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1.1. Introduction: 

The thesis is concerned with the dielectric investigation of nonspherical polar liquid 

· molecules in nonpolar solvents. The principal object of the thesis work is to measure 

relaxation time 't's, the thermodynamic energy parameters of polar liquids such as free 

energy of activation ~'t. enthalpy of activation ~H't and entropy of activation ~S't due to 

dielectric relaxation from the temperature variation of 'tj's and the high frequency (hf) 

dipole moments J.l./ s in terms of measured 'tj' s. The J.I.I. J.1.2, J.l./ s and static 1-ls from the double 

·relaxation method, hf and static or low frequency electric fields are used to arrive at the 

structural aspects of the polar liquid molecules under investigation. 

1.2. Dispersion and absorption phenomana of polar nonpolar liquid mixtures: 

When a beam of electromagnetic wave propagates through. a material medium of a 

polar-nonpolar liquid mixture, its velocity becomes less than the velocity in vacuum and its 

intensity gradually decreases as it passes through it. The velocity of the waves varies with 

the angular frequency co of the waves. As a result the relative permittivity and hence the 

square of the refractive index of the material changes. This sort of variation is referred to 

dispersion. The reduction in the intensity of a beam is partly due to absorption, which goes 

to generate heat in the medium [1.1]. Let a wave of sinusoidal electric field intensity E(t) = 

. E0 drot passes through a material medium. The electrons of the molecules are displaced from 

their equilibrium positio~s. As a result a restoring force mco0 
2x proportional to the linear 

displacement x is called into play. Thus there is a damping force on the electrons. If 'g' 

represents a damping force per unit mass and per unit velocity, the total damping force for 

the mass m of the electron of velocity x is mg:X . Thus the equation of motion of the dipole 

can be written as : 

..... ( 1.1 ) 

The term on the right hand side ofEq. (1.1) is the force on the electron of chargee and mass 

m. Let co0 is the natural frequency of vibration of the electron. 
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The Eq. (1.1) can be solved by assuming x = Adrot and hence :X = Ajrodrot and 

:X=- Aro2eirot, where j =~ is a complex number. 

Hence, Eq. ( 1.1) becomes, 

..... ( 1.2) 

..... ( 1.3 ) 

If x is the distance of separation between the charges of a molecular dipole we have the 

oscillating dipole moment ~ where 

~=xxe 

2 

~E(t) 
~= m 

[(ro~ -ro2 )+ jgro] 
..... ( 1.4) 

for the sinusoidal electric field of electromagnetic light waves passing through the medium. 

If there are Nk number of electrons per unit volume of the k th type characterised by 

the angular frequency rok and the damping force per unit mass per unit velocity is gk then 

the dipole moment per unit volume is called the polarisation vector P where 

Further more, 

:5 = £ +47tP 
sE = E+47tP 

P=E(s-1) 
47t 

..... ( 1.5) 

..... ( 1.6) 
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From Eqs. (1.5) and (1.6) ultimately it is found that 

..... ( 1.7) 

Eq. (1.7) shows that the relative permittivity of a medium [here polar liquid G) in a non

polar solvent (i) ] is a complex quantity like 

..... ( 1.8) 

and is a function of frequency leading to dispersion and absorption phenomena as well. The 

variation of real eij' and imaginary eij" parts of the high frequency (hf) complex relative 

permittivity f:ij * as a function of frequency ro [ 1.2] is shown in Fig.l.l. 

Figure 1.1: Variation of e' and e" with ro 

Experimentally it is also observed that in some part of the spectrum, e' or rather no 2 goes on 

increasing with ro and then suddenly drops to a very low value becoming less than unity and 

begins to increase again. The phenomena of change of e' with the frequency is called 
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the anomalous dispersion. In the region of anomalous dispersion where e" goes on · 

increasing and becomes maximum at co = co0 giving rise to what is known as .absorption of 

electrical energy ofthe electromagnetic waves incident on the system of a polar-nonpolar 
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Figure 1.2: Variation of permittivity with angular frequency ofelectric field 

liquid mixture under study is illustrated in Fig. (1.2) by dotted lines. Thus the dispersion and 

absorption phenomena ultimately yield what is known as the dielectric relaxation processes 

of polar liquids in non-polar solvents. 

1.3. Polarisations: 

The centres of all the positive and negative charges in each molecule of a substance 

·coincide each other if the substance is a non-polar one. On the other hand, if they do not i,e 

the centres are separated, it is said to be a polar molecule [1.3]. Under the application of the 

electric field E these centres get displaced in opposite directions. This sort of relative 

displacement of the charges for a molecule is called polarisation and the dielectric substance 

is said to be polarised. 

The molecular polarisability a of a homogeneous or isotropic dielectric is defined as 

the dielectric polarisation per unit electric field E . The p and E are related as, 
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p=aE ..... ( 1.9) 

In non-polar molecules d. arises in two ways; firstly, due to the displacement ofthe 

. electrons relative to the nucleus in each atom which is known as electronic polarisation and 

secondly, for the displacement of the atomic nuclei relative to each other giving rise to the 

atomic polarisation. 

Permanent dipoles of the polar liquid molecules align along the direction of the 

applied electric field despite the presence of the thermal motions. The polarisation appears 

is known as orientation polarisation. The total polarisability ar of a molecule is finally 

given by: 

..... ( 1.10) 

where ae, aa and a 0 are the electronic, atomic and orientation polarisability respectively. act 

of Eq .( 1.1 0) which is the sum of ae and aa is called the distortion polarisation. 

1.4. Relaxation phenomena: 

The polar liquids in non-polar solvents when placed under a hf electric field of 

frequency in giga hertz (GHz) range the polar units rotate in addition to their thermal 

agitations and hence the system is not a stable or perfect one. Dielectric relaxation is, 

therefore, related to some form of disorder present in the systems. There is no relaxation in 

.a perfectly ordered system because nothing can relax from the perfection. 

If a polar compound is placed under the alternating electric field, the molecul~s 

become polarised. Various types ofpolarisations are operating in the molecule. Each type of 

polarisation takes some time to respond to the applied alternating electric field. The 

considerable lag in response occurs in the attainment of the equilibrium. This lag in 

response due to the alternations of the applied electric field is commonly known as 

dielectric relaxation. The external electric field when switched off, all types of polarisations 
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including the orientation polarisation decay exponentially with time. The time required in 

which the orientation polarisation is reduced to 1/e times its initial value is known as the 

relaxation time ,; of the polar liquid molecule. Under the static or low frequency electric 

field all types of polarisation exist where as in case of hf electric field all the polarisations 

do not attain the equilibrium before the electric field is reversed. The dipole moment J..l of 

the polar liquid molecule is obtained from the measured ,; under a hf electric field. Thus ,; 

becomes an important molecular parameter in getting the shape, size and structure of the 

highly non-spherical molecules. 

1.5. The real Ei/ and imaginary Eij" parts of hf complex relative permittivity Eij • and the 

static permittivity Eoij : 

The force between the two electric charges in a dielectric medium placed at certain 

distance apart depends upon the medium. The parameter of the medium, arising out of the 

calculation of forces between two electrical charges of polar molecule is called the static 

· permittivity e0 of the · medium. If two charges of a polar molecule are placed in a 

homogeneous or isotropic medium, the forces is, however, reduced by a dimensionless 

scalar factor Er called the relative dielectric permittivity. Er is the ratio of the capacitances of 

the condenser, if two charged plates of opposite signs are filled up with dielectric medium 

and the vacuum respectively i,e, 

..... (1.11) 

Under static electric field there is no absorption of electrical energy and therefore the 

electric displacement vector :5 is related to the electric field E by the relation :5 = eE. 

When an alternating electric field of E =Eo cos rot is applied on the dielectric material 

there is always a dissipation of energy due to the absorption of electromagnetic waves. This. 

phenomenon is known as the 'dielectric loss'. A difference of phase between 5 and E 
occurs due to various reasons such as 

i) electrical conduction, 

ii) the relaxation effect due to permanent dipoles and 
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iii) the resonance effect due to vibration or rotation of atoms, ions or electrons of the 

dielectric material. 

The absorption of energy prompt us to assume the E and fi as follows: 

where o is the phase difference between E and :5 , ro = 27tf, f being the frequency of the 

applied electric field. 

The dielectric response of a system is described by the complex relative permittivity 

e*(ro) at the frequency ro: 

e* (ro) =I_? 
E 

e • ( ro) = J? o (coso - j sino) 
Eo . 

e* (ro) = e'(ro)- je"(ro) . .... (1.12) 

where e'(ro) and e"(ro) are the real and imaginary parts of high frequency (hf) complex 

permittivity e*(ro). When a polar liquid G) is dissolved in nonpolar solvent (i) then the static,. 

real and imaginary parts of permittivities can be expressed respectively as e0u, eu' and eu"· 

1.6. Debye equation under static and high frequency (ht) electric field: 

The molecular polarisability <Xct of nonpolar molecules due to distortion polarisation 

does not depend on temperature whereas in case of a polar molecule the orientation 

· polarisation occurs in addition to the distortion polarisation. The polar molecule has a 

permanent dipole moment j:iP which is randomly directed due to the thermal agitation 

resulting out of the net moment to be equal to zero. 
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Under the application of the electric field the permanent dipole of a polar molecule 

orients itself along the applied electric field direction. Subsequently, an equilibrium is 

reached to yield the orientation polarisation P
0 

which is inversely proportional to the 

absolute temperature T K. It can be shown that: 

..... ( 1.13) 

2 

where aP == ~ is defined as the effective orientation polarisability. Therefore, the total 
3k8 T 

polarisability in case of polar liquid molecule is 

..... (1.14) 

Here ad is the polarisability due to distortion polarisation. Thus the Clausius-Mossotti 

[1.4,1.5] equation becomes: 

..... (1.15) 

The above equation (1.15) is the famous Debye equation [1.3] for polar molecules under 

static electric field. 

In a hf electric field molar polarisation of a dielectric material if expressed in terms 

of~:>*(ro), the Clausius-Mossotti equation can be written as, 

9 



a ro)-1 M =_i7tN a +J:£_ 1 *( [ 2 J 
s*(ro)+2p 3 d 3k 8 T1+jro't 

..... (1.16) 

Now introducing the static and optical relative pennittivities eo and sex:, Eq. (1.15) becomes: 

and 

Substituting Eq. (1.17) and (1.18), the Eq. (1.16) can be written as , 

s*(ro)-1 =e.., -1 +(e0 -1_ e.., -1]_1_ 
s*(ro)+2 s..,+2 e

0
+2 s..,+2 jro't 

..... (1.17) 

..... (1.18) 

..... (1.19) 

The above equation when separated in real and imaginary parts a' ( ro) and a" ( ro) of a • ( ro) one 

can obtain, 

e -a 
s"(ro) = o "'x 

1 +x2 

a +2 where x = _o __ ro't 
. a.., +2 

The Eqs. (1.20) and (1.21) are the Debye equations under hf electric field. 

1.7. Distribution of relaxation time: 

..... ( 1.20) 

..... ( 1.21 ) 

The dipolar relations are to be satisfied by experimental results according to Cole

Cole [1.6] and Cole-Davidson [1.7]. The experimental curves for most of liquids deviates 

from the simple Debye curve [1.3]. In addition to Debye semi-circular arc, three types of 

behaviours were found for different dielectric liquids. A circular arc [1.6] with centre lying 

below the abscissa as shown in Fig. 1.3 exhibits symmetric distribution of relaxation times. 
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Figure 1.3: Cole-Cole Plot. 
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& 

Figure 1.4: Davidson- Cole plot 

However, an asymmetric distribution of relaxation times as shown in Fig. 1.4 gives the 

skewed arc [1.7, 1.8]. A curve is supposed to be made up of a number of Debye semi

circular arc with multiple relaxation times are displayed in Fig.1.5 to understand the 

asymmetric distribution of relaxation behaviour. Debye equation can also be written for 

such distribution of relaxation times. 

. .... ( 1.22) 
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Figure 1.5: Plot of 8' against 8 for a number of 
Debye semicircular arc with multiple relaxation. 

where G(t)d-t is the function of the molecules associated with relaxation times between t 

and t+dt such that the normalisation condition for the distribution function G(t) is 

ao 
f G( -r)d-r = 1 ..... ( 1.23) 
0 

Now separating the real and imaginary parts ofEq. (1.22) we get, 

..... ( 1.24) 

" - ( - )aoJ OJni( 1' )d-r 
8 - eo eao 2 2 

0 l+OJ 1' 
..... ( 1.25) 

as Debye equations. 

1.8. Macroscopic"and microscopic relaxation times: 

Under the application of the constant alternating electric field an equilibrium is 

attained with time by the decay function f(t) where 
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..... ( 1.26) 

Here the relaxation time -r is a temperature dependent parameter which does not depend on 

time. If E(t) is a time dependent electric field and E(x) is a field which is applied during a 

time inter-Val x and x+dx, the corresponding electric displacement vector D(t) is written as: 

t 

D(t) = 8 00 E(t)+ f E(u)f(t-u)du ..... ( 1.27) 

The first term on the right hand side of Eq. (1.27) is the instantaneous displacement while 

the second term is due to absorption of the electric energy by the material. 

-~ 

I 

--- CO't 

Figure 1.6: Variation of 8"with OJ'r 

The above equation is simplified by Frohlich [1.9] as follows: 

8 -8 
8*=8+o oo 

00 1 + jOJ'r 
..... ( 1.28) 

Separation of real and imaginary parts results, 

8' -8
00 

1 
------'=-- = ---
80-800 1+0J2'r2 

..... ( 1.29) 
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..... (1.30) 

It is evident from Eq.(1.30) that imaginary s" has a maximum value for ffi't=l and 

approaches zero for both small and high values of ffi't as depicted in Fig. 1.6. The variation 

-VJ 

------OYC 

Fi!mre 1.7: Variation of r.'with rm: 

of s' with ffi't ,is shown in Fig. 1. 7. The Eqs. (1.29) and (1.30) differ from Debye equations 

. (1.24) and (1.25) which contains the quantity 't0(s0+2)/(soc+2) instead of 't. Comparison of 

two equations a relation between macroscopic relaxation time • and microscopic relaxation 

time 'to is obtained as: 

..... ( 1.31 ) 

Moreover, the elimination of ffi't from Eqs. (1.29) and (1.30) results, 

..... ( 1.32) 
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Figure 1.8: Variation of e"with e'for different angular frequency OJ 

(De bye semi-circle) 

A plot of E" is drawn against E' representing the semicircular arc of radius (E0-Ecx:)/2 and 

centre lying on abscissa at a distance (Eo+ Ecx:) I 2 from the origin as illustrated in Fig. 1.8. 

This semi-circular arc intersects the abscissa at E'=Ecx: and E'=Eo and is known as the Debye 

semicircles. 

1.9. Cole- Cole and Cole- Davidson Distribution: 

The behaviour of a dielectric cannot be described by single relaxation time. For a 

· large number of liquid dielectrics the experimental curves deviate from Debye curve 

showing broader dispersion and lower maximum loss. This is confirmed by Fig. 1.1 0. Cole 

-Cole [1.6] plot of E" against E' for a dielectric material at different frequencies in complex 

plane shows the relaxation time distribution to be a semi-circular arc. This curve intersects 

the abscissa axis at two points Ecx: and E0 and the centre of the semicircle lye below the 

abscissa axis as evident from Fig.1.11. The radius of the semicircle makes an angle yn/2 

withE' axis where y is called the symmetric distribution parameter. The modified version of 

the Cole- Cole ofDebye formula is given by, 
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S * -E"' 1 = ..... ( 1.33) 

From Cole - Cole distribution curve of Fig. 1.3 it is observed that the curve is symmetrical 

about a parallel line of the e" axis. However, a skewed arc was obtained by Cole and 

Davidson [1.7-1.8] by plotting E" against s' for certain dielectric materials as depicted in 

Fig. 1.4. The behaviour is represented by the empirical relation: 

..... ( 1.34) 

where 8 is a asymmetric distribution parameter ( 0 < 8 ::;; 1 ) and is related to characteristic 

. relaxation time 'tcs of the dipolar molecule. 

1.10. Debye equation in polar-nonpolar liquid mixtures: 

In pure polar liquids, one polar molecule is surrounded by a large number of similar 

polar molecules and as a result there exists the polar-nonpolar interactions between the 

molecules. If one makes a solution of polar liquid in a nonpolar solvent the polar-polar 

interaction among the molecules is minimised. Again for small concentrations the dissolved 

dipolar molecules will be far apart on the average from the other similar molecules and thus 

the interaction of the polar molecule with the surrounding nonpolar molecules of the solvent 

may occur. 

Let a polar liquid G) is dissolved in a nonpolar solvent (i). Also let ai and Uj be the 

polarisabilities of solvent and s.olute of molecular weight Mi and Mj respectively. If Bij be 

the relative permittivity of the liquid mixture then De bye equation· [1.3] for polar nonpolar 

liquid mixture is: 

s .. -1 M.f +M.f 47tN[ II 
2 

] 
IJ I I J J = -- a.f +a.f +-r_s_f. 

3 I I J J 3k T J sij +2 Pij s 

..... ( 1.35) 
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f i and fj being the mole fractions of the solvent and solute and these are defined as 

where ni and nj represent the number of molecules present in 1 cc and ai = aj. 

Now Eq. (1.35) becomes: 

E .. -1 .,. -1 47tN II 
2 

_•J _ V.. = _"_i _ V. + ___ r-_s_ f. 
Eij + 2 IJ E; + 2 I 3 3kB T J 

. .... ( 1.36) 

Vi and Vu of the above equation are the specific volumes of the solvent and solution 

respectively. 

Ifnoij is the refractive index, then for the neutral dielectrics one can have E.,u = n~j. 

With the above substitution the Eq. (1.36) can be written as: 

..... ( 1.37) 

The Eqs. (1.36) and (1.37) when rearranged one gets: 

..... ( 1.38) 

The above equation can be used to measure the dipole moment of a dipolar liquid by 

treating it a solute in a solution. 

Now if Cj be the molar concentration i.e, Cj = fjNu and for extremely dilute solution 

ViNij --)1, the Eq. (1.38) can be written as: 
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..... ( 1.39) 

The Eq. (1.39) is an important equation and can be used to determine the static dipole 

moment J..1s of dipolar liquid molecule at infinite dilution. The Eq. (1.39) is known as Debye 

equation for a polar-nonpolar liquid mixture in cgs units i.e, in Debye units. 

1.11. Murphy Morgan relation of high frequency (hf) conductivity: 

The experimental determination of absorption in a dielectric material is a measure of 

energy dissipation of electrical energy in a medium. In practice, most systems show energy 

loss from the process other than dielectric relaxation. Generally these are of smaller in 

magnitude and related to the d.c conductivity of the medium. If E" is a loss factor due to 

conductivity then at a particular frequency total dielectric loss is: 

E" (total) = E" (dielectric) + E" ( conductance) ..... ( 1.40) 

In an ideal dielectric there would be no free ion conduction, but in actual insulating material 

Joule heating effect may be developed by the drift of free electrons and ions by the electriC 

field. Therefore, the total heat developed is the sum of dielectric loss and Joule heat. 

If a potential V is established between the parallel plates of condenser having a 

dielectric material of constant E and d is the distance of separation between the plates of 

surface area A, then a charge q per unit area will appear on each plate and polarisation P 

will also be created in the dielectric. If it is assumed that the conductivity due to free ions is 

of negligible amount, then the conductivity is 

1 dq 
cr=--

Where E= V = D 
d E 

E dt 

Again, D = 4nq = E + 4np and the Eq. (1.41) becomes, 
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aE = dq =-1 dD =-c_dV 
dt 41t dt 47td dt 

Here, all the parameters are expressed in esu . 

If the applied potential is alternating ie, V = V0d00
\ the dielectric permittivity is a complex 

quantity E * where 

e• = e'- jc" 

Now the total current density in the dielectric is, 

i = dq = E * dV0 ejcot 

clt 47td dt 

' . "( v J e - JE . 0 J·cot 
= Jro-e 

47t d 

I _ roe . roc E jcot ( " ') - -+J- e 
47t 47t 0 ..... ( 1.42) 

whereEo=Vofd 

The total current density in the dielectric is the sum of capacitive current and conduction 

current ie, 

I = I displacement + I conduction ..... ( 1.43) 

Murphy and Morgan [1.10] in 1939 deducted an expression oftotal conductivity a* which is 

a complex quantity and sum of the conductivities due to displacement current a" and the 

conduction current a'. 

Therefore, 

a* = a'+ ja" ..... ( 1.44) 

Comparing Eqs. (1.42) and (1.44) we have: 
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and 

roe" 
a'=-

4n 

roe' 
a"=-

4n 

..... (1.45) 

..... ( 1.46) 

where cr' and cr" are the real and imaginary parts ofhf complex conductivity a• respectively. 

1.12. Onsager's theory under static electric field: 

Orisager [1.11] considered the polar liquid as a possible dipole at the centre of a 

spherical cavity of molecular dimensions surrounded by nonpolar medium. If G and R be 

the cavity field arising out of the external charges and the cavity field arises due to 

polarisation of the environment medium by the field of dipole then 

..... ( 1.47) 

R
- 2(e

0 
-1) _ = ,_.. 

(2e
0 
+ 1)a3 ..... ( 1.48) 

where 'a' is the radius of the spherical cavity. Thus the total field acting upon spherical 

polar molecule in a polarised dielectric medium is given by: 

..... ( 1.49) 

Onsager equation for static dielectric constant in case of polar liquids is thus obtained in the 

following form: 
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..... ( 1.50) 

This equation becomes Debye equation when the factor 3
eo(e.., + 2

) approaches to 
(2E

0 
+e..,)(E

0 
+2) 

unity as Eo tends to Ecx: for infinitely dilute polar solute in a nonpolar solvent. 

The approximate validity ofOnsager's Eq. (1.50) is found in case of a large number 

of unassociated liquids, but the experimental results deviate largely from the theoretical 

ones for associated liquids like water, alcohols and liquid ammonia. The discrepancies can 

be interpreted by the following reasons, 

(i) In associated liquids short-range forces arise due to ordered array of 

neighbouring molecules. 

(ii) Molecules should be spherical in form. 

(iii) The environment of the molecule is treated as homogeneous continuum and the 

local saturation effects are neglected. 

1.13. Kirkwood's theory: 

The effect of the short range forces was first considered by Kirkwood [1.12] by 

taking into account the sum of the molecular dipole moment and the moment induced as a 

result of hindered rotation in the spherical region surrounding the molecules. Kirkwood has 

derived the following relation: 

..... ( 1.51 ) 

~here 'g' is a correlation parameter which characterises the inter molecular interactions and 

short range forces. Kirkwwod has pointed out the departure of g from and is a measure of 

· hindered relative molecular rotation arising from the short range and intermolecular forces. 

Thus the unassociated liquids show the value of g approximately equal to unity, while for 

associated liquids, the g's are far away from unity. Moreover, like Onsager's equation the 

Kirkwood's equation also contains the approximation involved in treating the polar 

molecules as a spherical one. 
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1.14. Frohlich's theory: 

Kirkwood's theory has been modified by Frohlich [1.9] by considering a dipolar 

dielectric with a number of polarisable units of the same kind within a large spherical 

region. Each unit has various dipole moment il in different directions due to thermal 

fluctuations with a certain probability. The average moment jl* due to such unit within the 

spherical region is different from il because of the short-range interactions between the 

polarisable units and the deviation of the shape of the molecules from a sphere. An equation 

for low intensity field has been derived as: 

..... ( 1.52) 

where N0 = number of units per unit volume. The difficulties in Frohlich's theory are 

associated with the evaluation of energy of the interaction of the sample with the 

surrounding medium. 

However, as indicated above there are experimental limitations in determining the 

required parameters involved in various theories lead to Onsager's equation for 

unassociated liquids when short range forces are absent. So one can use Onsager equation 

for analysing the experimental data to determine the dipole moment of a polar liquid. 

1.15. Extrapolation technique: 

Large number of workers used the extrapolation technique of different dielectric 

relaxation parameters for the measurement of dipole moment f.lj of a dipolar liquid molecule 

at infinite dilution. The methods suggested by Hedestrand [1.13], Cohen Henrique [1.14] 

and LeFevre [1.15] had some inherent uncertainties in the calculation of (8pu/8xj)xj-+O and 

(onou/oxj)xj-+O by graphical extrapolation technique. 

Higasi [1.16] measured f.lj of different polar nonpolar liquid mixtures from the. 

empirical formula of f.lj where 
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( J
l/2 

~j = f3 ~~ ..... ( 1.53) 

In Eq. (1.53 ) t1s = Bij- Bi and the constant f3 depends upon the solvent used. Guggenheim 

[1.17], on the other hand, introduced fictitious atomic polarisability to make the solution 

free from atomic polarisation. The simpler method suggested is to calculate f.lj in which the 

need for measuring densities of liquid mixtures was not necessary. The slope of straight-line 

3(s .. - n~ .. ) 
equation drawn by experimental parameter 'J 

2 
'J against mole fraction Cj gave 

(sii + 2)(noij + 2) 

~j of dipolar liquid molecule dissolved in nonpolar solvent. The quantity L1 which is equal to 

[(sii- n~ii)- (si- n~J] was found from the extrapolated value of NCj at infinite dilution to 

calculate J.lj from the following relation, 

..... ( 1.54) 

. In the mean time many workers suggested different methods to calculate f.lj by smoothing 

the experimental data extrapolated to infinite dilution. Smith [1.18] following Guggenheim 

[1.17] subsequently introduced the concept ofweight fraction Wj instead ofCj where, 

pij 
c.=-w. 

J M. J 
J 

..... ( 1.55} 

Guggenheim, later on, accepted the idea of extrapolation technique of other workers [1.17, 

1.20, 1.21] to modify the Eq. (1.54) for f.lj: 

..... ( 1.56) 
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Mj is the molecular weight of the polar liquid and Pi is the density of the solvent. 

Palit and Banerjee [1.22] made an analysis of the error involved in the Guggenheim 

Smith approximate equation to find how far solution density measurements are necessary 

for calculation of J..Lj of polar molecule in nonpolar solvent. 

Botcher [1.23], however, calculated J..Lj for a large number of polar nonpolar liquid 

mixtures by using different extrapolation technique. Botcher found different J..Lj· Later on, 

Krishna and Srivastava [1.24] used the following relation 

(
dE .. Jx A IJ J..L·=JJ-

J dXj X·~O 
J 

..... ( 1.57) 

to calculate J..Lj of some polar solute in liquid state. Srivastava and Charandas [1.25] found 

that the constant 13 was different for different polar liquids. Therefore, the validity of the 

Higasi method [1.16] is questionable. Prakash [1.26] showed that the Eq. (1.57) is a special 

case of Eq. (1.39) when Eij is almost equal to unity. As Eij ~1 is not true for any type of 

polar-nonpolar liquid mixture, Higasi's [1.16] method can not regarded as universal one to 

compute J..Lj at all concentrations of the polar solute. The Eq. (1.54) was modified to 

calculate J..Lj at wr~O 

..... ( 1.58) 

Here, 

..... ( 1.59) 

Eq. (1.59) is the famous Guggenheim Eq. (1.56) when E; = n~;. Thus in order to estimate 

J..L/S of dipolar liquid it is necessary to know the extrapolated values at wy-~0 from the 

measured relaxation parameters of different wj's. Le Fevre and Smyth [1.21] and 

Guggenheim [1.19] by using different extrapolation technique obtained two different values 
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of Jlj as 0.91 D and 0.83 D for trimethylamine in benzene at 25 °C. This fact suggests a 

proper extrapolation technique is necessary for the accurate determination of Jlj and also Tj 

for a polar liquid. 

Acharyya et al [1.27] tried to develop the dielectric theory within the framework of 

Debye model by introducing a new concept of weight fraction Wj instead of molar 

concentration Cj. They are related by cj=PijWj IMj and wi+wj=l. But pij, the density of the 

solution is a function ofwj 

..... ( 1.60) 

Here y =(1-pJpj), Pi and pj are the densities of pure solvent and pure solute respectively. 

The Eq.(1.39) with the help ofEq. (1.60) can be written as 

eij- n~ij = ei - n~i + 47tNJ.!.;Pi w j 

(eij +2)(n~ij +2) (ei +2)(n~i +2) 27k 8 TMj 1-ywj 

..... ( 1.61) 

The above Eq. (1.61) can be compared with the following type 

..... ( 1.62) 

where Xij and Xi are experimentally derivable static parameters and J..ls is the dipole moment 

ofthe polar solute under static electric field. The Eq.(1.62) is highly converging in nature at 

low concentration region ofthe polar-nonpolar liquid mixture and J..ls can be calculated from 

Eq. (1.61) as 

..... ( 1.63) 
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The above theory is applied to large numbers of polar-nonpolar liquid mixtures [1.27-1.29] 

and Jls were evaluated to observe the validity of the theory so far developed. Suryavanshi 

and Mehrotra [1.30], on the other hand, suggested the least square extrapolation technique 

to evaluate 't and 1-l of a dipolar liquid using Debye-Smyth model. The results determined by 

them were in excellent agreement with the reported values. Therefore, one can conclude that 

the least square extrapolation technique [1.23] is one of the reliable techniques to study the 

dielectric relaxation phenomena of polar-nonpolar liquid mixtures. 

1.16. Eyring's Rate Theory: 

The study of dielectric relaxation mechanism from the standpoint of chemical rate 

process has been first pointed out by Eyring et al [1.31]. According to this theory, the 

dielectric relaxation mechanism may be explained by treating the dipole orientation as a rate 

process in which the polar molecules rotate from one equilibrium position to other. This 

process of rotation requires activation energy sufficient to overcome the energy barrier 

separating the two mean equilibrium positions. The average time required for single rotation 

is known as relaxation time 'ts and is given by 

..... ( 1.64) 

where M't =the free energy of activation. If ~STand ~H't are the entropy of activation and 

enthalpy of activation respectively then we can have 

..... ( 1.65) 

Substitution ofEq. (1.65) in Eq. (1.64) results: 

h 
't 5 =-exp(-~ST/R)exp(m'tjRT) kBT 

..... ( 1.66) 
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In 't
8
T =InA+ ~H~ /RT ..... ( 1.67) 

Where 

h (-~S ) A=-exp --~ 
kB R 

Thus~~ can be evaluated from the slope of linear relation of lmsT against 1/T. From the 

calculated 'ts and ~H'[ one can easily estimate ~S'[ and~'[ by using Eqs. (1.66) and (1.65) 

respectively. 

The viscous flow of the liquid may be considered as a rate process like the dielectric 

relaxation process. The viscous flow is involved with the translational as well as the 

rotational motion of the liquid with activation energy to pass over a potential barrier. Eyring 

obtained an expression for the coefficient of viscosity ll in terms of reaction rate and is 

given by: 

ll = Nh exp(-~S 11 /R)exp(~11 /RT) 
v 

= A 1 exp(~11 /RT) 
..... ( 1.68) 

Where A 1 = Nh exp(-~S11 /R), V= the molar volume, ~STJ =the entropy of activation, ~TJ 
v 

= the enthalpy of activation respectively for viscous flow of the liquid. Now if ~TJ = the 

free energy of activation ofthe same then ~FTJ, ~STJ and ~HTJ are related as: 

~F11 = ~H11 -T~S11 ..... ( 1.69) 

~TJ and ilSTJ are not necessarily the same as those for dipole rotation, since different 

processes are involved. Eyring, thus concluded that 

..... ( 1.70) 
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The Eq.(l.70) holds good only if the enthalpies of activation are the same in both the 

processes. Various workers have made applications to isolated problems in liquid 

dielectrics . 

. Eyring's rate theory were critically analysed by Kauzmann [1.32] and he gave a 

general theory of dielectric relaxation in terms of 'jumps' where 'jumps' stands for the 

frequency of discontinuous molecular reorientations. Assuming the relaxation process as a 

chemical reaction it is defined that the relaxation time 't = 1 I ko such that in this time the 

polarisation will fall to 1/e times of its initial value. Here ko is the rate constant for the 

activation of dipoles and is known as the dielectric relaxation rate. 

The reaction rate is: 

..... ( 1.71 ) 

The main importance of the above formulation is that the thermodynamic parameters of the 

normal and the activated states from the observed reaction rate constant, helps one to infer 

the stability or the instability of the states, under consideration. 

1.17. Brief review of previous works: 

The relaxation phenomena of dielectropolar liquids and gases was studied by many 

workers [1.4-1.5, 1.33-1.34] from the concept of dielectric polarisation. Drude [1.35] first 

observed the anomalous behaviour of dispersion for liquids having -OH or -NH2 groups 

under radio frequency electric field, which was later, explained by Debye [1.3]. Rocard 

[1.36] modified Debye's theory by considering the influence of moment of inertia of the 

molecules on the relaxation process. Budo [1.37], considering the intra-molecular and inter

molecular rotations of the polar molecules, proposed a new theory of dielectric relaxation. 

Onsager [1.38], Plumley [1.39] and Pao [1.40] interpreted the origin of ionic conduction in 

dielectric liquids even in the purest hydrocarbons like hexane. Jackson and Powles [1.41] 

estimated the relaxation time of polar molecules in benzene and paraffin only to show their 

dependence on the viscosity of solvents. Schallamach [1.42] studied the relaxation 
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phenomena of polar liquid molecules under radio frequency (rf) electric field in order to 

facilitate the rearrangement under single relaxation process. Lane and Saxton [1.43] studied 

the alcoholic solutions of electrolytes and established that the presence of ions reduces the 

permittivities of the media more markedly than that of water. Measurement of relaxation 

parameters of some pure normal alcohols were carried out by Garg and Smyth [1.44] to 

show three different -r's which are associated with polymetric cluster formation by the 

strong H -bonding between -OH groups. 

Gopalakrishna [1.45] first made the simultaneous determination of -r and J..l of polar 

molecules dissolved in non-polar solvents which was in excellent agreement with 

Jayprakash [1.46]. The advantage of this method is to know only the density of the pure 

solvent. Bergmann et al [1.47] gave a graphical method in complex plane to estimate -r1 

(smaller) and -c2 (larger) that interpreted the intra-molecular and molecular rotations of polar 

molecules respectively. The experimental data of liquid n-alkyl bromide in terms of 

distribution of -r's between two limiting -r values was analysed by Higasi et al [1.48]. 

Bhattacharyya et al [1.49] modified Bergmann equations in order to obtain double 

relaxation time -c2 and -c1 of phenetole, aniline and orthochloroaniline. Single frequency 

measurement technique of non-rigid molecules having -r1. -r2 and average -r was obtained by 

Higasi et al [1.50] from Debye model. 

The e' and e" of aliphatic alcohols in nonpolar solvents at different concentrations 

under hf electric field were measured by various workers [1.51-1.53]. Other group of 

workers [1.54-1.63] measured relative permittivities e', e", Eo and e"oo = no2 of some 

substituted toludines, paracompounds, diphenylene oxide, chloral, ethyl trichloroacetate, 

trifluoroethanol, trifluoroacetic acid and a large number of monosubstituted and 

disubstituted benzene and anilines in different nonpolar solvents at various wj's under 

nearly 3 em wavelength electric field to estimate -r, J..l and thermodynamic energy 

parameters. The study of relaxation phenomena of some straight chain alcohols, anilines 

and benzyl chloride from the radio frequency conductivity were made by a number of 

workers [1.64-1.68]. 
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Dhull, Sharma and Gill [1.69-1.73] measured s' and s" of NMA, DMF, DMA in 

benzene, dioxane and carbon tetrachloride in order to obtain different relaxation parameters. 

Acharyya and Chatterjee [1.74-1.75] estimated 't, 1-1 and different energy parameters of some 

interesting polar molecules in benzene and carbon tetrachloride under rf electric field. 

Relaxation study of some binary polar liquid mixtures were made by Vyas and Vashisth 

[1.76] under hf electric field. Murthy et al [1.77] gave a new concept in order to obtain the 

simultaneous determination of 't and 1-1 for polar non-polar liquid mixtures under hf electric 

field. later on, a series of works were done by Saha and Acharyya [1.78-1.79] from the 

measuredrelative permittivities based on newly developed methodology. Saha et al [1.80] 

and Sit et al [1.81-1.82] made a rigorous study of concentration variations of a number 

disubstituted benzenes, anilines and monosubstituted anilines in benzene and carbon 

tetrachloride in order to estimate 't1, •2 and /-!I. 1-12 due to rotations of the flexible polar 

groups attached to the parent molecules and the whole molecules. Temperature variation of 

ethylene glycol-water mixture was carried out by Saha and Ghosh [1.83] under 1 MHz 

electric field. High values of 't were explained by the polymeric cluster formation molecular 

association. Dutta et al [1.84] studied the dielectric properties of polar non-polar liquid 

mixture in terms of dielectric orientation susceptibility :X,ij's. 
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