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2.1 INTRODUCTION 

Scientist had been trying to develop some theories to understand the 

behaviour of liquid crystals over many years. One of the theory is molecular field 

approximation proposed by Bom[711 who treated the medium as an assembly of 

permanent electric dipoles and demonstrated the possibility of a transition from an 

isotropic to an anisotropic phase when temperature is lowered. Though this result is 

important qualitatively but the main objections against it are (1) permanent dipole 

moments are not necessary for the occurrence of liquid crystal phase and (2) 

resulting anisotropic phase in most cases not ferroelectric as the theory predicts. 

In 1937 Landau[72l made an elegant and far-reaching speculation about the 

functional dependence of the free energy density on the order parameter .. It is a 

quantitative measure of how well formed the phase is. 

Considering the molecule as a long hard rod, later Onsager[731 proposed a 

theory based on an exact density expansion for the free energy. But his theory also 

fails to explain the observed behaviour of order parameter near the nematic

isotropic phase transition. 

Most acceptable -and widely used theories based on molecular field 

approximation are given by Maier-Saupe[741 for nematic~_ and McMillan[751 for 

smectic A though both the theories have. also some limitations. I have compared my 

experimental data with the theoretical values obtained from these theories and I am, 

therefore, describing these two theories in short. 

2.2 MAIER-SAUPE MEAN FIELD THEORY OF NEMATIC PHASE OF 

ROD LIKE MOLECULES 

A microscopic approach that has proved to be useful in developing a theory - . 

of long range orientational order and some of related properties of the nematic 

phase is that due to Maier and Saupe[741
. It is based on mean-field approximation. 

They assumed that 

• the molecules are up-down symmetric about their long axis and with respect to a 

given molecule the distribution of the remaining molecules may be taken to be 

cylmdrically symme~c. t •til: 1 6 M.QR ?.OOl c~· ~~ 8\?J:1'{~rJ~'~s 
- !Ubta~· 
~&"i~ ID£,IT·<lZir!l~i0:'Jffi.0:-;<.:. 
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• the alignment of the molecules are caused by dispersion forces. Repulsive 

interaction is not considered. 

Here alignment of the molecules with respect to a preferred axis, called the 

director, is described by an orientational order parameter S = (P2 (cos8)) or {P2), 

where e is the average angle between molecular long axis and the director, where 

{ ... )means statistical average aver all orientations in the system.-

The single particle orientational potential energy woUid be proportional to 

- cos29 (or, P2( cos9)), where P2( cose) is second order Legendre Polynomial. 

· U(cose) oc- P2 (cose) 

Again mean field should-be directly proportional to the degree of alignment 

and we have, 

U(cose) oc (P2 (cose)) 

U(cose) oc _:_(P2 (cose))_P2 (cose) 

=-(A I V2) S P2 (cose) 

=- v2 S P2 (cose) 2.1 

where V is the ~ean molecular volume, A is a constant characteristic of the 

molecule, independent of pressure, volume and temperature and v2 = A I V2. 

Humphries et alr761 developed a more comprehensive concept by including 

higher order terms in the mean field potential for cylindrically symmetric 

molecules. Their result is 

U(cos8) = _LuL PL(cose)(PL(cose)) (L-:t=O) -2.2 
Leven 

2.2.1 Orientational distribution function 

Orientational distribution function f( cos e) gives the probability of fmding 

molecule whose axis makes an angle 9 with the director D. 

The distribution function for the molecular arrangement is 

f(cos8) = z-l exp[-f3U(cos8)] 2.3 

where Z is the single molecular part;it;io,n,~~ction given by 
.._. .• . <: !' ·. ~ ~ :t 
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Z = r exp[-13U(cos8)] d(cos8) 
0 

2.4. 

Here f3 = 1 I kT, k is Boltzmann's constant, Tis the temperature in absolute scale. 

Therefore, the average value of the order parameter is 

(P2 ( cose)) = t P2 ( cose) r( cose) d( cos e) 

.. J: Pz(cosS)evz(Pz)Pz(cose)tkT d(cos8) 

= t e vz (Pz)Pz(cos e)tkT d( cos8) 

t Pz ( cose)e (Pz)Pz(cos e)tT* d( cose) 
= 

il (Pz)Pz(cose)tT* ( ) 
0 

e . d cosO 

where T* = kT /v2 is called the reduced temperature. 

2.5 

2.6 

Equation 2. 6 is a self-consistent equation for the determination of the 

temperature dependence of (P2). The value of (P2) = 0 is a solution at all 

temperatures, which represents a disordered phase, the normal isotropic liquid. In 

addition, for temperature T* < 0.22284 two more solutions of (P2) appear. One is 

(Pz) greater than zero which tend to unity at T = 0 means almost perfectly aligned 

molecule. Other value of (P2) is negative which has not yet been observed 

experimentally for calamitic systems. 

The laws of thermodynamics state that the stable phase, will be the one 

having the minimum free energy. Applying this stability condition, we get the 

region 0 ~ T* ~ 0.22019, where (P2) is greater than zero which corresponds an 

anisotropic nematic phase and for T* > 0.22019, the isotropic phase with (P2) = 0 

is the stable state. 

The order parameter (P2) varies from 1 at T* = 0 to 0.4289 at T* = 0.22019. 

The transition from nematic to isotropic phase is frrst order as (P2) value jumps 

from 0.4289 to 0 suddenly. 
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2.3 McMILLAN'S THEORY FOR SMECTIC PHASE 

The structure of smectic phase is different from nematic. There is an extra 

positional order i.e., one dimensional periodicity along one direction (taken as Z -. 

axis). 

-Therefore, the sitlgie·particle distribution futlction caii be written as 

f(z,cose) = L LA1,n P1(cose)cos(2xdnz) 2.7 
1=0 n=O 
even 

where ~ci is the layer thickness. McMillan[751 developed the theory of sm:ectic A 

liquid crystals starting from the Kobayashi[77
'
781 form of potential. For simplicity, 

neglecting higher <?rder terms McMillan wrote the mean fie~d potential as 

_ vl(z,cose) =-vo[oa't cose~z)+{s+cra cose~z)}:P2(cose)] 2.8 

-where Vo and 0 are constants characterising 'the strengths of the anisotropic and 
. - '. 

-isotropic -parts of the interaction respectively. Here 

orientational qrder para~eter S =((!co~2 e-t)), 

_ tr~slationa1 order parameter 1: = (cos{ 
2~ z)) , .. , _ 

inixed order parameter cr = ( Pd cose) cos( 
2~z)) 

and a is a parameter which depends on the· core length and molecular length. 

Then 

f1 ( z, cose) = z-1 exp( -f3V1 ( z, cose)]

Z is the single molecular partition function given by 

Z = t dz J; exp[-f3V1 (z,cose)] d(c?se) 

2.9 

in which range of dispersion interaction, ro, is of the order of the length of the rigid 

core of the molecule. o is another parameter of potential. 

The order parameters are given by, 
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't = l1 ld cos(
21tZ) f 1 ( cos8, z) dz d( cos8) 

' 0 0 d 
2.10 

There are a self consistent equations for the three order parameters as functions of 

temperatures. 

The expression of S, cr and 't exhibit three types of solutions: 

i) 't = cr = S = 0, no order characteristic of the isotropic liquid phase; 

· ii) 't = 0, cr. ::::; 0, S * 0, orientational order only, the theory reduces to the Maier

Baupe theory of the nematic phase; and 

iii) :r * 0, cr * 0, S * 0, orientational and translational order characteristic of the 

smectic A phase. 

One can also predict the nature of the smectic to nematic phase transition 

observing McMillan ratio (TN.JTNI). (TN.JTNI ) > 0.87 represents first order and 

(TN.JTNI) ( 0.87 represents second order SmA- N transition. TNA and TNI are the 

Sm - N and N - I transition temperature respectively. 

2.4 X-RAY SCATTERING 

The general formula for the intensity of scattering from a system of 

molecules is 

I(S) = LLLL(fkm(S)f~ (S) exp[is.(rk- r1)] exp[is.(Rin- Rkm)J) 2.11 
k I m n 

where the brackets indicate an average over the liquid is mvolved. rk is the centre of 

mass of the kth molecule, fkm is the atomic scattering factor of the mth atom in the kth. 

molecule and Rkm is the position of the m th atom · · .in the kth molecule. 

S is the scattering vector and S = Ks - Ki. 
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. ,. .. 

. Ks = scattered_ wave vector, Ki =·incident wave vector . 

. -~ For elastic scattermgiKsl = IKil ~ 27t /_A. 
. ;•- .,.. 

. .. The intensity can be .written as 

. I(~) = Im(S) + D(S) 

Im(S) is the molecular structure faCtor and D(S) is called the interference function._ 

· Im(S) = t:(F.f~on(S) r,;. (S) exp[is(Rkn- R~on)]) 

= N( ~fkn exp(-iSR~on) ') 

. D(S) ~ / i:exp(iS.rkl)~(f~an(S)f~ (S) exp[is.(Rin- R~an)])) \k"l m,n 

2.12 

The term .• Im(S) gives the scattered intensity which 'Would be observed from a· 

random distribution of identical molecul.es. 
' . 

· D(S) contains information regarding 

a). Molecular packing 

b) Orientational ·distribution function 

c) Order parameters (P2), (P 4) ... etc. 

d) App~ent molecular length 

e) Average lateral distance between the .molecules . · 

f) Layer thickne~s in Smectics 

g) Layer order parameters 1: and (z2
) in SmA 

h). Correlation lengths 

i) Tilt angle 

j) Bond orientational order parameter. 

k) Critical exponents. 
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2.5 EXPERIMENTAL TECHNIQUE AND. DATA ANALYSIS BY X-RAY 

DIFFRACTION STUDIES. 

Small angle x-ray scattering is a best tool· for structural determination of 

.condensed matter. The x-ray set-up was designed and fabricated by Jha and Paul[791 

in our laboratory. The schematic representation of the whole set-up is shown in Fig. 

- 2.1 
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Fig. 2.1 Sectional diagram of the X-ray 
diffraction camera 

· 1. Entrance of x-ray beam, 
2. Collimator, 
3. Brass ring, 
4. Ring ofsyndanyo board, 
s. Brass ring, . 
6 .. Cylindrical Brass chamber, 
7. Asbestos insulation and 

heater winding, 
8. Specimen · holder. and 

thermocouple, 
· 9. Sample position, .. 
10. Film cassette, 

·11. Film. cassette holder, 
l2. Base plate? 
13. Levelling screw, 

. 14. Brass ·plates over the. coils 
of the electromagnet, 

15. Removable spa.cer, 
16, Supporting brass stand, 
17. Pole pieces, 
18. Asbestos insulation. 

·In experiment sample is taken in a Iindemann glass capillary of ~0.1 mm. 

·diameter and ·then seal both the ends of .it. The sample is placed insid~ a: 
thermo·stated block. Slow· and· controlled cooling from isotropic state or a very high· 

temperature mesophase ·to ·required _temperature in the presence of magnetic field· 

,~~ . makes the sample aligned ,along the direction of magnetic field. X -ray photograph is 
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taken with nickel filtered Cu Ka radiation, x-ray beam being perpendicular to the 

magnetic field. 

X-ray photographs of oriented samples are of different types depending upon 

the mesophase. Fig.- 2.2 shows small angle x-ray diffraction pattern of ordinary 

nematic and smectic A phases aligned along the applied magnetic field. Here the 

circular outer halo split~ into two crescents having maxima along the equatorial 
. . 

direction. These crescents are formed due to intermolecular scatte~g and the 

corresponding diffraction angle is a measure of lateral intermolecular distance. 

n 

l('V) -------- -·--.. _ /________ ···-...• __ 

MS 
(a) 

H 

ES :·Equatorial section, 

n 

I( \II) _./________________ ---·-------.... ___ _ 

··--......... _________ -----------------

MS 

(b) 

MS : Me· .ridional section 

H 

Fig.- 2.2 Schematic representation of the x-ray diffraction pattern of an oriented 

(a) nematic and(~) smectic phase. 

At much lower scattering angle intensity peaks usually in the shape of short 

bar are in the meridional direction. Measuring the corresponding angle· of 

diffraction we get the value of apparent molecular length. 

In case of cybotactic nematic these bars break up into spots[&OJ. 
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Photographic nature of SmA phas~ is different. Unlike nematic phase inner 

diffraction peaks usually change to two sharp spots. Sometimes second order spots 

also appear. t, the translational order parameter can be determined from these spots. 

From the equatorial arcs of x-ray diffraction pattern, orientational order 

parameters and intermolecular distance can be calculated. Full circular scanning of 

optical density (O.D) is performed with the help of microdensitometer (CARL 

ZEISS JENA MD 100) at required intervals considering the maximum O.D position 

at an angle \jl = 0°. These O.D data are converted to intensity data with the help of a 

calibration curve[811
. Thus ~e get angle (\JI) vs. angular intensity distribution I (\JI) 

curve. Fr,0m the value of I (\JI) [for \jl = 0° to 90°], we can calculate the orientational 

distribution function f(f3) using the relation [ 821 of Leadbetter and Norris. 

· The relation between f(f3) and I (\JI) is 

2.13 

where f3 is the angle between director n and molecular long axis. 

As molecular distribution in the. nematic phase is centro symmetric, the 

distribution function and the intensity can be expanded as even cosine power series. 

r 

I( \j/) = L a2n cos2
n \jf 2.14 

n=O 

r 

f(J3) = Lb2n cos2
n J3 2.15 

n=O 

The series converge rapidly. Retaining eight terms in the truncated series, a 

least square fitting was made with the observed I(\jl) values to get the coefficients of 

2.14. These values of a2n were then used to calculate the coefficients ofb2n. 

Orientational order parameter (P2) and (P4) were then calculated using the 

following equation 

(P,) = £ P1 \cos P) f(P) d( cos P) 
· L r(p) d( cos J3) 

2.16 



24 

Necessary computer program was written ill our laboratory. The errors ill 

calculation of (P2) and (P 4) in my experiment are. estimated to be within ± 0. 02. · 
' ' . 

Linear scanning of oliter halo gives averag~ intem10lecular distance (D). 

Corresponding equation is 

2Dsin 9 =kA '2.17' 

where. e is th~ Bragg angle for equatorial diffraqtion, A. is the wavelength of Cu:Ka

line and k is a constant varying with order par~eterr831 . For.petfectly ordered state 

k = 1.117 as given by de Vriesr25J. 

Linear scanning of inner halo or spot gives the apparent molecular length 

(for N phase) or layer thic~ess (for Sm phase). For this we use the Bragg equation 

2d sine= A. 2.18 

' . -
2.6 OPTICAL BIREFRINGENCE STUDY 

·Wb_e~ light falls on a uniaxial aligned· liquid crystal sample, double refraction 

can be observed. One principal refractive ·index- is llo· or n.1; corresponding to the · 

'ordinary' ray with the electric. vectpr oscillating perpendicular to the .opti.c axis of 

the molecule (generally taken as director of n) and another is De or nu, of the . 

'extraordinary' ray with electric vector oscillating parallel to the axis. 

Thus the optical anisotropy or bire:friti.gence is given by 

~=De~ no~ n11 ·~. n.1 

which depends on the wavelength and temperature:- For positive uniaxial mesogen 

~ is positive i.e., De> no and it is negative for negative uniaxial mesogen. 

Birefringence· of liquid crystals was first determined_ experimentally by E. 

Dom[841 for ne~atogen. Subsequently ~ w~s also measured in smectic phasesrss-ss]. 

The e~s,tence of ~ is related to :·molecular polarisability (a)· which. 

originates due to 7t, electrons and delocalised electrons not participating in chemical 

bonds of the organic sample. This a cap be determined by knowing the value of 

internal field. As the interilal field is anisotropic in nature for mesogens, Lorentz- . 

Lorentz force, valid ·for liquid state, is not applicable here .. I follow, the . 

Neugebauerr891 and Vuks'f90l modified formula for calculation of a. 
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2.6.1 Neugebauer. Method 

Neugebauer used anisotropic internal field constant. The effective molecular 
. . . 

polarisabilities a 0 and ae are related to no and ne by the following equations: 

2.19 

and 

2.20 

where N is the nll!flber of molecules per c.c. and Ye and Yo are the respective internal 

field constants for extraordinary and ordinary rays. The relevant equations for 

calculating polarisabilities a 0 and ae obtained from the above equations are as 

follows: 

~+2_ = 4nNiln~ +2 + 2(n} +2) lj 2_21 
a a . 3 n -1 n -1 e o . e . o 

and 

where n is the mean refractive index and is given by 

1 . 
n2 =·-(2n2 +n2

) 
3 o . e 

2.6.2 Vuks' method 

2.22 

Vuks considered that the internal field lS independent of molecular 

interaction and the corre~ponditi.g relations are : 

n~-1 4nN 
=--a. 

n2 +2 3 ° 
2.23 

and 

2.24 
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2.6.3 Calculation of orientational order parameter from refractive index 

measurement 

The degree of order of the meso genic molecule has been determined using a

values obtained from the above two methods. The relation between orientational 

order parameter S and effective polarisabilities ( a 0 , ae) are given by de Gennes[911 

as: 

2 
a =a+-a S 

e 3 a 
2.25 

and 

1 
a =a--aS 

o 3 a 
2.26 

where,. a= (2a 0 +ae)/3, is the mean polarisability and aa = (au - _a1_), is the 

molecular polarisability anisotropy where au and a1_ are the principal 

polarisabilities, parallel and perpendicular to the molecular long axis in the 

crystalline state. 

From equation 2.25 and 2.26 we obtain, 

S=ae-ao. 
a

11
-aj_ 

2.27 

It is very difficult to measure aa in the crystalline state. So we use well known 

Haller's extrapolation method[921
. A graph was plotted with log ( ae - a 0 ) vs. log (T c 

- T) to get a straight line. This was extrapolated up to log (T c) where T c is the N - I 

transition temperature. At T = 0 K, i.e., in crystalline state, S is considered to be 1 

and then (au - a1_ ) is equal to ( ae --:- a 0). Once we know the value of aa, we can 

calculate S as a function of temperature. 

2.6.4 Measurement of refractive index 

Optical birefringence was measured by thin prism whose refracting angle 

was around 1 o. These prisms have been made by using optically flat glass slides. 

Techniques of preparation of prism have already been reported by Zemindar et 

al[93l. Special care has been taken for cleaning of glass slides. Cone. HN03 was used 

primarily to clean the impurities. Then washed it with water several times till there 
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is no acid reagent. After drying, it was dipped in acetone to clean any type of oily 

substances. Soap or detergent solution was avoided for cleaning because it might be 

adsorped by glass-resulting a non-washable white layer on it. One side of each glass 

slides were then coated with dilute solution(~ 1%) of Poly Venyl Alcohol (PVA) 
-

and rubbed several times on bond paper in same direction to obtain a preferred 

direction on the substrate. A prism was constructed using high temperature adhesive 

placing the treated surfaces inside and rubbing direction parallel to the refracting 

edge of the prism. A thin glass spacer was introduced in one side to get a prism of 

required angle. It was then placed on a cleaned glass plate. Liquid crystal sample 

was introduced into the prism from its top open side. The system was alternately 

heated to isotropic phase and cooled slowly so that liquid crystals were perfectly 

aligned with its optical axis parallel to the reflection edge of the prism. The prism 

was then placed into thermostated brass oven and refractive indices were measured 

(fie, no) for different wavelengths by means of a precision spectrometer, a 

wavelength selector and a nicol prism. Measurement of densities of the mesogens 

were performed with the help of single tube dilatometer. The accuracy of density 

data were within ± 0.1 %. 

STRUCTURE AND CHEMICAL NAME OF THE LIQUID. CRYSTALS 

STUDIED 

Name and structural formulae of the liquid crystalline compounds studied in 

~- this investigation are given below: 

1. 4-cyanobiphenyl- 4' -yl4-heptylbiphenyl-4- carboxylates (7CBB in short) 

Hisc7-o-D-coo-o-o-cN 

2. 4- alkyloxy -4'- cyanobiphenyls (nOCB in short) 

n = 5, 6, 7, 8 

H2n+1Cn-· 0-o---o--CN 



3. p-ethoxyphenyl trans- 4- butyl cyclohexane carboxylate (EPBCC in short) 

4. 4-n-pentyl4'cyanobiphenyl (5CB in short) 

CsH11-o-o-CN 

5. 4-n-pentyl phenyl4-n' hexyloxy benzoate (ME60.5 in short) 

6. 5-(trans-4-alkylcyclohexyl)-2- (4-cyanophenyl) pyrimidine 

n = 2 (EPPCC in short) and n = 7 (HCCPP in short) 

7. 3E-n-butane-phenyl- ( 4-cyclohexane-4' -n-alkane) -ether 

n = 3 (3CPOD(3)l in short) and n =5 (5CPOD(3)1 in short) 

CnH2n+l~O-CH2-CH=CH-CH3 
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