage dependent optical transmittance of a liquid crystal placed 

inside 8.9m thick planar liquid crystal cell at different temperatures. 

 

2.2.9 Activation energy 

The temperature dependence of the rotational viscosity (1) was fitted to the 

following expression [61] 

                                 )exp(01
Tk

E
S a



                                            (2.27)                         

where k is the Boltzmann constant and Ea is the associated activation energy. S is 

the orientational order parameter which was determined from the birefringence 
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measurement and 0 is the fitting parameter. From the slope of the ln(1/S) vs 1/T 

curve the activation energy Ea can be evaluated. 

 

2.2.10 Figure of merit 

The response time (0) is proportional to d2. Therefore  comparative study 

of 0 is not possible unless the cell gap exactly matches its birefringence in order to 

determine the best possible response times. Figure of merit (FoM) completely 

eliminates the necessity of matching the cell gap and helps to compare the 

potential applicability of a particular compound in a display device.  FoM is 

defined as [69,70]: 

                                   
1

2

11



nK
FoM


                                      (2.28)                                                              

where K11 is the splay elastic constant, Δn is the birefringence and γ1 is the 

rotational viscosity. All of these parameters are temperature dependent. 

Furthermore, both the birefringence and elastic constant [46,69,71,72] are 

dependent on the order parameter S and can be approximated as:  

   n = (n0).S                                          (2.29)                                 

                                            K11 = A0.S
2                                           (2.30)                               

The temperature dependent FoM is derived as:[69]  

                        20
0( ) 1 exp /a

C

A T
FoM n E k T

b T





  
     
   

             (2.31)                

where Δn0 is the birefringence when S =1 i.e. in the perfectly ordered state, Ea is 

the activation energy of the liquid crystal and k is the Boltzmann constant. The 

value of the parameter β is around 0.20 and depends on the molecular structures. 

The FoM strongly depends on the temperature [69]. It first increases with 

increasing temperature and reaches a maximum value at certain temperature called 

the operating temperature. As the temperature approaches the clearing temperature 

TC, the birefringence has very steep drop which causes a sharp decrease in the 

Figure of Merit. The higher Figure of Merit a LC possesses, the faster response 
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time it exhibits. Thus operating a LC device at an elevated temperature is 

beneficial for reducing response time. However, it brings complication to the 

driving scheme since this necessitates additional temperature control system. 

 

2.2.11 Electro-optic measurement 

For the electro-optic studies, 5m thick ITO coated planar glass cells 

(procured from AWAT Co. Ltd., Warsaw, Poland) have been used. The inner 

surfaces of the glass plates were polymer buffed to align the sample in the planar 

configuration. The liquid crystalline (LC) sample was introduced into the cell by 

capillary action at high temperature in the isotropic state. Eurotherm PID 2404 

temperature controller was used to control the temperature of the LC filled cell, 

placed within a specially constructed heater with an accuracy of ±0.1ºC. The 

alignment of the sample was achieved by slowly cooling of the sample from the 

isotropic to the smectic phase by applying a high square wave electric field (10 

V/m) at a low frequency (50 Hz). After the alignment of the LC cell in the 

bookshelf geometry, the applying voltage was removed and the sample were 

further cooled to the SmC* or SmCA* phase. It was assumed that compounds 

having longer pitch retained their surface alignment in the 5m thick cells upon 

transition to the SmC* and SmCA* phases. The spontaneous polarization of the 

ferro and antiferroelectric LC was determined using the polarization reversal 

technique [73-75]. 

A square wave electric field V (40 Vpp) at 50 Hz was applied to the LC 

sample. The input voltage was applied by the Picotest (G5100A) arbitrary 

waveform generator and the FLC (F20A) voltage amplifier. As the polarization 

was inverted by the applied field, a current pulse was observed. The re-

polarization current response was fed to the Agilent Digital Storage Oscilloscope 

1052B suitably interfaced with a computer through a resistance (22KΩ), 

connected to the LC cell in series. Figure 2.8 illustrates the block diagram of the 

circuit used for the measurement of spontaneous polarization. 
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Figure 2.8 Experimental set up for electro-optic study using polarization reversal 

technique.  

 

The liquid crystal may be regarded as a resistance (R) connected to a 

capacitor (C) in parallel. Therefore, the output current is the sum of three currents: 

(i) IC, due to charge accumulation in the capacitor (ii) IP, due to polarization 

realignment and (iii) II for the ionic current [73]. The total output current can be 

written as   

                                  C P I

dV dP V
I I I I C

dt dt R
                    (2.32)                       

where P is the amount of charge induced when the spontaneous polarization (Ps) 

changes sign after reversal of the electric field. The contribution from IC and II can 

be removed by choosing an appropriate baseline of the output current response 

curve (a hump) using mathematical software. Hence the magnitude of the 
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spontaneous polarization was determined from the area (A) under the current 

reversal peak using the following formula [74] 

                                                            Idt
A

P
S 2

1
                                       (2.33)                                      

To estimate the precision of the experimental setup, the spontaneous 

polarization of pure (S)MHPOBC (4‑(1‑methylheptyloxy)carbonylphenyl4'-

octyloxy-4-biphenyl carboxylate), procured from Sigma Aldrich, [73-78] have 

also been determined by applying voltage of square waveform. The 

experimentally obtained PS values [74] agree quite well with those obtained by 

others [77,78] as shown in Figure 2.9. In this study, the values of the spontaneous 

polarization have been measured with a precision of ±0.9 nC/cm2.  
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Figure 2.9 Temperature dependent spontaneous polarization (PS) curve of 

(S)MHPOBC. 

 

The free relaxation time  for the ferroelectric or antiferroelectric liquid 

crystal director were also evaluated from the time (10-90) required to change the 

current from 10% to 90% of the peak value of the hump of the re-polarization 
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curve upon switching [79]. The relation between the relaxation time and 10-90 is 

given by [74,79]: 

                                                
8.1

9010
t

                                               (2.34)                 

Hence, the effective torsional bulk viscosity ( has been determined by using the 

following relation: 

                                                    EP
S

                                              (2.35)                               

where E is the applied switching electric field. The free relaxation time () and the 

effective torsional bulk viscosity were determined with a precision of ±1s and 

±0.9 Pa.s respectively. Moreover, the anchoring energy (F) of the ferroelectric 

liquid crystal (FLC) system is given by [79-81] 

                                          

  

S
PD

dWWF 
~~

                                     (2.36)              

where  2
~

nPWW SDD 
 and   nPWW SPP 

~
 

WD and WP are the dispersion and polarization anchoring strength coefficients 

respectively, and n is the layer normal. Measuring the free relaxation time  and 

the spontaneous polarization (PS) one can determine the dispersion anchoring 

strength coefficient, WD using the following equation [79-84]:  

 

                                                  




4

d
W

D
                                               (2.37)                            

For sufficiently large values of the cell thickness d, the effect of surface anchoring 

is negligibly small and the helical states become more favorable. The existence of 

a threshold field (Eth) above which the bi-stable state appears is given by [79,81]:  

 

K

W
E

D
th
                                            (2.38) 
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where K is the average elastic constant and WP is assumed to be zero. With 

increasing anchoring, the switching amplitude of the electric field has to be 

increased. For WD = 0, the bi-stability threshold (Eth) follows the relation [79,81] 

 

                                                  S

P
th KP

W
E

2

                                          (2.39)                          

The polar interaction of the FLC director with a substrate is directly proportional 

to the spontaneous polarization. Combining Equation 2.38 and 2.39 the polarizing 

anchoring strength coefficient WP can be written as [79-84]: 

 

                                                DSP
WPW                                          (2.40)                    

The advantage of the proposed method is that the different characteristic 

parameters (Ps, , , WD and WP) can be determined in a single experiment, from 

the relaxation voltage curves corresponding to the re-polarization current of a 

liquid crystal cell. Moreover, to study the V shaped switching a solid state laser 

beam (λ = 532nm) was allowed to pass through the LC cell, placed between two 

crossed polarizer oriented at 45º to the director. The transmitted light intensity was 

recorded as a function of the applied electric field using a photodiode in 

conjunction with Agilent Digital Storage Oscilloscope, 1052B, suitably interfaced 

with the computer. 

 

2.3 Theoretical background  

 

2.3.1 Maier-Saupe theory for the nematic phase 

A number of theories have been developed in order to explain the 

behaviour of the nematic phase but the most successful theories are those which 

are based on the molecular mean field approximation. Maier and Saupe [1-3] have 

given a molecular statistical theory of the nematic phase (N) and nematic to 

isotropic (N-I) phase transition based on the molecular mean field approximation. 
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In this case, the constituent molecules of the nematic phase have been assumed to 

be rod-like and under the influence of an average field owing to all the other 

molecules of the LC system. This rod-like molecules possesses cylindrical 

symmetry and tends to orient their molecular long axis along a preferred direction 

(n), called the director. Maier and Saupe [1-3] assumed that the nematic ordering 

is caused by the anisotropic part of the dispersion interaction between the 

molecules and also considered the following points: 

i) As far as the long range nematic ordering is concerned the influence of the 

permanent dipoles can be neglected. 

ii) The effect of induced dipole-dipole interaction plays an important role and need 

to be considered.  

iii) The distribution of the centre of mass of the neighbouring molecules is 

considered to be spherically symmetric.  

iv) The molecules possess cylindrical symmetry with respect to the molecular long 

axis. 

In the nematic phase, the molecular long axis makes an angle () with the 

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

represented by an orientational distribution function f(cos). Moreover, different 

experimental results reveal that the rod-like nematic molecules possesses up-down 

symmetry i.e. the heads and tails of the molecules are not distinguishable 

separately. This makes the orientational distribution function f(cos) an even 

function of cos. Thus f(cos) can be written as,  

            )(cos)(cos
2

)12(
)(cos 

LL
evenL

PP
L

f 


 


        (2.41)         

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

the statistical average given by 

              )(cos)(cos)(coscos
1

0
 dfPP

LL                      (2.42)         

PL are known as the orientational order parameters and the first term i.e. <P2> is 

generally called order parameter. It is also sometimes denoted by S. In the 
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isotropic phase (high temperature phase) P2  = 0 and in perfectly ordered state 

i.e. crystalline state P2 =1. Humphries et al. [85] has given a more 

comprehensive idea considering the deviations from the spherical symmetry of the 

pair potential correlation function of the molecules. From the mean field theory 

the single molecule potential function V(cos) of the cylindrically symmetric 

molecules can be written as 

               )(coscos  



evenL

LLL PPUV   (L0)                    (2.43)          

where UL are the functions of distance between the central molecule and its 

neighbours only. Putting L = 2 in Equation 2.42 we get 

            )(cos)(cos)(coscos
1

0
22  dfPP           (2.44)                

Keeping the first term (L=2) of the right hand side of Equation 2.43, the 

expression for the potential energy function of a single molecule can be written as 

                             22 )(coscos PvPV                      (2.45)                    

where 2Uv  . Therefore, the orientational distribution function for a single 

molecule is given by 

                          ]/)(cosexp[cos 1 TkVZf


                       (2.46)     

where k is the Boltzmann’s constant and Z is the single molecule partition 

function given by 

                                       

1

0

)(cos]/)(cosexp[ 


dTkVZ                     (2.47)         

Substituting the value of f(cos) and Z from Equations 2.46 and 2.47 into 

Equation 2.44 one can write 
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Equation 2.48 is a self-consistent equation as it contains P2 on both sides and 

can be solved by iterative method to obtain the temperature dependence of P2. 

For every temperature (or T*) there is P2 value which satisfies the self-

consistent equation. Now, for all temperatures P2 = 0 is a solution which 

corresponds to the isotropic phase while for temperatures T* < 0.22284, two other 

solutions to Equation 2.48 appear. It has been observed that the nematic phase 

(P2 > 0) is the stable one when the temperature T* satisfies the condition 0  T* 

 0.22019 while for T* > 0.22019, a thermodynamically stable isotropic phase 

with P2 = 0 is obtained. With the increase in temperature, the order parameter 

P2 shows a decreasing trend from unity to a minimum value of 0.4289 at 

T*=0.22019. At T*=0.22019 the N-I phase transition takes place with a 

discontinuous change in the order parameter P2 from 0.4289 to 0 indicating a 

first order nature of the phase transition. The entropy change near the phase 

transition is a measure of the order of the transition. For the N-I phase transition 

the change in the entropy is near about 0.830 cal/moleK, which is comparatively 

much smaller than that of the solid to liquid transition in which entropy change is 

approximately 25 cal/mole-K. So these phase transitions are often called weakly 

first order phase transition. Temperature dependent <P2> values can be calculated 

by solving the Equation 2.48 iteratively. In spite of the approximations that are 

entailed in the Maier-Saupe mean field theory, for a number of nematic LC, the 

experimentally determined P2 values agrees quite well with those predicted by 

the theoretical Maier – Saupe values [86-88] . 

 

2.3.2 Elastic continuum theory 

Although the molecular theories of liquid crystals can successfully explain 

a number of physical properties of the mesophases but there exists a class of 

phenomena which involves bulk liquid crystal samples with respect to which the 

molecular theory is not so useful. Therefore, in describing these bulk properties or 

its response to external perturbations, the liquid crystal system has to be 

considered as a continuous media [5] with a set of elastic constants. Oseen [6], 
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Zocher [7] and Frank [8] developed a static continuum theory for uniaxial liquid 

crystals that has proved to be very much effective in describing the field (electric 

or magnetic) induced effects. In the nematic phase, the uniform parallel orientation 

of the directors corresponds to a state of minimum free energy i.e. an equilibrium 

state. By applying some external force such as electric field or magnetic field, the 

orientation of the director can be changed. In this way the nematic liquid crystals 

is deformed, thereby increasing the free energy of the system. The deformed state 

thus formed corresponds to a state with higher free energy than the equilibrium 

state. In general, there are three fundamental types of elastic deformations in case 

of nematics to which all the deformations can be characterized: the splay, bend 

and twist deformations.  

According to the continuum theory of liquid crystals, the free energy per 

unit volume of a deformed liquid crystal relative to its equilibrium state can be 

written in terms of three independent elastic constants which are related to the 

splay, twist and bend deformations: 

      2 2 2
def 11 22 33

1
F [K ( n) K (n n) K (n n) ]

2
               (2.49) 

where, K11, K22, K33 are known as the splay, twist and bend elastic constants 

respectively, collectively known as the Frank elastic constants and n is the 

director. The elastic constants should have the dimension energy/length. It is very 

much possible to produce purely splay, twist or bend deformations; therefore all 

the elastic constants (K11, K22, K33) are positive quantity [89] and also the free 

energy Fdef must be positive in order to give stability for the uniformly aligned 

state. 

 

2.3.3 Freedericksz transition 

Electric field has a strong effect on the liquid crystalline materials. When a 

planar ITO coated cell is filled with liquid crystal, there is a strong influence of 

planar anchoring, i.e. the director is essentially locked in an orientation parallel to 

the sample plane at the bounding surfaces. Because of the elastic properties of the 

nematic phase this surface imposed alignment is propagated through the liquid 
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crystal in order to minimize the deformations in director which would increase the 

energy. When an electric field is applied there is a competition between the 

dielectric contribution to the free energy, promoting a reorientation of the director, 

and the elastic contribution, counteracting any change from the initial planar-

aligned state. At weak fields the elastic contribution wins and the director remains 

unaffected by the field whereas at strong fields it is the other way around and the 

sample is switched. The borderline case is called the Freederiksz threshold. The 

switching process is called the Freederiksz transition [9,10]. 

To solve the steady state directors’ distribution, the total free energy of the 

system needs to be minimized. The total free energy for the nematic phase consists 

of two parts: (1) dielectric free energy which originates from the interaction 

between the applied field and anisotropic LC molecules and (2) elastic free energy 

which originates from the elastic deformation. On the other hand, to derive the 

dynamic response of the LC directors, the elastic torque and the electric field-

induced torque need to balance with the viscous torque.  

In a parallel aligned nematic LC cell, the directors are along the x axis and 

the two bounding surfaces are at Z=0 and Z = d. When the applied voltage V 

(along the z axis) exceeds the Freedericksz threshold Vth, the LC undergoes an 

elastic deformation. The directors then tilt in the xz plane, the amount of tilt (z) 

being a function of the distance from the aligning surface. (z) has a maximum 

value m at Z = d/2 and (z) = 0 at the boundaries. In case of a static deformation 

of LC directors, the Oseen-Frank equation describes the balance between an 

elastic torque and electric torque exerted by the applied field and can be written as 

[46] 
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where, K11, K22, and K33 stand for splay, twist and bend elastic constants 

respectively, and Vth is the Freedericksz threshold voltage given by  
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However, in the dynamic response, the viscous torque which opposes the 

directors’ rotation has to be included. The most general treatment of the dynamic 

of LC directors is described by the Erickson-Leslie equation [90-93]: 
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    (2.52) 

where  is the deformation angle, 2 and 3  are the Leslie viscosity coefficients, v 

is the flow velocity, 1 = (32) is the rotational viscosity, I is the inertia of the 

LC directors, 0 is the free space permittivity,  is the dielectric strength and 

0E
2 is the electric field energy density. The Erickson-Leslie equation can be 

applied to both parallel, perpendicular and twist alignments. Here the simplest 

case i.e. the parallel alignment has been considered. Neglecting the backflow and 

inertial effects in Equation 2.52, the dynamic response of parallel-aligned LC 

directors is described as [93]: 
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Now two approaches [93] may be taken to solve the above equation i) 

superposition method and ii) separation of variable method. 

 

2.3.3.1 Superposition method 

In this method (z,t) is expanded as superposition of spatial mode with 

small time dependent amplitude Cn(t) <<1 
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where m stands for the number of mode. By substituting Equation 2.54 in 

Equation 2.53 the decay time of the m-th mode is found to be  
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The higher order mode decays with a smaller time constant. For m=0, the lowest 

order spatial mode, the decay time 0 is often refereed as a free relaxation time 

                                          
11

2

2

1
0

K

d




                                              (2.56) 

This is the expression for LC samples possessing positive dielectric anisotropy but 

for negative dielectric anisotropy materials, K11 in Equation 2.56 is replaced by 

K33. 

 

2.3.3.2 Separation of variable method 

In this method (z,t) is separated into a spatial part and a time dependent 

part as [93]  

                               )(sin)(),(sin zthtz                                (2.57) 

where h(t) = sinm(t). m being the maximum tilt angle of the director at z =1/2. 

Substituting Equation 2.57 in Equation 2.53 and simplifying the time dependent 

amplitude h(t) is obtained as: 
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where h = h(t) and h0 = h(t=0): the initial small fluctuation. rise represents the 

rise time given by    

                                       

1

2

0


















th

rise

V

V


                                          (2.59) 

Similarly the decay time decay is derived as  
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where Vb is the bias voltage applied to the LC cell. The absolute value in the 

denominator indicates that this formulae is valid no matter Vb is greater or less 

than the threshold voltage Vth.
 For the free relaxation process it has been assumed 

that Vb = 0, which implies decay = 0. Then the Equation 2.59 reduces to 
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                                          (2.61) 

Equation 2.61 provides the direct correlation between rise time (rise) and the decay 

time (decay). 

Moreover, the Erickson-Leslie equation can be greatly simplified using the 

small angle approximation with the following assumptions  

1. is small i.e. V is not too far above Vth 

2. K11= K22 = K33 = K (one constant approximation) 

3. No backflow so that v =0  

4. Inertia (I) is negligible. 

Under the above assumptions Equation 2.53 reduces to  
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This over simplified equation also shows the same response time as those derived 

from Equation 2.56. 
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