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PREFACE OF THE THESIS 

The correlation of various properties of a large number of liquid solvents has gained much 

attention of a large number of workers[1-4]. Most of the workers have measured different 

parameters for some normal and simple liquids. The detail and extensive prediction of 

correlation from the available measurements of some associated and complicated organic 

dipolar liquids , fused salts, polymers etc. [5-7] is not made so far. Thus it is of 

considerable interest because of the important applications in the field of chemical process 

and to predict the theoretical models of polar - nonpolar liquid mixtures. The measured 

data on liquid mixtures are, however, very scanty and there exists still no sound theory in 

liquids. Further investigation in this area is of utmost importance to scientific community to 

correlate the various physical parameters of some polar liquids in nonpolar solvents of 

different concentrations and at different experimental temperatures. Attempts have been 

made to correlate them with the theoretical formulae so far prescribed and derived 

depending upon the available models of liquid .dielectrics. 

With this objective in view, the present thesis work is concerned with the measurements 

of relaxation times 1:j's dipole moments lli's of a large number of nonspherical polar 

dielectrics in non polar solvents like n-heptane , p-xylene, benzene etc. The selected 

dipolar liquids are N, N - dimethylsulphoxide (DMSO); N, N - dimethyl formamide (DMF), 

N, N- dimethylacetamide (DMA) and N, N- diethylformamide (DEF), 1-butanol, 1-hexanol, 

1-heptanol, 1-decanol, 2-methyl-3heptanol, 3-methyl-3heptanol, 4-methyl-3-heptanol, 5-

methyl-3-heptanol, 4-octanol, 2-octanol, 2,5-dichloronitrobenzene, 3,5-

dichloronitrobenzene, 2,5-dibromonitrobenzene, 2,4-dinitrocholorobenzene, 3,4-dinitro 

chlorobenzene, p-hydroxypropiophenone, p-chloropropiophenone, p-acetamidobenzal

dehyde, p-benzyloxybenzaldehyde , p-anisidine, p-phenitidine, o-chloro-p-nitroailine, p

bromonitrobenzene, m-diisopropylbenzene, p-methylbenzoylchloride, o-chloroaceto

phenone and mixture of two polar liquids DMF & DMSO chosen to investigate their 

correlation properties. The component of the liquid mixtures are very much interesting 

because the liquids are either polar aliphatic or aromatic compounds. The alcohols, on the 

other hand, are hydrogen bonded polymer type show some peculiar behaviour under 

environments. The purpose of their physico-chemical properties as well as to derive 

thermodynamic energy parameters in relevant solvents at different experimental 

temperatures through correlation of measured parameters is of considerable interest. The 
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variation of ln•iT with lnru, where lli = viscosity of the solvents at different experimental 

temperatures TK to measure ~H~. enthalpy of activation, of the solvents due to viscous flow 

used to shed more light on their dielectric relaxation phenomena of the polar-nonpolar 

liquid mixtures. 

Dielectric relaxation phenomena are the greatest unresolved problems of 

physics and chemistry of today. Nothing can relax from the perfections. The measured -ris , 

double relaxations times 1:1 and 1:2 for the rotations of the flexible groups attached to the 

parent molecules and of the whole molecules respectively are, however, measured by the 

prescribed methods so far developed in this thesis. They are used to arrive at some 

conclusions of the physico - chemical properties of a large number of nonspherical polar 

molecules in suitable non polar solvents. The thermodynamic energy parameters i.e, ~H"L", 

~S"t" and ~F"L" which are called the enthalpy of activation, entropy of activation and free 

energy of activation due to dielectric relaxations respectively, are, on the other hand 

till 
measured from the Eyring's rate process theory equation like In r .T =In A+ __ r • The 

' RT 
above relation is a linear equation having a certain intercept InA which contains the entropy 

of activation and the slope ~H, I R yield what is known as enthalpy of activation of a given 

dipolar liquid. The values of entropies thus measured from "L"j, 1:1 and 1:2 offer a valuable 

information of the fact that the activated states may or may not be in the stable positions 

rather than normal states of the polar liquids in solvents so far considered. 

The dipole moments lli's or f.l1, f.l2 etc. in terms of the measured •is from 

"L"1, 1:2 are ,however, measured to throw much light on the conception of the shapes and 

sizes of the molecules. The measured f.liS in terms of measured •is give the information of 

the rotations of the part of the molecules. The f.l1 and f.l2 in terms of "L"1 and 1:2 of the double 

relaxation technique under the single frequency of the electric field of GHz range offer the 

fact of the rotations of the flexible groups attached to the parent ones and the rotations of 

the whole molecules under consideration. The excellent agreement of -r1 's with -ris is very 

interesting. The physical significance of Debye model is very simple from this observations. 

The theoretical dipole moments f.liheo's may be calculated from the available 

bond moments available from the infrared spectroscopic data, of the flexible groups 

attached to the parent molecules. In some cases f.ltheo's are larger or smaller depending 

upon the case that under the application hf electric fields the bond lengths may be 

increased or decreased depending upon the nature of the molecules under consideration. 
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This fact is, however, explained by the inductive, mesomeric and electromeric effects 

suffered by the flexible groups of the molecules. They may be counted by the required bond 

moments of the flexible groups when they are multiplied by the factor J.lexp I fllheo to yield the 

exact experimental fl'S of the molecules. 

The static dipole moment or the low frequency dipole moment J.le is also 

calculated from available data of permittivities Boij, s"';j, etc and presented in this thesis in 

chapter seven. The close agreement of J.le with fl1 from the double relaxation method 

interms of -r1 of the same method and fl/S from the measured -rj's of the ratio of {(dx;( ldUJ) I 

(dx;/ ldUJ)} .;-o shows that the dipole moments are frequency independent of the applied 

electric field. The measured J.lj'S , fl1 's, fl2's etc are the functions of the temperatures. 

Temperature effect on the polar-nonpolar liquid mixtures is very pronounced to yield the 

information of the symmetry or the asymmetry of the polar liquids in a given solvents. 

All these observations are presented in several chapters of 3 to 9 in this 

thesis in a very lucid way so that the workers in this field of research can understand and 

realize the shapes and sizes of the nonspherical molecules in order to arrive at the 

conclusion of the correlations of the measured parameters in this thesis. 

The chapter 1 contains the general introduction and a brief review of the 

previous workers in this line whereas in chapter 2 the theoretical models and formulations 

so far prescribed and developed based on the modern concepts of dielectric terminologies 

and parameters of the real x;/ and imaginary xij" parts of the high frequency (hf) 

susceptibilities are presented to get the desired relaxation parameters. They are found to 

give more light on the advancement of the recent knowledge to understand the relaxation 

phenomena of a large number of nonspherical polar liquids in suitable nonpolar solvents 

used, in different chapters of 3 to 9 of this thesis. 

In chapter entitled 3 "STRUCTURAL ASPECTS AND PHYSICO-CHEMICAL 

PROPERTIES OF SOME AROMA TIC POLAR NITRO COMPOUNDS IN SOLVENT BENZENE AT 

DIFFERENT TEMPERATURES UNDER GIGA HERTZ ELECTRIC FIELD" a few available nitro 

compounds such as 2,5-dichloronitrobenzene, 3,5-dichloronitrobenzene, 2,5-

dibromonitrobenzene, 2,4-dinitrocholorobenzene, 3,4-dinitrochlorobenzene are studied in 

details to get their relaxation times -r/S and dipole moment fl/S in order to compare them 

with the reported ones 

The compounds N,N-dimethylsulphoxide (DMSO); N,N-dimethylformamide 

(DMF), N,N-dimethylacetamide (DMA) and N,N-diethylformamide (DEF) are employed to 
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study their relaxation phenomena in chapter 4 under the heading "DIELECTRIC 

RELAXATION PHENOMENA OF SOME APROTIC POLAR LIQUIDS UNDER GIGA HERTZ 

ELECTRIC FIELD" 

The chapter 5 entitled "THE PHYSICO-CHEMICAL ASPECTS OF SOME LONG 

STRAIGHT CHAIN ALCOHOLS FROM SUSCEPTIBILITY MEASUREMENT UNDER A 24 GHz 

ELECTRIC FIELD AT 25°C' deals with the compounds 1-butanol, 1-hexanol, 1-heptanol, 1-

decanol, 2-methyl-3-heptanol, 3-methyl-3-heptanol, 4-methyl-3-heptanol, 5-methyl-3-

heptanol, 4-octanol, 2-octanol to study the measured ~i and f!i with that reported values. · 

The phenomena of double relaxation of some normal alcohols like 1-butanol, 

1-hexanol, 1-heptanol, 1-decanol are studied in chapter 6 entitled "STUDIES ON PHYSICO 

CHEMICAL PROPERTIES WITH THE RELAXATION PHENOMENA OF SOME NORMAL 

ALIPHATIC ALCOHOLS IN NONPOLAR SOLVENT UNDER GIGA HERTZ ELECTRIC FIELD AT A 

SINGLE TEMPERATURE'' 

The dipole moment,u'1 s in terms of estimated r/s. of the polar compounds 

are, however, compared with the theoretical ,u,,"; s from the available bond moments of the 

substituted flexible polar groups such as p-hydroxypropiophenone, p-chloropropiophenone, 

p-acetamidobenzaldehyde, p-benzyloxybenzaldehyde , p-anisidine, p-phenitidine, o-chloro

p-nitroailine, p-bromonitrobenzene are given in chapter 7 having title "DIELECTRIC 

RELAXATION OF AROMATIC PARA SUBSTITUTED DERIVATIVE POLAR LIQUIDS FROM 

DISPERSION AND ABSORBTION PHENOMENA UNDER GHz ELECTRIC FIELD" 

The chapter 8 entitled "STRUCTURAL AND PHYSICO-CHEMICAL PROPERTIES OF 

POL YSUBSTITUTED BENZENES IN BENZENE FROM RELAXATION PHENOMENA" gives a 

brief report on the physico-chemical properties and structural aspects of some 

polysubstituted benzenes of m-diisopropylbenzene, p-methylbenzoylchloride, o

chloroacetophenone. 

Finally the chapter 9 "THE STRUCTURAL ASPECTS AND PHYSICO CHEMICAL 

PROPERTIES OF BINARY POLAR LIQUIDS IN NONPOLAR SOLVENT UNDER A GIGAHERTZ 

ELECTRIC FIELD" contains the mixtures of two polar liquids N, N-dimethylformamide DMFO) 

and N,N-dimethylsulphoxide DMSO(k) to arrive at the structural and associational aspects 

of those polar liquids. 

Thus the thesis work so far achieved during a few years investigations are so 

important that the results and the conclusions may encourage the future research workers 

to take up this line to study further in order to shed more information on the interactions of 

polar-nonpolar liquid solvents. 
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1. GENERAL INTRODUCTION AND A BRIEF REVIEW OF PREVIOUS WORKS 

1.1 INTRODUCTION 

All the liquids both organic and inorganic are usually called the solvents. A few organic 

liquids are spherical in shape and have zero dipole moments, are, therefore , called 

nonpolar dielectrics. Most of the liquids, on the other hand, are highly asymmetric in shape 

and thus they possess dipole moments 1-1· These liquids are called polar dielectrics. An 

attempt to get the correlation of the physico-chemical properties of the organic liquids in 

non polar solvents is made in terms of measured parameters [1-4] of liquid dielectrics. 

Liquid dielectric is an interesting branch of solid state physics and physical 

chemistry as it provides an important tool and technique to explore the shape, size and 

structure of a polar liquid solvent. Before 20th century, the subject matter of dielectrics was 

published in different countries and in many languages. Debye carried out a noble job by 

concentrating this subject matter in his famous monograph "Polar Molecules"[5] in the year 

1929. Series of monographs were, later on, published by a large number of workers: 

Frohlichs [6], Smyth [7]. Hill [8], Smith [9] , Jonscher [1 0] etc. to make this field interesting to 

scientific community all over the world. Physico-chemical properties of some organic polar 

mixtures can, however be achieved by the phenomena of dielectric relaxation involved with 

orientational polarization of the polar molecules. 

1.2 DIELECTRIC DISPERSION 

When a dielectric material is subjected to an alternating electric field electronic, atomic and 

orientational polarizations are called into play effectively. The springlike nature of the 

forces involved in electronic and atomic polarization tend to disappear with frequency of the 

applied electric field. When the frequency of the impressed electric field exceeds a critical 

value, the permanent dipoles can not follow the exact alternation of the electric field. The 

measurable lag in response to the electric field is called dielectric relaxation. When the 

electric field is switched off all the polarizations decay exponentially with time. The time in 

which the polarization drops to 1/e times its initial value is called relaxation time [11], 

usually denoted by -r. The electronic and atomic polarizations are effective within 1015 Hz 
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and 1012 Hz frequency respectively. But orientational polarization has a range of frequency 

lying between 104 to 109 Hz [12] depending upon nature of the material and temperature. 

In Maxwell's electromagnetic theory it is assumed that 

D =s E (1.1) 

Where D and E being the electric displacement and electric field vectors respectively. s 

= sosr, so is the permittivity of free space = (114nc2
) X 10·7 = 8.854 X 10-12 Farad metre-\ c 

= 3 X 101° Cmls= velocity of electromagnetic waves in vacumm and s, is the relative 

permittivity of medium of solute and solvent mixtures of a certain weight fraction "UJ. 

Each region of dispersion is associated with energy loss. The existence of 

energy loss means that electric displacement vector D instead of being in Pl>a~€ with E 

lags by an phase angle 8. So it is evident from Eq. (1.1) that s, is a complex quantity given 

by 

sr'' I sr' = tan8 

(1.2) 

(1.3) 

where sr' , s," and tan8 are the real and imaginary parts of complex permittivity s* and loss 

tangent respectively. 

1.3 DIELECTRIC SUSCEPTIBILITY 

• 
The introduction of a dielectric material between the two charged plates of a capacitor 

reduces the electric field by a factors,. The reduction in electric field can be expressed as 

- D-P 
E=--

lio 

or D- P =soE 

or P ls0 E = D lsoE - 1 

- -
or P I so E = s I so - 1 

The ratio of P to so E is called the dielectric susceptibility :X:e of the material 

i.e. :X:e = s,- 1 

under hf electric field :X:e is also complex and is written as 

Xe * = X'e- Jx."e 

(1.4) 

(1.5) 

The real :x:e' and imaginary :x:e" parts of complex hf dimensionless orientational 

susceptibilities are related to complex sr* by 



X'e = E/ -1 

x"e = e"r 

1.4 REPRESENTATION OF PERMITTIVITY IN A COMPLEX PLANE 

The variation of relative permittivity with angular frequency oo is given by [5] 

8 

(1.6) 

(1.7) 

6*- 6~ (1.8) 
6, -6~ I+ jun: 

where Es and E., are the relative permittivities at much lower and higher (optical ) 

frequencies respectively. Equating the real and imaginary parts from both sides of the 

above equation one gets that 

' 6,- 6., (1.9) 
6_,.-6., l+w 2r 2 

6" wr (1.1 0) 

On eliminating the parameters of oo-r from eqs.(1.9) and (1.1 0) the following equation is 

obtained 

(1.11) 

Eq. (1.11) represents the equation of a circle . The value of cr'' when plotted against cr' 

gives a semicircle of radius ( 
6

·' ; 6~) .Results of permittivity measurements were analysed 

in this way to many liquids and the experimental points are found to lie on the Debye 

semicircle. 



1.5 DOUBLE RELAXATIONS DUE TO ROTATION OF THE FLEXIBLE POLAR 

GROUPS AND ROTATION OF THE WHOLE MOLECULES: 

For k th type of relaxation process , Budo [13] assumed that Debye's eq. (1.8) can be 

written as 

(1.12) 

where L ck = 1 is the relative contribution of the k th type of relaxation process and j = .r-:1 
is a complex number. 

9 

For almost all the dipolar liquids the relaxation process is involved with rotation 

of the flexible parts and the rotation of the whole molecule characterised by relaxation times 

't1 and 't2. With this assumption Budo's relation reduces to Bergmann's equations [14]: 

(1.13) 

(1.14) 

Such that c1 + c2 =1 

Bergmann et al [14] used a graphical method to obtain 't1 & 't2 from eqs.(1.13) and (1.14). 

Bhattacharyya et al [15] simplified the Bergmann's procedure to calculate 't1 and 't2 when 

the different frequencies of the electric field. Higasi et al [16] made a crude graphical 

analysis to estimate 't1 and 't2 of polar liquid molecules in nonpolar solvent under single 

frequency electric field. Saha et al [17] and Sit et al [18] extended the single frequency 

measurement analytical technique to calculate 't1 and 't2 in terms of relative permittivities 

s';J , s";J , SoiJ and c.,;i of a large number of polar nonpolar liquid mixture of different weight 

fractions "ll:!'s of solutes. Recently, Mitra et al [19] has derived a technique in terms of 

dielectric orientational susceptibilities to obtain 't1 and 't2 as discussed in chapter 2 of this 

thesis. 

1.6 HIGH FREQUENCY CONDUCTIVITY 

An ideal dielectric when subjected to an alternating electric field, there is no conduction of 
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free ions but Joule heat is produced due to drift electrons and free ions. If a potential 

different v is established between the two plates of a capacitor separated by a distance d, 

creates an electric displacement Vector D in the dielectric. The current density is given by 

. dq 
1=-. 

dt 
(1.15) 

In Sl units, q = D = e*,e;,E where E = v I d = intensity of electric field 

Hence i = &* & !!....(~). 
' 

0 dt d 
(1.16) 

As the field is alternating we have v = v0eirot 

So 
. e*,e.d( 1·m1 ) 
1 = v e 

d dt 0 

. . e*, eo ( Jwl) 
1 = J(J} v.e 

d 

(1.17) 

The current density i in terms of hf complex conductivity cr* is 

i = cr*E (1.18) 

From (1.17) and (1.18) one obtains 

(1.19) 

Murphy and Morgan [20] deduced cr* as 

a*= a'+ jcr" 

hence cr' + jcr" = jroeo (e'- je'') 

or, a' + jcr" = jooeo e' + roeo e" (1.20) 

comparing real and imaginary parts from both sides we get 

cr' = roe0 e" and cr" = roe0 e' as the real and imaginary parts of hf 

complex conductivity. 

1.7 ESTIMATION OF RELAXATION TIME '<i BY HIGH FREQUENCY CONDUCTIVITY: 

Deby's equation in S I unit is written as (1.21) 
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Where M = molecular weight , p mass density of dielectric material, a.J = polarizability due 

to fast polarization, f!p = dipole moment of a polar molecule. 

If ai and al be the polarizabilities of a nonpolar and polar molecule of molecular 

weights Mi and MJ respectability, then eq. (1.21) becomes 

(1.22) 

or 

e, -I j,M, + f 1M 1 

e, +2 pij 

N f.r ) NJ.i'J/1 - V ,a + fa · + _,..:---'-':--".. 
3e ' ' ' 9e KT 0 0 

(1.23) 

where s"' and s5 are the dielectric constants of the solution of infinite i.e, optical frequency 

and in static electric fields respectively. The mole fractions fi and fj of the components are 

+- n, 
Jt-

n, +nj 

n· 
and f 1 = !J , where ni and nl be the number of 

n, +n1 

solvent and solute molecules per unit volume of the solutions. 

From eqs. (1.22) and (1.23) one obtains 

(1.24) 

Where Cj is the concentrations of the solute molecules in moles I c. c. Now eq. (1.24) with 

eq. (1.1 0) becomes 

In dilute polar-nonpolar liquid mixture it is assumed that ss "'s"' "'s', 

Hence 

(1.25) 

(1.26) 



At infinite dilution c'r may be replaced by c; , the relative permittivity of the solvent 

(1.27) 

As cr' = rococ"r we have 

" 2 2 
• 1VC ]f-1 J ( ) 2 llJ l" 

u = c, +2 
27KT I +m 2r 2 

(1.28) 

The eq. (1.28) may be used to estimate fli of a dipolar molecule to comment about its 

physico-chemical aspects of polar liquid in non polar solvents. From eq. (1.9) it can be 

written as 

I- + 8s -81YJ c, - c~ 2 2 
l+m r 

(1.29) 

Multiplying both sides by roc0 and introducing the term cr" = roc0c'r and cr' = rococ"r, the eq. 

(1.29) with the help of eq.(1.1 0) becomes 

" ( I ) ' a=a<:l)+-u 
(J)T j 

(1.30) 

which shows a linear relationship between cr" and cr', the slope (1/ ro-rj) may conveniently 

be used [21) to estimate "tj of a polar solute. 

1.8 ESTIMATION OF DIPOLE MOMENT f.Ls OF A POLAR SOLUTE FROM DEBYE 

EQUATION UNDER LOW FREQUENCY OR STATIC ELECTRIC FIELD: 

12 

For a polar 0) and a nonpolar (i) liquid mixture the eq. (1.21) can be used to estimate static 

f.Ls under static or low frequency electric field. The eq. (1.21) can be written as 

cif -1 MJ, +M1f 1 

cif +2 Pu 

E;j is the relative permittivity of (i,j) solution. As a;= Uj the eq. (1.31) reduces to 

cif -1 Na. N p 2, 
--v .. =-' +---/, 
cif +2 " 3c. 3c. 3KT ' 

(1.31) 

(1.32) 



ey-1 e,-1, Np 2
s 

--vy= v1 + f.. 
eu +2 e, +21 9e.KT ' (1.33) 

Where V;i and V; are the specific volumes of solution and solvent respectively. As s;i = n2
0u 

where nou is the refractive index of the solution, the eq. (1.33) for a neutral dielectrics is 

. 2 I 2 I nviJ- nv;-
2 v ij = 2 v, 

nDy+2 nD,+2 
(1.34) 

From eqs. (1.33) and (1.34) one obtains 

(

8 0.-1 n2Du-IJ (e,-1 n2m-IJV, N j.J
2

s f. 
ey+2 n 2 oy+2 = e,+2- n2 m+2 Vy +3e.3KTVy. 

(1.35) 

f; I V;i= Cj, the molar concentration per unit volume and at infinite dilution V; I V;j--+ 1. So we 

have 

(1.36) 
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which is the Debye's equation for a polar- nonpolar liquid mixture. The eq.(1.36) can be 

used to obtain static dipole moment fl<l of a polar solute under low frequency electric field. 

The disadvantage of this method is that it can not be applied for a concentrated solution. 

This equation has been developed by Mitra et al [22] for estimation of fl<l as discussed in 

Chapter -7 of this thesis. 

1.9 GOPALAKRISHNA'S METHOD TO ESTIMATE rAND 1-1: 

Debye's (1.8) for complex dielectric constant s*;i of a solution 

e*. -I 
" 

e~if -I np 2 I 
-'---+ .---
e~ij +2 9e.KT I+ jwr (1.37) 

Equating the real and imaginary parts from both sides of the above equation .i.e, eq. (1.37) 

one gets, 



t2 I "2 I 8 ij +& y+& ij -

( ' 2)' "' &ij + + B' if 

&~ij -I np 2 I 
+ . 2 2 

&~ij + 2 9e,KT I+ w r 

And nJ.L' wr 
( ' 2)' "' &ij + +& lj 9&

0
KT ·I+ w2r 2 • 

Writing (E'
2

;i +&'u +&"2
;j- 1 ) I i (c';i + 2)2 + c"2;i ~ = x, 

3c"ul i (c';i +2)
2 

+ c"2;i ~ = y and (E"'ii -1 ) I (E"'ii + 2) = p 

equating (1.38) and (1.39) takes the form:-

x = p + ( 1 I rot ).y 
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(1.38) 

(1.39) 

(1.40) 

which is a straight line between x and y and the slope ( 1 I on ) can be used [23] to estimate 

--c of a polar molecule to explore their physico -chemical aspects. 

Since n = ( Npu I Mi) ""1 ,the number of dipoles per unit volume, the eq. (1.38) 

takes the form 

X= p + kp;j."Uj (1.41) 

where 
k = NJ.L' OJT 

9&
0
KTM

1 
.I+ OJ 2r 2 

The slope of the linear relation between x and ""1 be used to estimate J.l of a polar unit [23] 

under hf electric field. 

1.10 A BRIEF REVIEW OF PREVIOUS WORKS 

After debye [24] a large number of workers engaged themselves to estimate several 

relaxation parameters of different dipolar liquid molecules. Their works provide an useful 

and essential tool to study the physico-chemical properties of liquid solute and solvents. 

The radii of alcohols, ketones and glycerines were determined by Mizushima [25,26] 

which are found to be smaller than the gas kinetic values, but maintaining the same order 

[27]. The estimated dipole moments J.l'S of methyl, ethyl and amyl alcohols are found to be 

independent of temperature. Onsager [28], Plumely [29] , Pao [30] and Foster [31] 

interpreted the origin of conduction in case of pure hydrocarbons such as hexane. Jackson 

and Powles [32] estimated 'i of polar molecules in C6Hs and in parafin and showed that --cj's 

depend on the viscosity of the solvents used. The dielectric absorption measurement of 
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aliphatic chlorides and alcohols was performed by Kremmling (33] and as a result the 

internal rotations and hence multiple relaxation times of the molecules were observed. 

The presence of some bound ions in dielectric liquids are noticed by Green (34] . 

-rj's were estimated by Poley [35] from the imaginary part of complex permittivity &* 

measurement for monosubstituted benzenes. The increase of 'tJ occurs with molecular 

sizes. Garg and Smyth [36] showed three different -rj's for three different dispersion regions 

of alcohol molecules. They arise respectively due to hydrogen bonded structure, 

orientational motions of the molecules and rotations of -OH groups about C-C bond. A 

convenient and useful method to estimate 'tJ and JlJ of polar molecules was developed by 

Gopala Krishna [37] interms of density of the solvent. Schellman (38] studied the 

associations in saturated dielectric liquids. 

Hart and Mungali (39] observed the electric conduction in chlorobenzene. Higasi et 

al (40] analysed the experimental data of n-alkyl bromide in liquid state in terms of 

distribution of -rj's between two Frohlichs [41] limiting -r's. Bergmann et al [42] however 

devised a graphical method to estimate double relaxation times 1:1 and -r2 due to rotations of 

functional groups attached to the parent molecules and end over end rotation of the whole 

molecule respectively for diphenyl ether, anisol and o-dimethoxy benzene. Krishnaji and 

Mansingh [43] studied the dielectric relaxation mechanism in alkyl cyanides and alkythiols 

and observed that -rj's increases with sizes of the molecules. Sinha et al [44,45] observed 

the temperature dependence of 'tJ and JlJ of some polar molecules in nonpolar solvent. The 

viscosity dependence of 'tJ i.e, 'tjT I TJ 1 = canst. is however, predictecd; where y ( = ilH, I 

ilHTJ1 ) is the ratio of enthalpies of activation due to dielectric relaxation and viscous flow of 

the solvent used. 

Berbenza (46] studied the dielectric relaxation behaviour of methyl alcohol in the 

temperature range of 5°C to 55°C under electric field of wave length 5 c.m. to 15 c.m. and 

the results were interpreted by single relaxation process. Adamczewski and Jackym [47] 

observed that conductivity cr is a function of temperature for some organic liquids. 

Bhattacharyya et al [48] observed intramolecular and intermolecular 1:1 and 1:2 due to 

rotation of flexible polar groups and where molecule itself from the equations of Bergmann 

et al [42] . Non rigid molecules having two -r's could ,however, be obtained by Higasi et al 

(49] based on single frequency measurement method. 

The existance of natural charge carries in dielectric liquid was ,however, observed 

by Loheneysen and Nageral (50] , Gaspared and Gosse (51], Crossley et al [52] and 
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Glasser et al [53]. They measured concentration variation of s' and s" of some aliphatic 

alcohols in n-heptane at 25°C under electric field frequencies of gigahertz range. They 

observed three distinct 1:'s, the lowest 1:j's are due to rotation of -OH groups, the 

intermediate 1:j's for monomer and small multimers formed by polar chain and while largest 

1:j's are due to hydrogen bonded structure. Vyas and Vashisth [54] conducted an 

observation on four aliphatic alcohols and the mixtures of alcohols with DMF and 2 

fluoroaniline in C6H6 under 3 c.m. wavelength electric field at 30°C and showed complex 

formations at very low concentration. 

Purohit et al [55] and Tripathy et al [56] studied the relaxation parameters of 

trifluoro ethanol, trifluro acetic acid, n-propanol, n-butanol, n-butylamine, n-propylamine and 

observed strong -H bonding among the molecules. Some workers [57-62] estimated "'J from 

'n', the number density of free ions, 'a', the radi<··us of rotating units and thermodynamic 

energy parameters for some interesting polar liquid molecules in nonpolar solvent under hf 

electric field. They observed that "'J increases with the number of C-atoms of molecules and 

t>E1 increases with size of the molecules. Other workers [63-67] measured relative 

permittivities s' and s" of some substituted toluidines, para compounds etc. and estimated 1:1, 

Jli and thermodynamic energy parameters. Molecular associations are found to play a vital 

role in explaining the observed results. Agarwal [68] estimated "'J of n-butyl chloride, 

chlorobenzene, tertiary butyl alcohol in benzene at 25°C under 9.96 GHz electric field 

frequency and also detected that "'J is influenced by configuration in the given order "tfinear > 

'tp!aner > 'tsphericat · 

Gandhi and Sharma [69] determined 1:1, 1:2 and "to ( = ..J1:11:2 ) of isobutyl

methacrylate and allyl-methacrylate and their mixtures in C6H6 and the observed results 

show the intramolecular and molecular rotations. 

Taking into consideration of the work of Acharyya et al [70], Murthy et al [71] added a 

new dimension in the theoretical formulaton by which the interrelation of "'J and Jli is 

achieved. Sharma &S;harma [72] and Sharma et al [73] estimated s' and s" of DMA, DMSO 

in C6H6 in the temperature range of 25°C to 40°C under 9.17 4 GHz electric field frequency 

to estimate .. 1, f.li and thermodynamic energy parameters. The existence of monomer and 

dimer associations has been observed. A similar study on acetophenone and DMSO in 

C6H6 is also made by Singh and Sharma [7 4]. Non linear variation of 1: with concentration UJ 

(weight fraction) of solute revels the existence of solute solvent molecular associations. 
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Almost identical observation was carried out by Saha & Acharyya [75] and Saha et al [76] 

on DMF, DMA, DEF, CH30 H and mixtures of DMF + CH30H, DMF + Acetonitrile, DMF + 

Acetone and on some disubstituted anilines and benzenes in solvent C6H6 and CCI4 at 

single temperature under nearly 3 c.m. wave length electric field . The estimated ' i· )..lj. 11 , 1 2, 

~-t 1 , 1-lz etc. were explained on the basis of polarity , size of the molecules and solvent 

environment around the solute molecules. Elasayed et al [77] estimated the ~Ht, ~Ft. ~St 

from the temperature variation of ' i for Ag, Sb, Te in solid and liquid phase under 1 MHz 

electric field frequency. They gave an explanation that 'i decreases with temperature due to 

increase of thermal agitation to weaken the intermolecular forces. Varadarajan and 

Rajagopal [78,79] showed the rotation of -OH group about the whole molecule and also 

observed the dipole-dipole interactions of a no. of alcohols in C5H5. 
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2. SCOPE AND OBJECTIVE OF THE PRESENT WORK 

2.1 INTRO"oUCTION 

Almost all the liquids either organic or inorganic are usually called the solvents. Inorganic 

liquids are practically said to be ionic solvents. The main object of this thesis work is to find 

out the correlations among solutes and solvents . Some of the organic liquids are of highly 

nonspherical shapes and sizes and possess a considerable dipole moment fl· Under a high 

frequency (hf) electric field of Giga hertz (GHz) range, they give rise to what is known as 

dielectric relaxations. Dielectric relaxation phenomena of single polar solutes or binary polar 

solutes in non polar solvents under hf electric field are of considerable importance as the 

phenomena are considered to be an essential tool to investigate the physico-chemical 

properties as well as structural and associational aspects of the nonspherical polar 

molecules. The theories so far developed are based on the evaluation of relaxation times 'tj, 

double relaxation times -r1 & -r2, hf dipole moments 1-11, 1-12 and J.li, static dipole moment fls, 

theoretical dipole moment fltheo by bond angles and bond moments of substituted polar 

groups from the infra-red spectroscopic data. The thermodynamic energy parameters such 

as the enthalpy of activation ilH, the entropy of activation ilS, ,the free energy of activation 

ilF, of dielectric relaxation and enthalpy of activation ilH" due to viscous flow of the solvents 

by the formulations advanced within the framework of Eyring's rate theory. Thus the main 

purpose of the work is to modify the existing theories to enhance new concept of the 

physico-chemical properties of the liquid molecules concerned in terms of dielectric 

relaxation phenomena. 

2.2 THEORETICAL FORMULATIONS TO ESTIMATE hhi and hf 1-li 

The real s';i and imaginary s";i parts of hf complex dielectric permittivity s*ii of a polar -

non polar liquid mixture of weight fraction UJ are related by [1]: 

s';i = Sooij + ( 1 I Ol'tj ) s";i 

or s';i - s.,;i = ( 1 I Ol'tj ) s";i (2.1) 



With the internationally accepted real x'ii 

( = e';i - e.,ii ) and imaginary x"ii ( = e"ii ) 

parts of hf complex dimensionless 

dielectric orientational susceptibility x*ii 

we get 

(2.2) 

which is clearly a straight line between 

the variables x"ii and x'ii as seen in Fig. 

2.1, the slope of which can be used to 

get ~j's of some solutes in terms of the 

angular frequency w of the applied 

electric field. 

But for most of the associative 

polar liquids like aromatic polar nitro 

compound [2], aprotic polar liquids [3] 

normal and octyl alcohols [4], the curves 
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against real part X'q ofmonosubstitulcd anilincs in benzene at 35'~ 
undi!r GHz electric fieJd. 
(Ia) o-nnisidine at 3.86 GHz (-0-). (Ib) O·anisidinc at 22.06 GHz 
( .... ). (IIa) m-anisidine at 3.86 GHz (-A-). (lib) m-anisidine at 
22.06 GHz (-A-). (Ill) a-toluidine at 2.02 GHz (-0--). (IV) 
m·toluidinc at 3.86 GHz (-*-), (Va) p-toluidine at 3.86 GHz (-Cl-) 
and {Vb) p-loluidine at 22.06 (GHz (-W-) respectively. 
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Fig 2.3 
Variation of real part of hf susceptibility 

x·,l agains~\weight fraction w. of monosub-stituted 
ani1ines in benzene at 3Y'C under GHz electric field. (to.) o-anisidine at 3.86 GHz. (-0-)! (lb) o-anisidine 3.t 

22.06 GHz (---).(lin) m-nnisidine at 3.86 GHz (-&-)~ 
(lib) m-aniSidiriC :it 22.06-0Hz '(-~:-=;X (ffi))):roluidine 
at 2.02 OHz (-0-). (IV) m-coluidine ni'3.86 GHz. (;"'-). 
(V.s)'p-toluidinC at 3.86.GHz (-0-) and (Vb) p-toluldine 
at 22.06 CGHz. (..,..•-) respectively. 
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ut22.06 GHz (---). (!Ia) m-anisidine at 3.86 GHz 
(-A-). (lib) m-anisidinc at 22.06 GHz (-..t.-), (IIIJ 
o-toluidine at 2.02 GHz (--0:..). (IV) m-toluidine at 
3.86 GHz (-*-), (Va) p-loluidine at 3.86 GHz 
(-Q-) and (Vb) p-toluidine a\ 22.06 (GHz (-•-) 
respectively. 
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showing the variatios of x"ii against x'ii are not strictly linear. The ratio of linear coefficients 

of variations of x";i and x';i with 111's in Figs 2.2 and 2.3 is a better representation of slopes of 

eq. (2.2) in which polar-polar interactions are supposed to be almost eliminated [2-4]. 

Thus 
(dx~ 1 dwj),.

1
_,0 

(dx; 1 dwj),..
1
_, 0 

(2.3) 

The eq. (2.3) has widely been used to get 'i of a polar solute for a large number of systems 

as seen in almost all the chapters of this thesis. 

The imaginary part x"ii of hf complex susceptibility x*;i is related to weight fraction 111 of a 

polar solute by [2,5] 

(2.4) 

which on differentiation with respect to wi and at wi -7 0 yields that 

) Ul~ 0 = ( ) (2.5) 

From eqs. (2.3) and (2.5) one obtains hf dipole moment in terms of measured </S by the 

112 
[ 

where 

Mi = Molecular weight of solute in Kilogramme 

Eo = Permittivity of free space = 8. 854 x 10 ·12 Farad metre - 1 

ks = Boltzmann constant = 1.38 x 10 -23 Joule mole - 1 K -1 

T = Temperature in absolute scale 

13 = Linear coefficients of x';i- Ul. curves of Fig 2.3 i.e, (dx';i I dUJ) 

N = Avogadro's number= 6.023 x 10 23 

p; = Density of solvent in kgm-3 

s; = Dielectric relative permittivity of solvent 

b = 11(1+ro2</) a dimensionless parameter involved with the estimated 'i of eq. (2.3) 

(2.6) 
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The eq. (2.6) has been tested successfully for a large number of polar liquids to obtain hf 1-!i 

of a polar solute as seen in almost all the chapters of this thesis. 

Again the hf complex conductivity cr*;i of a polar non-polar liquid 

mixture is given by [6]. 

(2.7) 

The real cr';i and imaginary cr";i parts of cr*;i are related by [7] 

where cr.,;J is the constant conductivity at infinite dilution i.e., at UJ ~0. The eq. (2.8) on 

differentiation with respect to cr';i yields 

dcr~~ 
--":::::::: 
d CF ~ arr 1 

which provides also a convenient method 

to obtain 'J of a polar solute. 

It is again, better to use the ratio of 

the slopes of individual variations of cr";i 

and cr'ii as functions of UJ'S and at 'U:I ~0 

to get 'J from the relation 

I 
.(2.10) 

The eq. (2.1 0) eliminates polar-polar 

interactions in a given solution and 

furnishes a method to estimate 'J of a 

polar solute. 

,.~----------~, 
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Fig '2.-i : Plot of o:li a gains! weight ·fraction wJof monosubstituted 
anilines in benzene at 35''C under GHz ch.."Ctric field. 
(Ia) o-:misid!nc at 3.86 GHz (-0-), (lb) o-anisidine at22.06 GHl. (
e->. (IJa,) m-anisidim: at 3.86 GHz (-ll-), (lib) m-anisidine at22.06 
GHz (-A.-), (Til) o-toluidine at 2.02 GHz (-G>-), (IV) m-toluidine at 
J.86"GHz (-•-), (Va) p-wluidine at 3.86 GHz (-D-) and (Vb) p-
toluidine at 22.06 (GHz (_._)respectively. 

(2.9) 
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In the gig a hertz range of applied electric field it is observed [8] that cr"y "' cr;J = the total hf 

conductivity of the solution. So eq. (2.8) becomes 

Hence ( dcr'y I dUJ ) .; -.o = ro-rl~ (2.11) 

where ~ = dcr';J I dUJ i.e, the linear coefficient of the curves of Fig 2.4 

The real part cr';J of total hf conductivity of polar- nonpolar liquid mixture is given [5,8] by: 

' ()lj = 

which on differentiation with respect to "l and at "l -+0. yields 

( I ) Np;f.l/ ( 0J
2

"'j )c )2 da .. ldw. = 2 e.+2 
Y J "J""'o 27 k a™ i 1 + OJ 2 -r i I 

Now comparing (2. 11) & (2.12) we get 

(2.12) 

(2.13) 

where co (=2nf) is the angular frequency of the applied electric field and all the other 

symbols carry the usual meanings as discussed earlier. The eqs. (2.1 0) and (2.13) provide 

a convenient method to estimate -ri and J.li of a polar solute as seen in the chapter 4 of this 

thesis. 

2.3 DOUBLE RELAXATION TIMES -.:1, -rz AND DIPOLE MOMENT 1J.1,1J.2 DUE TO 

ROTATIONS OF THE FLEXIBLE POLAR GROUPS & ROTATIONS OF THE 

WHOLE MOLECULE 

Saha et al [9] and Sit et al [1 0] , however, advanced an analytical method to estimate 

double relaxation times -.:1 & -rz from single frequency measurement in terms of measured 
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relative permittivities. Another object of the thesis is to detect 1:1 & "tz and hence ~1 & ~2 

using x;/s. The aspect of molecular orientational polarization, is, however, achieved by x;/s 

because E.,;i includes all the polarizations including the fast polarization. E.,;i appears 

frequently as a subtracted term in Bergmann et al [11] equations. Thus to avoid the 

clumsiness of algebra and to use the modern concept of dielectric terminology and 

parameter one can write 

= II -e ij , Xoij - Emj - EctJij 

The Bergmann et al equations becomes 

(2.14) 

' X ij (t)T I (t)T 2 
-=c +c2 2 
Xoif 

1
l+W 2-r/ l+w 2-r2 

(2.15) 

where Xoij is the low frequency susceptibility which is real. c1 and Cz are the relative weight 

factors such that c1 + c2 =1. Putting <01:1 = 0:1 and <01:2 = a:2 eqs. (2.14) and (2.15) are now 

solved to get 

(2.16) 

and 

(2.17) 

provided 0:2 - a:1 > 0 
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As c1 + Cz = 1, the eq. (2.16) and (2.17) yields 

(2.18) 

which is clearly a straight line as illustrated in Fig 2.5 for some interesting liquids in suitable 

solvent previously studied between the variables ( XoljX~ xij J 

slope oo ( -r1 + -rz ) and intercept 

and x."ii I x.·ii with 

-oo2-r1-rz of eq. (2.18) . They can be 

used to measure double relaxation 

times -r1 & -rz due to rotations of the 

flexible polar groups attached to 

the parent ones and end over end 

rotations of the whole molecules in 

terms of known oo = 2Tif, where f is 

the frequency of the applied 

electric field in GHz range. 

The estimated -r1 and -rz can 

be used to obtain fl1 and f!z from 

eqs. (2.6) and (2.13) of the flexible 

parts and the whole molecules. 

This method of estimation of 

-r1 and -rz & fl1 and flz has been 

applied on some alcohols at a 

single and different frequencies of 

the applied electric field, as seen in 

1' 2: r-------~ 

0·9 

0 0 L£.r£1!:!L-..L~-'----'----'---'----...,....-~ 
a o o·1 o z o·:~ o-4 o·s o-s o·-r 

--- xU/-:<.iJ 
Fig 2.5: Linear variation of (X .. ,,-x·,y ;t,'1i against X"~J X'q of 
monosubs\ituh:d unilincs in benzene ot 3S~ under GHz elec1ric field. 
(fa) o-•mil.iidine at 3.&6 GHz (-0-}, (lb) o-:misidine at 22.06 GHt. 
(-.->. (llu) m-:misidine nt 3.86 GHz (-.6.-), (Ilb) m-t~nisidinc 3122.06 
GHl (-6-J. (III) o-lolunJim; a.t 2.02. GHz. (--0-), (IV) rn-1oluidine n1 

3.86 GH7.(-*-}, (Va.) p-toluidine at 3.'&6 GHz (-'0-) and (Vb) p-toluidino 
nt22.0ti (GHz ( ... a-) respectively. 

chapters 5 and 6 of the thesis. The validity of eq. (2.18) is based on the fact that c1 + c2 =1. 

The estimation of c1 and Cz can,however, be measured from FrOhlich's [12] theoretical 

equations and the graphical techniques [2, 13] as discussed in those chapters. The later 

ones are shown graphically in Figs 2.6 and 2.7 for a large number of systems of polar- non 

polar mixtures. 



2.4 FORMULATIONS TO 

ESTIMATE SYMMETRIC 

AND CHARACTERISTIC 

RELAXATION TIMES 'ts 

&'tcs 

The solute like 

normal and octyl alcohols and 

amides ( DMSO, DMF, DEF) 

under investigation appears 

to behave like non-rigid ones 

having symmetric and 

asymmetric distribution 

parameters y and o involved 

with the following equation 

.[14]: 

x*v I 
Xoy = I+ (ian·,)' r .(2.19) 

and 

x* u _ 1 

Xoy - (1+ jmr"Y (2.20) 

, .. ....----------------, 

. ~ • 

L-----~------====!·====~U~b~ 04 
000 0~ ~ OB 

~-·--+ weight Fraction Wj 

Fig:2..G: PlOt of r..'
1
.f x..,i1 ngninst weight fraction wi ~f 

:. monosubstituted anilincs in benzene at3Suc under GHz electnc 
field. 
(Ia) o-anisidine al3.86 GHz (-0-}. (lb) o-uniSidine at 2:·?6_GHz 
(-e-l. (lla) m-anisidinc al3.86 GHz (--6.-), (lib) m-ams1dme at 
22.06 GHz (-A-), (11!)·0-toluidine at 2.02 GHz (--0--), (IV) m
toluidinc at 3.86 GHz (-*-), (Va) p-toluidine at 3.86 GHz (-
0-) and (Vb) p-toluidinc at 22.06 (GHz (-•-) respectively. 

~7 

on separating the real and imaginary parts of eq. (2.19) & (2.20) and rearranging them in 

terms of x';i I Xoii and x"ii/ Xoii at U'J-t 0 as seen in Fig 2.6 and 2.7 

one obtains 



_ 2 t -'[(! X~ J X~ x; ] r--an ---.--
Jr Xoij Xif Xoif 

(2.21) 

and 

I 
' =- -;-~--'-----

' w (X~ J (YJr) . (pr) x; cos 2 -sm 2 
.(2.22) 

I 
(1-y) 

similarly 8 and -res can be had from 

eq. (2.20) as 

28 
o>r-------. .. .-----------, 

00'::::---
o·oo o-os o·1o 

Weight Fract10n.Wj 

na 

Q·IS 

Fi?_?.-~: Plot of X."./ X.,11 against weight fraction w
1 
of monosubstituted 

amlmcs m hcnzenc at 35'C under OHz eleCtric field. 

(lo) o-onisidinc at 3.86 GHz (-0-). (lb) O·anisidine at 22.06 GHz 
(-.... ). (lla) m·onisidine al 3.86 GHz (-11-). (lib) m·anisidine at 22.06 
GHz h .. -). (III) o·Ioluidine at 2.02 GHz (-0-), (IV) m·toluidine at 
3.86 GHz (-*-), (Va) p-toluidine at3.86 GHz {-[J-) and (Vh) p·toluidinc 
at 22.06 (GHz <-•-) respectively. 

tan(¢8) 
(x; I Xolj t1-+o 

(X~ I Xoif L;....o 
.(2.23) 

and tan~= co-res (2.24) 

As ~can not be estimated directly , an ordinary theoretical curve between ( 11~ ) log (cos~) 

against ~ in degree is drawn in Fig 2.8 from 

which 

(~ }og(cos¢) 
log{{x~ I XoijXcos¢8)} 

¢8 

can be known . The exstimated 11~ log 

(cos~) is used to estimate ~ from Fig 2.8. 

With known ~ eqs. (2.23) and (2.24) 8 and 

-res estimated. This formulations has been 

applied with considerable success 

chapters 4, 5, and 6 of the thesis. 

in 

1.75 

1.0 QIL-'-~-.1-._._--..'--..,L:_....-'-:! 
0' 30' 60° 90' 

'/in dtgroc 

Fig 2. 8 Plot of (I f<P) log(cos ,P) against rP in degree. 
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2.5 STATIC EXPERIMENTAL PARAMETER X;J AND STATIC DIPOLE MOMENT f.Ls 

The static dipole moment f.Ls of a polar solute U) in a nonpolar solvent (i) is related with 

static relative permittivity &oiJ and hf relative permittivity e..,;i by [15] 

6 0ij-I 6..,ij-i 

6 0ij +2 6..,ij +2 

2 

_.:_6 ..,,.,_,_--.,-! N p, + c. 
6..,1 + 2 960k8 T 1 

The molar concentration CJ of solute is expressed in terms of Ul by 

p,.w, 
c.=-

J M 
} 

(2.25) 

The weight Wi and volume Vi of a polar solute when dissolved in a solvent of weight W; and 

volume V.i.. to have the solution density Pii of the mixture 

Or, 

As 

W1 +W1 
plj = V,+V, 

W,+W1 

w, w, 
-+
p, P, 

w w. 
pij = p,p(, 

I p + J p 
( W1 + wJ ' w, + wJ 1 

w w 
~____,'=- = w.and 1 -- , = wJ 
W, +W1 W, +W1 

The weight fractions of solvent and solute respectively . Again, the above equation can be 

written for Pii as the density of the solution, 
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p, 

Or, Pii = Pi ( 1-yUJ) _, [as w, + U'J = 1 and (1- Pi I Pi) =y ] 

Or, Pii = Pi ( 1 + Y U'J + ........... ) (2.26) 

where Pi and PJ are the densities of solvent and solute 

eq.(2.25) becomes 

respectively. With eq. (2.26), and the 

e01 -e~, + Np, 
2
w1 p,(i + yw1 + ....... ) 

(e01 +2Xe~1 +2) 27e0M 1k8 T 

.(2.27) 

Since 0 < U'J < 1 , the above eq. (2.27) can be expressed as a polynomial equation of Ulj 

like 

U'J2 + ........ . 

(2.28) 

comparing the coefficient of 

first powers U'J'S of eqs. 

(2.27) and (2.28) one obtains 

.(2.29) 

where a, is the linear 

coefficient of Xii versus UJ 

0.05 fv, •;I <I ir.J 
0.024 

I I 
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E l lL// ' !i o.u3 I 

I 

~ 
I f£iV]I' 0.012 ' I I ///1 ~ I 

0.02 I . . / ·c ' ' • . ,. 
0. 

+ /, // OO'J6 ~ 
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.~ I 
I' 
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Weight rtcv;1itm ~'i 

Fig :,."),. ~ . VuriatlOJl of tltc mea...;uted s.ttnic experimental Jl<lf3H)tter X,J _with wtig~ 
trJt7tion w

1 
of th.e solutes for I - ch\or;.\1 in benzene ( -•-); U- (:hl~rnl 111 r.-hcpt11r 

t- & - )~ lll- ethyl h'ichh.JmW:~Late in ben:l.eru:, ( -'f -)i IV- eth~~ tnchJoro~t:etu~: 
11-hcxal'!e (--&-); V - triftttoror.:thanoJ ju bc:n1.cnc ( ·C·-)~ Vl- tnOuoi'OOCCfiC :•ctd 1 

be01cnc (-·6. ·-) ruu1 VTl - octanoyl cbloridt! itt ben1cne ( D-), 
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curves of Fig. 2.9 for a number of interesting compounds as seen elsewhere [8]. ~-~s's from 

higher powers of 'UJ of eq. (2.27) are not reliable as the term y is influenced by various 

effects like solute-solute interactions, relative density, macroscopic viscosity, internal field 

etc. This formulation of eq. (2.27) has been applied on some interesting polar liquids of para 

compounds in nonpolar solvents to have their static f!s as seen in the 7 th chapter of this 

thesis 

2.6 THEORETICAL FORMULATIONS TO ESTIMATE THERMODYNAMIC 

ENERGY PARAMETERS: 

Dielectric relaxation is a process of rotation of a molecular dipole . The dipole requires an 

activation energy Ll.F,, called free energy of activation to overcome the potential energy 

barrier between two equilibrium positions of normal and excited states.. Eyring's rate 

process [16] eq. (2.30) can be used with the temperature dependence of measured -r/s from 

eqs. (2.3) and (2.1 0). 

According to Eyring's rate theory one gets that 

(2.30) 

where A = h I k ,is the ratio of Planck's and Boltzmann constants respectively and R is the 

gram molecular constant. 

Again Ll.F, = Ll.H,- T Ll.S-r, the above eq. (2.30) becomes 

-riT =A exp (Ll.H,- T Ll.S,) I RT 

or, -riT =A exp ( -Ll.S, I R) . exp (Ll.H, I RT ) 

hence Ll.H r 1 
In r 1T =In A'+--.

R T 

where A' = A exp ( - Ll.S, I R ) 

(2.31) 

The (2.31) represents a linear curve between In (-riT) against 1/T, the intercept and slope of 

the curve have been employed to get Ll.H,, Ll.S, and Ll.F, known as enthalpy, entropy and free 

energy of activation due to dielectric relaxation as illustrated in Fig. 2.1 0. for some p

compounds. These thermodynamic energy parameters so far measured help one to make 

strong comment on the physico-chemical properties of the systems as seen in chapters 

3, 7,8 & 9 of this thesis. 
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The Kalman factor 'tiT I Tli6 is equal to the volume of the rotating unit and is given by 

[17]: 

Hence In 'tjT = Ina + o In Tli (2.32) 

The slope o ( = ilH't I ilHT],) of the linear eq. (2.32) is used to estimate the enthalpy of 

activation ilHrJi, due to viscous flow of the solvent as shown in the different chapters of this 

thesis to come to the conclusion of the solvent environment about the solute ones. 

-2050 

. -20.10 

-19.30 " 

1 
f; 
" -
-ts.so 3L.~----'3.-2 ---3:!-..3:----:3'7.4~--'---;3';.5-'---' 

1/r X lQl 

Fig 
2

_
10

• S!raight line plots of In (r;T) agains~ ljT. (I) parahydroxwropiophenone (-0-:-), (II) 
arachloropropiophcnone (-D.-), (III) paraacetamtdobcnzahlehydc (-0-), (IV) parabenzylo~bcnz~l?e· 

~ydc (-0- ). (V) paraanisidine (-e-) (VI) paraphenitidine (- ~-l. (VII) orthochloroparamtroamhne 
( -x-) and (Vlll) parabromoniuobenzenc (- •-) 

Chapter 2 , thus presents a brief account of the new theoretical formulations widely 

used in the several CHAPTERS 3,4,5,6,7 of this thesis to come to various conclusions in 

terms of measured parameters. They have significant contributions to study the physico-
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chemical properties of a large number of polar liquids in non-polar solvents under hf and 

static electric fieldi,i. 
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CHAPTER3 

STRUCTURAL ASPECTS AND PHYSICO-CHEMICAL PROPERTIES OF 

SOME AROMATIC POLAR NITRO COMPOUNDS IN SOLVENT BENZENE 

AT DIFFERENT TEMPERATURES UNDER GIGAHERTZ ELECTRIC FIELD 
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3. STRUCTURAL ASPECTS AND PHYSICO-CHEMICAL PROPERTIES OF SOME 

AROMATIC POLAR NITRO COMPOUNDS IN SOLVENT BENZENE AT DIFFERENT 

TEMPERATURES UNDER GIGAHERTZ ELECTRIC FIELD 

3.1. INTRODUCTION 

The dielectric relaxation mechanism of polar liquid molecules in nonpolar solvents is of 

much importance as it provides an useful and essential tool to study their structural aspects 

and physico chemical properties. The method is involved with estimation of several 

dielectric relaxation parameters such as relaxation time "rJ, dipole moments Jli , f.llheo and 

thermodynamic energy parameters. There exists several methods [1 ,2] for estimation of 

relaxation parameters, but all these methods are not so simple like our present one based 

on susceptibility measurement. Their method [1 ,2] consist of placing &"ii against e';i 

measured at different frequencies of GHz range to get semicircular plot which cuts ~:'-axis in 

the lower and higher points giving rise &aoiJ and &oiJ respectively. Migahed et al [3] and Nandi 

et al [4] used the method of thermally stimulated depolarisation current density (TSDC) in 

terms of hf relative permittivities to study the relaxation mechanism of some polar liquids 

and the physico-chemical properties of some proteins, polymers, micelles etc. Although 

several workers [3,4] studied the relaxation mechanism of polar liquid molecules in 

nonpolar solvent in terms of measured relative permittivities of e';J , the real part and &";i , the 

imaginary part of high frequency (hf) complex permittivity e*;J, but no such investigation on 

polar nitro compounds by susceptibility measurement has yet been made. The method 

includes the estimation of real x'ii ( = &';i - &aoJi ) and imaginary x"ii ( = &";i ) parts of high 

frequency (hf) complex dimensionless dielectric orientational susceptibility x*;i at different 

experimental temperatures in °C under a gigahertz electric field from the measured 

permittivities of e';i and e";i of Pant et al [5]. x';j's are involved only with the molecular 

orientational polarisation and the evaluation of accurate relaxation parameters are made 

possible. It is evident from Fig. 3.1 that the variation of x";i with x';i is strictly linear, the slope 

of which presented in Table 3.1, is used to get -rj's of the polar solutes. Murthy et al [6], 

however, showed earlier that a similar linear relationship exists between hf imaginary part 

K";J(!L'J) and real part K';i(!L'J) of complex conductivity K*;J(!L'J) from which -ri for polar 

molecules could be estimated. But for associative liquids in the higher concentration the 

variation of x";i and x';i is not always linear [7], the ratio of the linear coefficients of individual 
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polynomial variation of both x'u and x"u with weight frations ILl's like x'ii = a + i3 ILl +y Ul 2 of 

solute [8] as displayed in Figs. 3.2 and 3.3 may be a better choice [9] to estimate ,;j's of 

polar liquid compounds. ,;j's so estimated , are presented in Table 3.1 for comparison with 

,;j's (11th column) calculated by Pant et al [5] by using Gopala Krishna's method [10] The 

excellent agreement of ,;j's by both of our prescribed methods in case of polar nitro 

compounds which includes the names of 2,5-dichloronitrobenzene, 3,5-

dichloronitrobenzene, 2,5-dibromonitrobenzene, 2,4-dinitrocholorobenzene, 3,4-

dinitrochlorobenzene indicates that the data of :x,";i( U\) and X,';j( U\) are of low weight fractions 

ILl 's so that the polar-polar interactions are almost eliminated. The estimated ,;j's involved 

with dimensionless parameter b's are now used to obtain hf dipole moment fli in terms of 

linear coefficients j3's of curves of x'u - ILl of Fig. 3.2 using Debye's relation [11]. The 

dimensionless parameter b's , linear coefficients j3's and estimated J.li'S are placed in Table 

3.2 to compare with f.l/S by Gopala Krishna's method [10] measured by Pant et al 5] and 

theoretical dipole moments !llheo's of Fig. 3.4, evaluated by vector addition of available bond 

moments of the substitutent polar groups of the nitro compounds as seen in Table 3.2. The 

disagreement between estimated fli and f.ltheo shows the probable existence of inductive, 

mesomeric and electromeric effects [12] suffered by the polar groups under the electric field 

of GHz frequency. J.li'S thus measured when plotted against t°C shows convex and concave 

shapes as seen in Fig 3.5, which reflects the stability or unstability of the polar-nonpolar 

liquid mixtures observed elsewhere [13]. The eq.(3.1 0) is a linear equation ln,;iT against 1fT 

of Fig.3.6. The slope and intercept are used to measure the required thermodynamic 

energy parameters. LI.H,;, 11.8,; and LI.F,; as placed in Table 3.3. The parameters so 

estimated provides a deep insight into the physico chemical properties [14] of the solute 

molecules in solvent benzene under GHz electric field. The Debye & Kalman factors as 

seen in Table 3.3 shows Debye relaxation mechanism obeyed by the molecules. 

3.2. THEORETICAL FORMULATIONS 

If Eocii be subtracted from E';i the susceptiility contains only the orientational polarisation [15] 

and thus the fast polarisation is avoided unlike the E*ii· In absence of reliable measured 

values of infinitely hf and low frequency (If) permittivities Eocii and Eoij, the following Debye-
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Pallate's equations[16] may safely be used from the measured values of the real e';i and 

imaginary e"1i parts of the hf complex e*;i of Pant et al (5]. 

(3.1) and " -8 lj -

8oij- E:ocij 

--------------- CO"tj 

1 + C02"t2j 

Boij- 8ccij 

x";i and x';/s of functions of Wj'S are well displayed in Figs 3.3 and 3.2 respectively. 

Both e';J and e";J parts of e*IJ are related by [11] 

1 
e'ij = Eaij + -------- 8

11
ij 

CO"tj 

(3.2) 

(3.3) 

In terms of real x'ij and imaginary x";i parts of hf complex susceptibility x*;i, one obtains 

x"tJ = ( ro-ri ) x';i or dx"tJ I dx'ij = ro-ri (3.4) 

Murthy et al [6] showed earlier that a similar linear relationship exists between hf 

conductivity K"tJ(Wj) and K';J(Wj) from which they estimated the relaxation time for polar 

molecules. The eq. (3.4) is a straight line between x"tJ and x';i observed graphically in Fig 

3.1, the slope of which is used to get TJ of a polar solute [6] as seen in Table 3.1. But for 

most of the associative liquids, the variation of x";i against x'ij is not strictly linear [9]. For 

such associative polar-nonpolar liquid mixture x'ti is related with Wj by x'1i =a+ ~ Wj + y Wj 2 

the slope of eq. (3.4) can be represented by: 

( dx";J I dWj ) Wj-o 
---------------------- - CO"tj .(3.5) 
(dx';i I dWj) U\-o 

The eq. (3.5) represents the ratio of linear coefficients of individual variation of both x"1i and 

x'ti with Wj of a polar solute displayed graphically in Figs 3.2 and 3.3 respectively. -rl's 

estimated from eq. (3.5) are placed in Table 3.1 in order to compare them with -r/s obtained 

by direct slope x";i - x'ij of Fig. 3.1 and those of Gopala Krishna's method [10] measured 

by Pant et al [5]. 

The imaginary part x"ij of hf x*;J is related to Wj by of polar solute by [11]. 

(3.6) 



which on differentiation with respect to wi and in the limit of wi = 0 yields that 

= Npif.t/ 
27&0 MjksT 

( 

from eqs. (3.5) and (3. 7) one obtains hf fli by 

f.lj = [ 

) 

112 

MJ = Molecular weight of j th liquid in Kilogram me 

Eo = Permittivity of free space = 8.854 x 10 -12 Farad metre -1 

k8 = Boltzmann constant = 1.38 x 10 -23 Joule mole -1 K -1 

T =Temperature in absolute scale 

13 = (d:x:'ii I dwi ) =Linear coefficient of x'iJ- wi curves of 

Fig.3.3 at wi ~ 0 

N =Avogadro's number= 6.023 x 10 23 

Pi = Density of solvent CsHs 

s1 = Dielectric relative permittivity of solvent C6H6 

37 

(3.7) 

(3.8) 

b =11(1 +w2-r/),a dimensionless parameter involved with the estimated "tJ of 

eq. (3.5). 

Dielectric relaxation is a process of rotation of the polar molecules under hf 

electric field and it requires an activation energy t>F-r, known as free energy of activation to 

overcome the energy barrier between two equilibrium positions. t>F-r, is ,however, related 

with estimated "tJ of eq. (3.5) by the relation [14]: 

A 
-ri = ----- exp (t>F-r I RT ) 

T 

As t>F-r = ll.H-r - T t>S, so we have 

or, In (-rJ T) = In A'+ 
R T 

(3.9) 

(3.1 0) 
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where A' = Ae(-.' 511 RJ (3.11) 

The eq (3.1 0) is a linear equation of ln11T against 1fT of Fig 3.6. The slope and intercept are 

used to measure the required thermodynamic energy parameters of the molecules as 

presented in Table 3.3 in agreement with those of Pant et al [5] . 

3.3. RESULTS AND DISCUSSION 

The 11's of aromatic polar nitro compounds in solvent C6H6 at different experimental 

temperatures in °C under 9.58 gigahertz electric field are worked out from the slope of the 

fitted linear eq . [4] between the variables x",1 and x 'ii displayed graphically in Fig. 3.1 with 

the symbols showing the experimental points. 1/S so obtained are compared with 1i's 

estimated from the ratio of linear coefficients of individual variations of both x",1 and x 'ii with 

U1's shown graphically in Figs. 3.2 and 3.3. 1/ s estimated by both the method are presented 

in Table 3.1. The excellent agreement of 11's by both the methods at once indicates the 

data x"ii and x 'ii are of low concentrations such that the polar-polar interactions are almost 

eliminated [9] at U1~o The 11's by the latter method [21] are more reliable. Gopala 

Krishna's method [1 0] was employed by Pant et al [5] to get 1/ s. They are presented in 

Table 3.1. The close agreement between 1/ s of Pant et al [5] and estimated 11's of eqs. 

(3.4) and (3.5) at once reflects the basic soundness [9] of our method to get 11 in the limit U1 

= 0. The correlation coefficient & % of error of both x",1 - U1 and x ',1 - U1 curves of Figs. 3.2 

and 3.3 are given in Table 3.1 only to show how far they are correlated with U1's . It is 

evident from Table 3.1 that 1/S decrease with temperature. This can be explained on the 

basis of the fact that at constant temperature, the relaxation time depends upon the energy 

difference between the activated and normal states. At higher temperature thermal agitation 

causes an increase in energy loss due to large number of collisions and thereby decreasing 

the relaxation time [9, 16]. Dipole moments 1..1/ S of the polar solutes as estimated from eq. 

(3.8) are placed in Table 3.2 together with linear coefficients 13's of x',1 - U1 curves of Fig. 

3.2 and dimensionless parameter b's involved with 11 of eq. (3.5) as seen in Table 3.2 

respectively. They are ,however, compared with ~t/S of Pant et al [5] and theoretical ~thea's 

obtained from vector addition of bond moments [1 7] of the substituted polar groups of the 

compounds, as seen in the Table 3.2. The theoretical dipole moment and its orientation as 
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a consequence of known structure of the pertinent nitro-compound is displayed in Fig 3.4 

The resonance effect thus obtained by solvent benzene compound into an inductive effect 

operated by the substituent polar groups in the ring is expected to play a prominent role [18] 

in the measured hf ~-tj"s. The disagreement between hf ~-t/s and ~-!thea's is explained by the 

influence of hf electric field coupled with inductive and mesomeric moments on the flexible 

polar groups. ~-!thea's with reference to Fig. 3.4 gives a deep insight into the structures of the 

molecules concerned . 

The symmetry and asymmetry of the molecules being a physico-chemical 

property can well be explained on the basis of lli - t curves of Fig. 3.5. It is seen that unlike 

system Ill all the systems show convex Ill - t curves having minimum Ill's at lower and 

higher temperatures due to strong symmetry attained [8] at those temperatures. The 

system Ill shows maximum I-Ii's at lower and higher temperature due to asymmetric shape 

of the molecule. Physico-chemical properties of the systems can also be explained from the 

stand point of thermodynamics by estimating the energy parameters ilH~. ilS~ & ilF~ from 

the intercept and slope of a fitted linear equation of ln~iT against 1/T shown graphically in 

Fig. 3.6 with the experimental points placed on them. They are placed in Table 3.3 together 

with those estimated by Pant et al [5] by using Gopala krishna's method [1 0]. It is seen that 

except the first one the other systems are close to each other .. Unlike systems II & V all the 

systems possess negative ilS-r's which suggests that configuration involved in dipolar 

rotation has an activated state which is more ordered than the normel state [8, 19] while the 

reverse is true for the rest two systems. ilF-r's for all the systems are nearly same in 

magnitude, as the activation is accomplished by the rupture of bond of dipolar groups _in the 

same degrees of freedom [7,19]. Unlike 2,5 dichloro nitrobenzene and 2,5 dibromo 

nitrobenzene all the systems possess 8 > 0.50 as seen in Table 3.3 indicating solvent 

environment around the solute molecules [20]. Moreover, they show higher ilHT].'s than that 

ilH-r's as seen in Table 3.3. It is due to the fact that ilHrh is involved with both transitional 

and rotational motion of the molecules . Other systems possess lower values than that of 

ilH~ for high value of 8 for those systems. Debye factor ~1T/T] and Kalman factor ~iT/ l]5
, 

being proportional to volume of the rotating unit are carefully estimated and are placed in 

Table 3.3. Debye factors are all of the order of 106 and Kalman factors although of different 

orders but found to have constant values for all systems at each temperature, indicating at 

once the validity of De bye model of dielectric relaxation mechanism for such aromatic polar 

nitro compounds in CsHs under GHz electric field [9, 13]. 
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3.4. CONCLUSION 

Our group [21] have developed a new method based on the complex susceptibility :x:*;i in the 

limit l.l1 = 0 to study the structural aspects and physico-chemical properties of the polar 

nitro liquid compounds 2,5-dichloronitrobenzene, 3,5-dichloronitrobenzene, 2,5-dibromo

nitrobenzene, 2,4-dinitrocholorobenzene and 3,4-dinitrochlorobenzene in C6H6 under GHz 

electric field at different experimental temperatures. The excellent agreement of 1:j's 

estimated by our methods of eqs. (3.4) and (3.5) at once establishes the applicability of the 

method suggested to get 1:j's at l.l1 ~ 0 as it eliminates polar-polar interaction [21] in a given 

solution. The correlation coefficients r's and % of errors obtained by careful regression 

analysis between variables of curves of Figs. 3.2 and 3.3 show how far the variables :x:";i 

and :x:';i are correlated with l.l.l's to establish the statistical validity [15] of eq.(3.5). The 

thermodynamic energy parameters such as L'>H,, L'>S, and L'>F, worked out in terms of 

temperature variation of 1:j's are useful and important tools to comment on the physico 

chemical properties of dipolar liquid molecules. The theoretical dipole moment !!thea's and 

its comparison with measured hf !!!'S of the eq.(3.8) explore new concept regarding 

structures of the molecules in addition to inductive, mesomeric and electromeric effects 

present in them. Almost the constant values of Debye & Kalman factors and the curves 

satisfied by experimental points in all the figures reflect the validity of the theoretical 

formulations advanced within the framework of Debye-Smyth model of dielectric relaxation. 

The significant contribution to study the structural aspects and physico-chemical propertie15 

of the polar liquid molecules as sketched in Fig. 3.4 in nonpolar solvent under nearly 10 

GHz electric field are thus found out to be important to enhance scientific content of the the 

existing knowledge of dielectric relaxation processes. 
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Table-3.1 :- Measured -rj's from ratio of slopes of inividual variations of x'ii and x"ii with 
ILl , relaxation time -ri from Murthy et al , reported -ri all are in pico second , correlation 
coeffi-cient and '% of error of x'g - ILl & x''u - ILl curves of Figs. 3.3 and 3.2, of 
aromatic polar nitro compounds in non polar solvent C6H6 at different experimental 
temperatures in °C under 9.58 GHz electric field frequency. 

Systems Tern Individual slope slope Ratio Correlation. %of , 1in ';in Report 

with sl. No. ~.in of variation X.11

!j vs of Coeff. (r) of errors of psec psec ed 'J in 
c X'iJ slope )(';;- U\ & x'11- tl1 & eq.3.4 eq.3.5 psec of 

(eq.3.4) of x."ii- t.1.1 x."ij- Wj pant et 
in d. curves curves al [5] 
varia! 
ion 

Slope Slope 
otx.1/ vs OfX.ij

11 

u;- at vs UJ8t 
u;--> 0 "1" --> 0 

1. 2,5-dichloro 20 24.73 16.36 0.66 0.66 0.98 1.04 10.98 10.98 10.01 
nitrobenzene 30 77.03 45.93 0.60 0.60 0.92 4.81 9.90 9.90 9.43 

40 78.54 46.01 0.59 0.59 0.90 5.76 9.72 9.72 6.64 

2. 3,5-dichloro 20 27.35 21.10 0.77 0.77 0.96 2.55 12.81 12.81 11.95 
nitrobenzene 30 131.44 88.76 0.68 0.68 0.91 5.05 11.21 11.21 8.20 

40 39.69 20.04 0.50 0.50 0.99 0.71 8.38 8.38 7.48 

3. 2,5-dibromo 20 91.74 135.29 1.47 1.47 0.96 2.13 24.48 24.48 21.50 
nitrobenzene 30 3.40 4.63 1.36 1.36 0.99 0.87 22.62 22.62 19.63 

40 29.92 39.28 1.31 1.31 0.98 1.15 21.79 21.79 19.19 

4. 2,4-dinitro 20 5.23 5.36 1.02 1.02 0.98 1.48 17.00 17.00 15.24 

chlorobenzene 30 25.42 23.24 0.91 0.91 0.89 6.45 15.18 15.17 14.32 
40 20.00 14.47 0.72 0.72 0.94 3.56 12.01 12.01 11.21 

5. 3,4-dinitro 20 1.29 1.37 1.06 1.06 0.97 1.78 17.60 17.60 15.83 

chlorobenzene 30 9.59 8.24 0.86 0.86 0.96 2.44 14.25 14.25 13.01 
40 0.23 0.16 0.71 0.71 0.96 2.52 11.82 11.82 10.12 
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Table 3.2: The coefficients of u,l3;y of x',1- IL\ curves of Fig. 3.3, dimensionless parameters 
b's with -r1 of eq.(3.8),measured dipole moment J.li ,reported dipole moment J.li (Gopala 
Krishna), theoretical dipole moments J.li in coulomb metre (C.m) of some aromatic polar 
liquids in benzene at various experimental temperatures in °C under 9.58 GHz electric field 
~~cy. ~ 

Systems with Temp 
sl. No. & in °C 

• 2 
X• =a+~w, +rw, 

molecular 
WeightM1 

a ~ y 

1. 2,5-dichloro 20 -284.43 24.727 -0.35 

nitrobenzene 30 -1223.1 77.025 -1.06 

Mj = 0.1920 kg 40 -1262.6 78.537 -1.07 

2. 3,5-dichloro 20 -404.56 27.352 -0.36 

nitrobenzene 30 -1978.7 131.44 -1.94 

Mj = 0.1920 kg 40 -448.35 39.688 -0.69 

3. 2,5-dibromo 20 -1456.2 91.74 -1.3 

nitrobenzene 30 203.44 3.3988 -0.13 

Mj = 0.2810 kg 40 -323.28 29.92 -0.46 

4. 2,4-dinitro 20 37.556 5.2318 -0.15 

chlorobenzene 30 -264.67 25.42 -0.47 

Mj = 0.2025 kg 40 -186.98 20.003 -0.36 

5. 3,4-dinitro 20 191.45 1.2885 0.019 

chlorobenzene 30 -147.89 9.5948 -0.01 

Mj = 0.2025 kg 40 199.23 0.2286 0.068 

Dimensionless 
parameter 

b=1/(1+ro\2
) 

0.696 

0.738 

0.745 

0.627 

0.687 

0.797 

0.315 

0.350 

0.367 

0.488 

0.545 

0.656 

0.471 

0.576 

0.663 

Measured 
111x1 o""in 

C.m. 

26.18 

45.99 

47.33 

29.01 

62.27 

32.52 

90.66 

16.97 

50.33 

14.77 

31.58 

26.12 

7.46 

18.87 

2.78 

1030· 
flj·X In 
C.m. (by 

Pant et al) 

15.19 

15.44 

14.82 

8.87 

16.41 

17.06 

34.33 

30.99 

30.81 

17.74 

12.37 

12.59 

17.76 

12.37 

14.69 

llj(theo). x 
1030 in 
C.m.from 
bond 
moments 

14.17 

14.17 

14.17 

12.36 

25.18 
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Table 3.3: The thermodynamic energy parameters : enthalpy of activation 1'1H, , entropy of 
activation 1'1S, and free energy of activation 1'1F, , value of 8 from eq. ln-qT = Ina + 8lm1, 
enthalpy of activation 1'1H~; due to viscous flow of solvent, Debye factor and Kalman factor 
of some aromatic polar liquids in benzene at various experimental temperatures in °C 
under 9.58 GHz electric field frequency 

Systems with Temp 6Ht 6s,in J 6Ft in Value of 6H~, = (6Ht/y Debye Kalman 
Sl.no. .in 'c in KJ mole·' KJ B from ) in KJ mole·' factor( tAT/~) factor(t;Ti~') 

mole·' mole·' lntjT= xlO 
Ina+ B lnr11 

1. 2,5-dichloro 20 2.16 -0.0277 10.28 0.36 5.99 5.22 4.61x10 .. 

nitrobenzene 30 2.16 -0.0274 10.45 0.36 5.99 5.35 4.45x10 .. 

40 2.16 -0.0277 10.83 0.36 5.99 5.82 4.63x10 .. 

2. 3,5-dichloro 20 13.58 0.0100 10.65 2.10 6.46 6.08 2.09x1o·2 

nitrobenzene 30 13.58 0.0093 10.77 2.10 6.46 6.05 2.30x1o·2 

40 13.58 0.0100 10.45 2.10 6.46 5.02 2.07x1o·2 

3. 2,5-dibromo 20 1.93 -0.0352 12.24 0.31 6.15 11.62 7.26x10 .. 
nitrobenzene 30 1.93 -0.0350 12.54 0.31 6.15 12.22 7.15x10 .. 

40 1.93 -0.0352 12.94 0.31 6.15 13.04 7.27x10 .. 

4. 2,4-dinitro 20 10.69 -0.0023 11.35 1.65 6.46 8.07 1.02x10"3 

chlorobenzene 30 10.69 -0.0028 11.53 1.65 6.46 8.20 1.10x10"" 
40 10.69 -0.0022 11.39 1.65 6.46 7.19 1.01 x1 o"" 

5. 3,4-dinitro 20 12.67 0.0042 11.43 2.00 6.33 8.36 1.37x1 o·2 

chlorobenzene 30 12.67 0.0043 11.37 2.00 6.33 7.69 1.39x1 o·2 

40 12.67 0.0042 11.34 2.00 6.33 7.07 1.37x1o·2 
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Fig. 3.1. Variation of imaginary part x";i of hf orientational susceptibility 
against real part x';i of hf orientation susceptibility of some polar nitro 
compounds in nonpolar solvent benzene at different temperatures in 
°C under 9.5846 GHz electric field frequency of 2,5-dichloro nitrobenzene
[ Ia. at 20°C (0), lb. at 30°C (+), lc.at 40°C(o) ] 3,5-dichloronitrobenzene
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Fig. 3.2. Variation of imaginary part x.";i of hf orientational susceptibility 
against weight fraction UJ of some polar nitro compounds in nonpolar 
solvent benzene at different temperatures in °C under 9.5846 GHz 
electric field frequency of 2,5-dichloro nitrobenzene- [ Ia. at 20°C (0), lb 
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(o), lilb.at 30°C (•). lilc. at 40°C (x)] 2,4-dinitrochlorobenzene- [IVa. at 
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at 20°C (~). Vb.at 30°C(o), Vc. at 40°C(o)] 
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(+), lc.at 40°C(o) ] 3,5-dichloronitrobenzene-[lla at 20°C (• ), llb.at 30°C 
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30°C (•), lllc. at 40°C(x) ] 2,4-dinitrochlorobenzene- [ IVa. at 20°C(*), 
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CHAPTER4 

DIELECTRIC RELAXATION PHENOMENA OF SOME APROTIC POLAR 

LIQUIDS UNDER GIGA HERTZ ELECTRIC FIELD 



4. DIELECTRIC RELAXATION PHENOMENA OF SOME APROTIC POLAR LIQUIDS 

UNDER GIGAHERTZ ELECTRIC FIELD 

4.1. INTRODUCTION 
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The relaxation behaviour of polar-nonpolar liquid mixtures under high frequency (hf) electric 

field is of much importance to study the molecular shapes, sizes as well as associational 

behaviours [1-3] in them. Workers in this field usually analyse the experimental data 

obtained through relaxation mechanisms involved on the basis of various models [4-6] 

applicable to polar liquids. Dhull et al [7] and Sharma & Sharma [8] had, however, 

measured the real s'iik· s';i or s';k and imaginary s"iik· s";i or s";k parts of relative complex 

permittivities SiJk·, s;/ or s;k. of some interesting binary or single polar liquids (jk, j or k) in a 

nonpolar solvent under X-band electric field at different or fixed temperatures. The purpose 

of the work was to detect monomer (solute-solvent) or dimer (solute-solute) molecular 

associations and molecular dynamics of the systems in terms of estimated relaxation time "tJ 

and dipole moment 1-li· 

The measured [9] values of the relative permittivities s;j's of some aprotic polar 

liquids like N,N-dimethylsulphoxide (DMSO); N,N-dimethylformamide (DMF); N,N-dimethyl 

acetamide (DMA) and N,N-diethylformamide (DEF) in benzene under the most effective 

dispersive region of nearly 10 GHz electric field at 25, 30, 35 and 40°C for DMSO; 25°C for 

DMA and DMF and
1 
30°C for DEF respectively. DMSO is ~ aprotic dipolar liquid of high 

\O..VI!. 

penetrating power and"wide application in medicine and industry. It acts as good constituent 

of binary mixtures because of its associative [1 0] nature. Am ides, on the other hand, are 

the building blocks of proteins and enzymes and have wide biological applications. The 

liquids usually show two relaxation times 1:2 and 1:1 for the rotation of the whole molecules 

and the flexible parts attached to the parent molecules from the single frequency 

measurement technique. [11-12] 

All these facts inspired us to study 1:2 and 1:1 and dipole moments 1-12 and 1-11 of these 

liquids in terms of real ;(';1 (=s';i--s.,;1) and imaginary x.";i (=s"ii) parts of complex orientational 

susceptibility x;/ (=s;/- s.,ii) in benzene at different temperatures. The low frequency 

susceptibility X.oii (=sm1- s.,;J) is however real. x.';1 can be obtained by subtracting either 1 or 

s.a1 from the measured s;1's. If 1 is subtracted from the relative permittivity s'11 and s011 one 
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gets :X.'ii and :X.oiJ containing all types of polarisation processes including fast polarization. 

When high frequency relative permittivity or the optical permittivity &.,;J be subtracted from &;{ 

and &oiJ of the solution at a certain weight fraction UJ's of the solute the susceptibility :x.';i, :x.";i 

and :X.oiJ result due to orientational polarisation only. Our earlier study [9] was to calculate "t's 

and !!'S in terms of either relative permittivities &;j's or hf conductivities cr;j's. &;j's are involved 

with all types of polarisations while cr;i's are related only to bound molecular charges of polar 

liquids. Nowadays relaxation mechanisms are studied in terms of :x,;j's [13] because 

measurements of IJ's in terms of &;j's or cr;j's include contributions due to all types of 

polarisations and bound molecular charges respectively. Moreover, relaxation processes 

are highly thermally activated to yield "t within the framework of Debye-Smith model of 

polar-nonpolar liquid mixture. 

The purpose of the present work is to assess the contribution of fast polarisation and 

bound molecular charges in the measurement of IJ's when compared with IJ's from :X.ii and cr1i 

measurements. The variation of IJ's with temperature provides knowledge of the state of the 

system through the measured energy parameters. 

The detailed experimental technique involved in the measurement of dielectric 

relaxation parameters of solution has been described elsewhere [14]. A Hewlett Packard 

Impedance Analyser (HP-4192A) measured the capacitance and conductance of the cell 

containing polar-nonpolar liquid mixtures at different frequencies and temperatures for a 

fixed UJ of solute. The real and imaginary parts of relative permittivities &iJ. or susceptibility 

:x.;t are optained from complex impedances of the cell measured within the range of 

frequencies from 5 Hz to 13 MHz. The measured &;{s are then plotted in a Cole-Cole 

semicircular arc to get the values of &';J, &";i, &oiJ and &.,1i at nearly 10 GHz electric field 

(Table.4.1 ). Again &oii is measured at 1 KHz whereas high frequency permittivity &.,;J (= n 
2 

DiJ) 

is measured by Abbe's Refractometer to compare the values obtained from Cole-Cole plot. 

The cell containing experimental liquid mixture is then kept in Mettler Hot Stage FP-52 

chamber to regulate temperature. Multiply distilled CsHs is used as a solvent in 

measurement after several times fractional distillation to get the purest quality of sample . 
. 

The measured data &';i or x'ii 's are accurate within ± 5%. 

Bergmann et al [15], however, proposed a graphical technique to get "t1, "t2 and c1, c2 

for a pure polar liquid at different frequencies of the microwave electric field. In order to 
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avoid clumsiness of algebra and fast polarisation processes, the molecular orientational 

polarisations in terms of established symbols of x;/s can be written as [5] 

(4.1) 

" Xij CO't I OO't 2 
-=c, 2 2 +c2 2 2 (4.2) 
Xoij l+ro 't1 l+ro -r 2 

assuming two separate broad Debye type dispersions of which c1 + c2 = 1. 

Saha et al [11] and Sit et al [12] put forward an analytical technique to measure -r1, -rz 

and c,, c2 of a polar-nonpolar liquid mixture in terms of measured x';J, X"ti· XoiJ at different 

Uj'S of solute under a single frequency electric field and temperature. eqs (4.1) and (4.2) are 

solved to get 

' 'X.oij - X.u 
' xij 

(4.3) 

The eq. (4.3) gives a straight line when (XoiJ-x';i)lx ';i is plotted against x";/JG';i for different 

Uj'S of solute for a given angular frequency ro (= 2nf ), f being the frequency of the applied 

electric field. The slope ro(-r1+-rz) and intercept -ro2-r1-r2 of straight line of eq. (4.3) are 

obtained through linear regression analysis as shown in Fig. 4.1. Relaxation times -r2 and -r1 

are calculated from the slopes· and intercepts of eq. (4.3) of Fig. 4.1 in terms of measured 

data of Table 4.1. They are then compared with measured -rj's from the linear slope of the 

x";J against x';i curve of Fig. 4.2 at different 'Ul's of the form: 

ctx" 
_IJ =co-r 
ctx~ 

(4.4) 

Both x";i and x';1are functions of 'Ul's of solute. It is better to use the individual slopes x";i- 'Ul 

and x';r 'Ul curves in Figs. 4.3 and 4.4 at 'Ul ~ 0 to measure 't using the following equation: 

1ctx"jdw) ~ I) 1 11}-40 

(ctx~ 1 dw J,
1
_,, m (4.5) 

-r's from both the methods along with 't's from conductivity measurement technique using 

eqs. (4.25) and (4.26) [see later] are placed in Table 4.2 in order to compare with 't 

measured by Gopala Krishna's method [16]. 
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eqs. (4.1) and (4.2) are solved for c, and c2 to get: 

Cxijtx2 - xij )(I+ tx,
2
) 

ct = 
Xoij (tx2 -!XI) 

(4.6) 

(4.7) 

where a1=c.o ~1 and a2=c.o ~2. such that a2 > a,. The values of x';/Xoii and x";/Xol are also 

obtained from following Frohlich's equations. [17]: 

X;; = 1--~-ln I +c.o ~2 . ( 2 2) 
x,,i 2A l+c.o 2 ~/ 

xij =_!_[tan -I (C.0~2)- tan -I (C.O~ 1 )] 
X,ij A 

(4.8) 

(4.9) 

where A= Frohlich parameter= ln(~2 / ~1 ). The theoretical values of relative contributions c, 

and Cz towards dielectric relaxation processes for ~1 and ~2 are computed from eqs.( 4.8) 

and (4.9). They are presented in Table 4.3. The graphical plots of x't/Xoii and x";/Xoti curves 

as a function of UJ are shown in Figs 4.5 and 4.6 respectively. The experimental values of c1 

and Cz are also estimated from eqs(4.1) and (4.2) with the measured values of (x';/xoij) UJ .... o 

and (X"•/Xotil UJ .... o of Figs 4.5 and 4.6. These c, and c2 are finally compared with theoretical 

ones in Table 4.3. 

The symmetric and asymmetric distribution parameters y and o of the molecules under 

study are calculated and placed in the last columns of the Table 4.3 along with all the c, 

and cis in order to see that the relaxation mechanism for such liquids are symmetric. 

The dipole moments 1J2 and 1J1 due to rotation of the whole molecule as well as the 

flexible parts of the molecules are determined from the slope !31 of x'ti-UJ curve of Fig. 4.4 at 

UJ ~ 0 in terms of estimated ~i of eq. (4.3) as placed in Table 4.4. IJ/S are again calculated 

from the ~·s of eqs. (4.4) and (4.25) of Murthy eta I [18] and the ratio of the individual slopes 

of eqs. (4.5) and (4.26) from susceptibility and conductivity measurements using slope !31 of 

x'•i- UJ of Fig 4.4 and !32 of cr1i- UJ curve of Fig. 4.7. IJ'S from both the measurements are 

entered in Table 4.4 along with estimated IJ's from Gopala Krishna's method [16] quoted as 

reported ones in the Table 4.4. 
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The variations of measured ~2 and f!1 for DMSO in benzene with temperature in De 

are given by the equations: 

fl-2 = -231.61 + 15.597 t- o.2272 e 
(4.10) 

f!1 = 19.825- 0.626 t + 0.0108 t2 

f!2 of the parent molecule attains a maximum value of 36 C.m at 34.32DC with zero dipole 

moments at 21.72 De and 46.92 De respectively due to monomer formation with CsH6 ring. 

The theoretical dipole moment ~theo's of the molecules are calculated from the 

available infrared spectroscopic data of bond moments assuming the molecules are planar 

as sketched in Fig 4.8. They are found to vary with the measured ~j's. The difference, 

however, indicates that the effect of inductive, mesomeric and electromeric moments of the 

substituent polar groups within the molecules along with temperature in the hf electric field 

is to be considered to have the conformation of the molecules under interest. 

The thermodynamic energy parameters like enthalpy of activation .llH, free energy of 

activation .llF, and entropy of activation .llS, were obtained from the slope and intercept of 

linear equation of In( 't1 T) against 1fT for DMSO as given by the equation. 

ln('t2T) =- 4.8353- 4.088x103(1fT) 
(4.11) 

ln('t1 T) =- 30.568 + 3.216x103(1fT) 

The variation of ln('t1 T) or ln('t2 T) against 1fT indicate that 't1 obeys the Eyring rate process 

whereas 't2 does not. 

4.2 SYMMETRIC AND ASYMMETRIC DISTRIBUTION PARAMETER y AND 8 

The polar-nonpolar liquid mixtures under study are nonrigid in nature exhibiting two 

relaxation times 't2 and 't1 at a single frequency electric field. [19] The measured values of 

x"1/xo11 when plotted against x'1/Xo1J at ""1 -+ 0 for different frequency ro at a fixed experimental 

temperature for DMSO may either show Cole-Cole semicircular arc or Cole-Davidson 

skewed arc having symmetric and asymmetric distribution of relaxation behaviour according 

to following equations: 

• 
xij =---.,....,
x.ij ! + (jlliT,, )I-r 

(4.12) 
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• 
Xij I 
Xoij = (!+ jro-r~) 6 (4.13) 

where '• and <cs are symmetric and characteristics relaxation times related to symmetric 

and asymmetric distribution parameters y and o respectively. On separation the real and 

imaginary parts of eq. (4.12) one gets: 

_ 2 t -'[(1 x;; Jx;; lx,ij xij] Y-- an -- " --
rc 'XoiJ 'X.ij I Xoij 'XoiJ 

(4.14) 

I 

I [I( X;; I X,;; yrc . yrcJJ l-r -r =- cos--sm-
• ro xijlx~ 2 2 

(4.15) 

On simplification of eq. (4.13) further one gets : 

I logl(x.;;jx,,;)jcos($8)] 
~log(cos$) $o (4.16) 

(4.17) 

where tan<p = ro-rcs 

A theoretical curve of (1/$)1og(cos<p) with $ in degrees was drawn [5] to get the known 

values of $ and o in terms of measured parameter of [log{(x';/Xo~)/cos($8)}]/ ($8) of eqs. 

(4.16) and (17). All the <s, <cs and o $are given in Tables 4.2 and 4.3 respectively. 

4.3 DIPOLE MOMENT fli FROM SUSCEPTIBILITY MEASUREMENT 

Debye equation [20] of relative permittivities of a polar solute U) dissolved in a nonpolar 

solvent (i) in terms of complex dielectric orientational susceptibility x'1i of solution can be 

written as: 
• 

xij 1 
-=-,--
X,;; I+ jro-r 

(4.18) 
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where ;(11 (=E';J-Ero;j) and x.";i (=E";J ) are the real and imaginary parts of J(iJ = x.'dx.";i j = r-J 
) 

is a complex number X.aiJ (=Eo;J-Ero;J) is the low frequency susceptibility which is real. 

Again, the imaginary part of dielectric orientational susceptibility x.";1 as a function of "'l 

can be written according to Smith [21] as: 

2 
.. NP,f.l; ol't ( z)2 

:X:u 27E k TM. I+ ro 2-c 2 E;; + W; 
o B J 

(4.19) 

On differentiation of eq. (4.19) w.r. t "'l at "'l ~ 0 one gets: 

(4.20) 

where k8 = Boltzmann constant, N = Avogadro's Number e; = relative permittivity of the 

solute and Eo = Absolute permittivitiy of free space = 8. 854 X 10-12 F. m·1, all expressed in 

S.l. units. Comparing eqs.( 4.4) and (4.20) one gets: 

d:x:, _ Np,f.l; I ( z)2 _,. 

( 

') 2 -- - E-+ -1-'1 
dw; 27E.k 5 TM; I+ ro 2 -c 2 

' 
lt'j-+0 

where ~1 is the slope of X,';1-"'l curves at "'l ~ 0. 

From eq. (4.21) one gets the dipole moment 1-li as: 

(4.21) 

(4.22) 

where b = 1/(1+ro2-c 2
) is the dimensionless parameter involved with measured -c1 of Table 

4.2. All the IJ/S are placed in Table 4.4. 

4.4 DIPOLE MOMENT 1-li FROM hf CONDUCTIVITY MEASUREMENT 

The hf complex conductivity cr·,i of a polar-nonpolar liquid mixture is given by: 

• I 'ff (" '') cr ij = cr ij + Jcr lj = OlEo E ;j+ JE lj (4.23) 

the real cr';i and imaginary cr"IJ parts of cr*11 are related by 
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• I ' 
crij = crcrJij +-crij 

(l)'t j 
(4.24) 

where cr.,;i is the constant conductivity at infinite dilution i.e. at 'Ill ~o. The eq. (4.24) on 

differentiation w.r. t. cr'ii yields: 

dcrij 1 
-=- (4.25) 

which provides a convenient method to obtain 'tJ of a polar molecule. It is, however, better to 

use the ratio of the slopes of variation of cr";i and cr';i with 'Ill in order to avoid polar-polar 

interactions at 'Ill ~o in a given solvent to get 'tJ from: 

(dcr~ I dw ) 1J J wi~o 

(dcr~- I dw .) ro-r,. 
IJ J Wr-+0 

(4.26) 

In hf region of GHz range, it is generally observed that cr'\j = cr;i the total hf conductivity [22] 

of the solution. Therefore, the eq. (4.24) can be written as: 

1 (dcr~ J 13 -- -" 2 
- ro"t . dw. 

J J wj-+0 

(4.27) 

where l32 is the slope of ( dcr;/d 'Ill ) 'lll->O· The real part cr'li of a polar-nonpolar liquid mixture 

is given by [5] 

(d ' J N 2 2 <J.. P;J.l; ro 't; ( )' 
dw'' = 27k

8 
TM,. I+ ro 2-r,2 E; + 

2 
J wr-tO 

(4.28) 

Now comparing eqs. (4.27) and (4.28) one gets hf IJJ from 

(4.29) 
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where b=1 I (1 +roV ) is involved with </S from eqs. (4.25) and (4.26). ~is thus obtained 

from eq. (4.29) are placed in Table 4.4 along with Gopala Krishna's ~1 and ~•heo's. 

4.5 RESULT AND DISCUSSION 

The relaxation parameters in terms of real x';1 (=s';1-s.,;1), imaginary x";i (=s";1) and low 

frequency susceptibility Xoii (=so;1-s.,;1), which is real are extracted from the measured relative 

permittivities s;j's for different Ui's of solute at 25, 30, 35 and 40°C for DMSO, 25°C for DMA 

and DMF and 30°C for DEF under nearly 10 GHz electric field as shown in Table 4.1. The 

curves of ( XoiJ-X,';j)lx.;j' against x";/x.';1 at different Ui's of solute are plotted from the measured 

data in Fig 4.1. All the curves show two relaxation times <2 and <1 due to rotation of the whole 

molecule and the flexible part attached to the parent ones as evident from Table 4.2. It 

indicates that the molecules are of non-rigid nature. Unlike <2's, <1's of DMSO at 25, 30, 35 
0 

and 40 C decrease gradually (Table 4.2). This indicates that <1's obey the Debye relaxation 

mechanism. It is also evident from Table 4.2 and Fig. 4.1 that the graphs of (XoiJ-X,'iJ )lx ';1 

against x";/x';i for different Ui's of DMSO shift towards the origin with the increase of 

temperature. <2 's of all the liquids are much larger in magnitude than <1. The parent 

molecule takes larger time to lag with the electric field frequency for its inertia in comparison 

to its flexible parts which are supported by the two relaxation model of polar unit under nearly 

10 GHz electric field [23]. <j's are estimated and placed in Table 4.2 from eqs. (4.4) and (4.5) 

using linear slope of x";1 against x';1 at different Ui's and the ratio of individual slopes of x";1-

'U1 and x';1- 'U1 curves at 'U1 -tO of Figs. 4.3 and 4.4 respectively. The values of 'i from eq. 

(4.4) are larger than from eq. (4.5). Reported <'s and <j's calculated from both the Gopala 

Krishna's method [16] as well as conductivity measurement technique using eqs. (4.25) and 

(4.26) respectively. The agreement is better from the </S due to ratio of the individual slopes 

of x";1- 'U1 and x';1- 'U1 curves at 'U1 --t 0 of Figs. 4.3 and 4.4 because the polar-polar 

interactions are almost avoided. They are then compared with the reported <s and <cs of the 

molecules assuming symmetric and asymmetric distribution of relaxation processes only to 

show that the molecules obey symmetric distribution. The curves x";1 against x';i of Fig. 4.2 of 

the molecules are found to meet at a point in the region of 0 < 'U1 < 0.02 except DEF the data 

was measured at 30 °C. The experimental curves of x";1- 'U1 and x';1- 'U1 are not linear as 



60 

shown in Figs. 4.3 and 4.4 respectively. Like Jt';i- Ui curves all the curves of :x:";i- Ui of Fig. 4. 

3 are parabolic in nature and increase with the Ui's of solute. The magnitude of :x:"1i is, 

however, maximum in lower temperature region and decrease with the rise of temperature. 

This indicates the absorption of electric energy in the polar-nonpolar mixture in the lower 

temperature region. 

The relative contributions c, and c2 due to "' and 1:2 could, however, be estimated from 

the :x:';/:x:oii and :x:";/:X:oii of Frohlich's eqs. (4.8) and (4.9) and placed in Table 4.3 assuming a 

continuous distribution of 1: between limiting values of"' and 1:2. c1 and c, are also calculated 

in terms of fixed values of (:x:';/:x:oii ) Ui .... o and (:x:";/:x:oiJ ) Ui .... o of the graphical plots of (:x:';/:X:oij)

""1 and (:x:"u/:X:oii)- Ui curves of Figs. 4.5 and 4.6 respectively. All the curves are extrapolated to 

get the fixed values of (:x:';/:X:oii ) and (:x:";/:X:oiJ) at Ui --Jo0. They are substituted in the 

Bergmann's eqs. (4.6) and (4.7) to get c1 and c2 for the fixed values of"' and 1:2 respectively. 

All the c's are placed in Table 4.3 for comparison with Frohlich's method. Both c, and c2 from 

Frohlich's [15] equations are all +ve for all the liquids. But c2 for DMSO at 25 and 35°C are -

ve from the graphical method. The -ve value of c2 is physically meaningless as they are 

considered to be the relative contributions towards dielectric relaxation processes. This may 

indicate that the rotation of whole molecule under hf electric field is not in accord with the 

flexible part probably due to inertia as observed elsewhere [10,11]. The variation of :x:';/:X:oii 

and :x:";jl:x:0;i with Ui as shown in Figs. 4.5 and 4.6 are expected to be concave and convex 

[10,11] respectively. All the curves of Figs. 4.5 and 4.6 are, however, concave except 

systems VI (--Ell-) of Fig. 4.6. This type of anomalous behaviour in the variation of :x:';Jhoii and 

:x:";/:x:oiJ with Ui invariably demands careful measurement of data in low concentration region. 

The dipole moments J.J1 and J.J2 are also calculated from the slope !31 of :X:'ii- Ui curve of 

Fig. 4.4 and estimated 1:1 and 1:2 as shown in Table 4.4. They are compared with J.l/S from 1:j's 

of eqs. (4.4) and (4.5) respectively. J.J/S from Gopala Krishna's method [16] and conductivity 

measurement technique [9] are also reported and placed in Table 4.4 for comparison among 

them. The total hf conductivity cr1i is plotted against Ui 's of the polar-nonpolar liquid mixture 

as seen in Fig. 4.7 only to show that all the curves are parabolic in nature exhibiting 

maximum conductivity at lower temperature and higher concentration for DMSO. At Ui --Jo0, 

the curves are found to yield different value of cr1i probably due to the term 1/(MjT) in the eq. 

(4.28) as seen in Fig. 4. 7. The difference in estimated J.l2 and J.l1 from conductivity and 

susceptibility measurements suggests the involvement of bound molecular charges towards 
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~·s of polar liquid. It is evident from Table 4.4 that ~1's of the polar liquids are found to be in 

excellent agreement with the reported ~·s. It thus reveals that a part of the molecule is 

rotating under 10 GHz electric field as observed earlier [24]. The variation of ~1 and f..L2 with 

temperature for DM80 is given by eq. (4.1 0). The convex nature of ~1-t equation reveals the 

fact that the molecule DM80 attains higher asymmetry of larger ~1 at a certain temperature. 

It also shows zero dipole moments at two different temperatures indicating the symmetric 

nature of the molecule. The variation of ~1 with temperature may occur due to elongation of 

bond moments. This further invites the extensive study of the relaxation phenomena of 

highly nonspherical dipolar molecules at different experimental temperatures and in different 

solvents. 

The theoretical dipole moment ~theo's of the polar molecules are calculated assuming 

the planar structure from the available bond moments of 7.83 X 10 "3° C.m., 5.17 X 10 ·30 

C.m. for polar groups 8+-CH3, 0<=8 in DM80 2.13X 10-3° C.m., 2.60 X 10.3° C.m., 1.23 X 

10"3° C.m. of N+-CH3, N+-C2H5, CH3+-C in DMF, DEF and DMA respectively. The other 

bond moments are 1 X 10"3° C.m., 1.50 X10 -3° C.m., 10.33 X 10 "3° C.m. for C+-H, C+-N and 

C<:=O in them. The bond moments are, however, reduced by a factor f..L1IJ.!theo to yield exact 

~·s as sketched in Fig. 4.8. The reduction or elongation in bond moments of the substituent 

polar groups may occur due to inductive, mesomeric and electromeric effects which in turn 

subsequently act as pusher or puller of electrons in them. The solvent CsHs is a cyclic and 

planar compound and has three double bonds and six p-electrons on six C-atoms. The 

dipolar liquid molecules are aliphatic and planar ones. Hence 7t-7t interaction or resonance 

effect combined with inductive effect commonly known as mesomeric effect in excited state 

called the electromeric effect may play the vital role in the estimation of f..Ltheo 's of Fig. 4.8. 

The thermodynamic energy parameters like enthalpy of activation 8H, entropy of 

activation 88, and free energy of activation 8F, of DM80 were calculated from the slope and 

intercept of ln("t1 T) against (1/T) of eq. (4.11) on the basis of Eyrings theory considering the 

rotation of the polar molecule as a rate process. Unlike ln("t2 T) against (1/T); ln("t1 T) against 

(1/T) of DM80 is in accord with the Eyring's rate theory [20]. The value of 8H, for DM80 is 

6.85 in KJ mole"1 88, are -8.21, -8.15, -11.65, -11.48 in J mole-1 K"1 and 

M;,ar~9.30, 9.32, 10.4.3 and 10.45. at 25, 30, 35 and 40°C respectively in K.J. mole-1. It is 

observed that 88, are -ve indicating the activated states are more ordered than the normal 

states especially for DM80. 
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4.6. CONCLUSION 

The study of relaxation phenomena of aprotic polar liquids of am ides in CaH6 in terms 

of the modern established symbols of dielectic terminologies and parameters of orientational 

susceptibilities :;o/s measured under a single frequency electric field is very encouraging and 

interesting. It seems to be more topical, significant and useful contribution to predict the 

conformational structures and various molecular associations of the molecules at any given 

temperatures. The intercept and slope of derived linear eq.( 4.3) on the measured data of Xii 

of different UJ'S are used to get -r2 and -r1. The prescribed methodology in S I units is superior 

because of the unified, coherent and rationalised nature because x;j's are directly linked only 

with orientational polarization of the molecules. The significant eqs (4.4) and (4.5) to obtain 

values of "tJ and hence values of ilj from eq. (4.22) help the future workers to shed more light 

on the relaxation phenomena of complicated nonspherical polar liquids and liquid crystals. 

The present method to obtain values of "tJ from eq.( 4.5) with the use of the ratio of the 

individual slopes of X"ii versus UJ and x';i versus UJ curves at UJ -70 is a significant 

improvement over the existing ones, as it eliminates polar-polar interaction almost 

completely in -r1's and f.l/S respectively. 

The values of "tJ and ilj are usually claimed to be accurate within 10% and 5% 

respectively. The tested correlation coefficients r's and % of errors of eq.( 4.3) demand that -r 

and fl are more than accurate. The DMSO, DMF, DMA and DEF molecules absorb electric 

energy much more strongly under nearly 10 GHz electric field, at which the variation of x"1i 

against frequency w seem to be large. This at once indicates the attention to get the double 

relaxation phenomena from eq.( 4.3). The sum of the experimental and theoretical values of 

weighted contributions c1 and c2 towards dielectric dispersions due to estimated -rz and -r1 

differ significantly to indicate more than two Debye type relaxations in such molecules 

because of their complexity. It can, further, be observed that only a part of the molecule is 

rotating under nearly 10 GHz electric field since ln(-r1 T) against 1 rr obeys the Eyring's rate 

theory. The values of flz and fl1 due to -rz and -r1 are expected to be smaller when they are 

measured from susceptibility measurement technique rather than the hf conductivity and 

permittivity methods, where approximation of cr;i"'cr'·;i is usually made. The measurement of 

fl's from hf conductivities crii's and hf permittivities e1j's is involved with the contributions of the 

bound molecular charges and all types of polarisations including the fast one. The difference 
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of f!1 and f!i from f!theo may arise, either by elongation or reduction of the bond moments of 

the substituted polar groups by factor f!1/f!theo in agreement with the measured fl.'S to take 

into account of the inductive, mesomeric and electromeric effects of the substituted polar 

groups in the molecules under investigation. Thus the correlation between the 

conformational structures with the observed results enhances the scientific content to add a 

new horizon of understanding the existing knowledge of dielectric relaxation phenomena. 
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Table 4.1: The real x'1i and imaginary x'\ parts of the complex dielectric orientational 
susceptibility x1t and static dielectric susceptibility XoiJ which is real for various weight 
fractions UJ'S of some aprotic polar liquids in benzenes at different temperatures under hf 
electric field. 

System Temp. 
Weight 

with sl. no in °C 
fraction X'ii X"IJ Xoij 

0.0022 0.0611 0.0280 0.0731 
0.0043 0.0890 0.0420 0.1094 

I. DMSO 25 0.0047 0.0950 0.0460 0.1181 
0.0069 0.1231 0.0616 0.1594 
0.0086 0.1520 0.0798 0.1982 

0.0022 0.0630 0.0274 0.074 
0.0043 0.0915 0.0400 0.1095 

II. DMSO 30 0.0047 0.0980 0.0440 0.1220 
0.0069 0.1155 0.0526 0.1500 
0.0086 0.1340 0.0648 0.1802 

0.0022 0.0600 0.0234 0.0693 
0.0043 0.0800 0.0330 0.108 

Ill. DMSO 35 0.0047 0.0825 0.0360 0.1135 
0.0069 0.1104 0.0496 0.1564 
0.0086 0.1260 0.0580 0.1830 

0.0022 0.0499 0.0170 0.0648 
0.0043 0.0774 0.0282 0.1054 

IV. DMSO 40 0.0047 0.0784 0.0286 0.1094 
0.0069 0.1083 0.0420 0.1541 
0.0086 0.1155 0.0500 0.1775 

0.0023 0.0850 0.0256 0.1137 

V.DEF 30 
0.0042 0.0899 0.0288 0.1335 
0.0079 0.0997 0.0384 0.1822 
0.0095 0.1033 0.0448 0.2053 

0.0027 0.0742 0.0256 0.0948 

VI. DMF 25 
0.0036 0.0872 0.0302 0.1162 
0.0048 0.1045 0.0386 0.1423 
0.0063 0.1291 0.0484 0.1855 

0.0026 0.0818 0.0213 0.1201 

VII. DMA 25 0.0045 0.1046 0.0278 0.1559 
0.0056 0.1198 0.0330 0.1851 
0.0066 0.1370 0.0381 0.2083 
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Table 4.2: The relaxation times <2 and <1 from the slope and intercept of straight line eq. 
(4.3), measured 'J from different methods of susceptibility and conductivity measurement 
technique, reported '· symmetric and characteristic relaxation times <s and <cs for different 
aprotic polar liquids under effective dispersive region of nearly 10 GHz electric field. 

Estimated Rep( 
Temp <1 and •2 'tja 'tjb ,.c ,. d 'ts 'tcs System I I 'tj in °C in ps in ps in ps in ps in ps 

in ps in ps in ps 
't1 't2 

I. DMSO 25 8.09 21.07 9.91 6.79 8.77 6.01 5.37 4.88 3.69 

II. DMSO 30 7.51 52.02 9.07 6.34 8.04 5.86 4.96 4.82 3.05 

Ill. DMSO 35 6.50 59.68 9.08 9.03 7.47 8.95 4.70 4.21 

IV. DMSO 40 4.51 39.00 8.38 4.90 7.09 4.46 4.33 3.74 22.20 

V. DEF 30 3.89 76.41 16.86 1.06 6.64 0.58 2.42 4.16 15.66 

VI. DMF 25 4.60 56.24 6.73 6.69 5.87 5.58 5.09 3.02 8.47 

VII. DMA 25 2.20 56.61 3.05 6.53 4.96 3.11 6.53 3.90 81.95 
•i" = relaxation time from direct slope of eq (4.4) 
'Jb = relaxation time from ratio of individual slope of eq (4.5) 
•{ = relaxation time from direct slope of eq (4.25) 
'Jd = relaxation time from ratio of individual slope of eq (4.26) 
• reported 'J by using Gopalakrishna's [16] method . 

• 
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Table 4.3: Frohlich's parameter A [=In (-rzh,)], theoretical and experimental values 9f x';/Xoij & 
x";/Xoij of Frohlich eqs (4.8) and (4.9) and from fitting eqs of Figs 4.5 and 4.6 at ~0 
respectively, theoretical and experimental relative contributions c1 and c2 towards dielectric 
dispersion due to -c1 and -rz, symmetric and asymmetric distribution parameters y and o for 
polar-nonpolar liquid mixtures of some aprotic polar liquids under effective dispersion region 
of nearly 10 GHz electric field. 

Theoretical Theoretical Experimental Experimental Estimated 
values of values of c1 values of values of c1 and values ofy 

System Temp A X';/Xo;J & and c2 x';/Xo;J & Cz and o 
in °C x;{ txou from X"i/'Xoii at 

eqs (4.8) & c, Cz W;~O of Figs. c, Cz y B 
(4.9) 4.5 &4.6 

I. DMSO 25 0.957 0.629 0.466 0.485 0.571 0.874 0.380 1.095 -0.061 -0.07 2.00 

II. DMSO 30 1.935 0.449 0.434 0.423 0.933 0.894 0.389 1.049 0.022 -0.08 2.37 

Ill. DMSO 35 2.217 0.454 0.419 0.425 1.043 1.039 0.371 1.192 -0.076 -0.29 --
IV. DMSO 40 2.241 0.611 0.409 0.507 0.794 0.797 0.266 0.803 0.228 0.21 0.36 

V.DEF 30 2.978 0.476 0.378 0.443 1.380 0.849 0.247 0.890 0.210 0.17 0.36 

VI.DMF 25 2.505 0.497 0.405 0.451 1.086 0.855 0.262 0.921 0.065 0.13 0.61 

VII. DMA 25 3.248 0.601 0.357 0.531 1.093 0.724 0.185 0.713 0.338 0.47 0.18 
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Table 4.4: Slope l31 of x';i vs 'UJ and l32 of crii vs 'UJ curves, measured dipole moments Jl2 and 
Jl1 from susceptibility measurement technique, !'i 's from Eqs.(22) and (29) respectively, 
reported dipole moment, theoretical dipole moment Jltheo from available bond angles and 
bond moments expressed in Coulomb.metre (C.m) and the values of Jl1 IJ.Ltheo for some 
aprotic polar liquids in benzene under effective dispersion region of nearly 10 GHz electric 
field. · 

System with Slope of 
Dipole moments !'i ( x 10 -30 

) in Coulomb.metre sl.no. & mol.wt. X'i(Wj & O'ij- Wj 

curves From Eq (22) 
!';" !lib !'{ 

d 
!'i 

J31 J32 !'2 !'1 
I.DMSO at 25 °C 
Mi= 0.078 Kg 10.943 6.280 14.69 10.30 10.75 10.03 11.10 10.48 

II.DMSO at 30°C 
Mi= 0.078 Kg 16.440 9.096 36.69 12.64 13.09 12.35 13.31 12.75 

III.DMSO at 35°C 
Mi= 0.078 Kg 8.950 4.621 31.09 9.27 9.79 9.78 9.50 9.82 

IV.DMSO at 40 oc 
17.646 9.894 30.37 12.69 13.70 12.82 13.94 13.32 Mi= 0.078 Kg 

V.DEF at 30°C 
Mi=0.101 Kg 2.870 2.922 26.62 5.67 7.91 5.53 8.18 7.58 

VI. DMF at 25 °C 
Mi= 0.073 Kg 10.938 7.282 33.21 9.37 9.81 9.80 10.54 10.48 

VII.DMA at 25 °C 
5.147 2.792 24.97 6.83 7.07 6.89 7.00 6.81 M=0.087 Kg 

11;" = dipole moment by using ~from the direct slope of Eq (4) 
!lib= dipole moment by using ~from the ratio of individual slopes of Eq (5) 
!'{ = dipole moment by using ~ from the direct slope of Eq (25) 
!lid = dipole moment by using~ from the ratio of individual slopes of Eq (26) 
!'{ = reported dipole moment using Gopalakrishna's 16 ~ 
!'lheo = theoretical dipole moment from the available bond moments. 

!'{ 1-ltheo 

12.65 15.18 

12.79 15.18 

13.49 15.18 

13.73 15.18 

12.96 13.30 

12.09 12.73 

11.26 13.37 

Jli 

Jltheo 

0.67 

0.83 

0.61 

0.83 

0.42 

0.74 

0.51 
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Fig. 4.1: Linear Plot of (X.o;rX.';j)/x. ';i against x.";/x.'iifor different Ul's of DMSO, DEF, DMF and 
DMA in benzene. 
(I) DMSO at 25 °C (-o-),(11) DMSO at 30 °C (-t.-),(111) DMSO at 35 °C (-0-),(IV) DMSO at 40 
°C (-•-).(V) DEFat 30 °C (-.6.-),(VI) DMF at 25 °C (-81-) and (VII) DMA at 25 °C (-*-). 
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Fig. 4. 2: Linear variation of imaginary part of dielectric susceptibility :x.";i against real part of 
dielectric susceptibility :x.';i for different 111's of DMSO, DEF, DMF and DMA in benzene. 
(I) DMSO at 25 °C (-o-).(11) DMSO at 30 °C (-t.-),(111) DMSO at 35 °C (-0-),(IV) DMSO at 40 
°C (-•-).M DEFat 30 °C (-.&.-).(VI) DMF at 25 °C (-E\l-) and (VII) DMA at 25 °C (-*-). 
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Fig. 4. 3: Plot of imaginary part of dielectric susceptibility x";i with weight fraction UJ of 
DMSO, DEF, DMF and DMA in benzene. 
(I) DMSO at 25 °C (-o-),(11) DMSO at 30 °C (-t.-),(111) DMSO at 35 °C (-0-),(IV) DMSO at 40 
°C (-•-),(V) DEFat 30 °C (-.6.-),(VI) DMF at 25 °C (-Ell-) and (VII) DMA at 25 °C (-*-). 
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F igureq . ~ Plot of real part o f die lectri c susceptibility x11 ' with weight fraction w1 of OM 0, OEF, 
OMF and OMA in benzene. 
(I) OM 0 at 25 °C (-o -),(11) OM 0 at 30 °C (- -),( Il l) OMSO at 35 °C (- -),(IV) OM 0 at 40 °C 
(-• -),(V) OEF at 30 °C (- • -).(VI) OM F at 25 °C (-EB-) and (VII ) OMA at 25 °C (-*-). 
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Fig. 4.5: Variation of x';/xoii with UJ'S of DMSO, DEF, DMF and DMA in benzene. 
{I) Dlv1SO at 25 De (-o-),(11) DMSO at 30 De (-L'>-),{111) DMSO at 35 De {-0-),(IV) DMSO at 40 
De (-•-).(V) DEFat 30 De(- A.-),(VI) DMF at 25 De {-ffi-) and (VII) DMA at 25 De(-*-). 
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Fig. 4. 6: Variation of x";/Xoii with UJ'S of DMSO, DEF, DMF and DMA in benzene. 
(I) DMSO at 25 °C (-o-),(11) DMSO at 30 °C (-1'>-),(111) DMSO at 35 °C {-0-),(IV) DMSO at 40 
°C (-•-),M DEFat 30 °C {-.6.-),(VI) DMF at 25 °C (-6:1-) and (VII) DMA at 25 °C (-*-). 
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Fig. 4. 8: Conformational structures of aprotic polar liquids in terms of reduced bond length 
due to mesomeric and inductive moments in Coulomb metre (C.m.)x1030of the substituent 
polar groups: 
(I) DMSO (II) DEF (Ill) DMF (IV) DMA 
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CHAPTER 5 

THE PHYSICO-CHEMICAL ASPECTS OF SOME LONG STRAIGHT CHAIN 

ALCOHOLS FROM SUSCEPTIBILITY MEASUREMENT UNDER A 24 GHz 

ELECTRIC FIELD AT 25°C 
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5.THE PHYSICO-CHEMICAL ASPECTS OF SOME LONG STRAIGHT CHAIN ALCOHOLS 

FROM SUSCEPTIBILITY MEASUREMENT UNDER A 24 GHz ELECTRIC FIELD AT 25°C 

5.1 INTRODUCTION 

The relaxation process of dipolar liquid or solid material (DRL or DRS) is very 

encouraging to study the physico-chemical molecular behaviour and structures through 

the different experimental techniques [1 ,2] . The methods consist of the measurements 

of high frequency (hf) conductivity [3] , hf susceptibility [4], thermally stimulated 

depolarization current density (TSDC) [5], isothermal frequency domain of AC 

spectroscopy (IFDS) [6] etc. Although the latter two methods are very important as they 

provide one with the necessary information of dielectric relaxations, but these methods 

are very lengthy and often needs a tedious computer simulation work in comparison to 

the former methods. The hf conductivity or susceptibility measurement techniques are 

very simpler, straightforward and unique one within the framework of Debye model [7] to 

give the firm answer to the problem with which the present research group is usually 

dealing with. 

Straight chain alcohols behave almost like polymers in dispersion 

regions. The strong dipole of -OH group rotates about >C=O bond without disturbing 

-CH3 and -CH2 groups. They thus have the possibility to exhibit intramolecular as well 

as interm~ular rotations. Glasser et al [8], and Crossley et al [9], however, measured 

the real e';illimaginary e";i, parts of hf complex relative permittivity &~ij along with the static 

&oii and optical &au relative permittivities of alcohols at 25°C under different gigahertz 

electric field frequencies. As evident from Table 5.1 the available relative permittivities 

e";j's if plotted against frequency 'f will show the sharp peak [1 0] at 24 GHz electric field 

frequency. At this resonance frequency the alcohol molecules in solvent n-heptane 

absorbs electric energy much more strongly to give exact and reliable values of relative 

permittivities. This at once suggests that 24 GHz electric field frequency is the most 

effective dispersive region of such normal and cetyl alcohols and prompted the present 

workers to study the physico-chemical aspects of long straight chain alcohols in terms of 

hf susceptibilities :x:'ii· x,";i and X.oii as the datas are available only at 25°C. The datas are 

,however, collected in Table 5.1 upto four decimal places. The hf dielectric 



78 

susceptibilities could, on the other hand, be obtained by the subtraction of either 1 or 

infinitely hf permittivity Eau from the real part e'ii and static Soii relative permittivities . If 1 is 

subtracted, the susceptibilities due to all operating polarization processes result, while if 

Saii is subtracted [11], the susceptibility due to only orientational polarization results. The 

imaginay part x"ii is numerically equal to s"ii as shown in Table 5.1. 

Table--5.1. Measured relative permitivities eij' , e;/' , lioij , e,;i , real x'ij , 
imaginary x'ii parts of hf complex susceptibility x*ij and low frequency susceptibility 
Xoij of some dipolar alcohols at 2ffC for different weight fractions Wj of solutes 
under 24 GHz electric field in solvent n-heptane. 

Systems with Weight Eij
1 ei( Eoij Eaij X,ij' x.i( Xoij 

Mol. wt(Mj) in fraction (= Si/- (= s"ii) (= Soij-
Kg.(in n- WjOf Sa ij) Sa ij) 
heptane) solute 

1-butanol 0.0291 1.9570 0.0079 1.9710 1.9280 0.0290 0.0079 0.0430 
( Mj= 0.074) 0.0451 1.9810 0.0147 2.0000 1.9450 0.0360 0.0147 0.0550 

0.0697 2.0110 0.0236 2.0500 1.9580 0.0530 0.0236 0.0920 
0.1163 2.0600 0.0425 2.1750 1.9780 0.0820 0.0425 0.1970 
0.1652 2.1050 0.0644 2.3810 2.0000 0.1050 0.0644 0.3810 
0.2072 2.1440 0.0818 2.6210 2.0200 0.1240 0.0818 0.6010 

II. 1-hexanol 0.0458 1.9680 0.0131 1.9880 1.9440 0.0240 0.0131 0.0440 

(Mj=0.102) 0.0703 1.9840 0.0190 2.0150 1.9520 0.0320 0.0190 0.0630 
0.1028 2.0010 0.0296 2.0640 1.9700 0.0310 0.0296 0.0940 
0.1687 2.0370 0.0425 2.1960 1.9890 0.0480 0.0425 0.2070 
0.2335 2.0880 0.0569 2.3600 2.0020 0.0860 0.0569 0.3580 
0.2901 2.1340 0.0748 2.5800 2.0180 0.1160 0.0748 0.5620 

Ill. 1-heptanol 0.0564 1.9680 0.0147 1.9850 1.9320 0.0360 0.0147 0.0530 
(Mj = 0.116) 0.0735 1.9750 0.0182 2.0080 1.9450 0.0300 0.0182 0.0630 

0.1175 2.0070 0.0265 2.0660 1.9570 0.0500 0.0265 0.1090 
0.1909 2.0760 0.0482 2.1950 1.9890 0.0870 0.0482 0.2060 
0.2465 2.0970 0.0567 2.3150 2.0020 0.0950 0.0567 0.3130 
0.2970 2.1260 0.0693 2.4640 2.0080 0.1180 0.0693 0.4560 

IV. 1-decanol 0.0572 1.9650 0.0120 1.9760 1.9400 0.0250 0.0120 0.0360 
( Mj = 0.158) 0.0857 1.9790 0.0223 2.0030 1.9520 0.0270 0.0223 0.0510 

0.1351 2.0030 0.0273 2.0500 1.9640 0.0390 0.0273 0.0860 
0.2140 2.0360 0.0449 2.1470 1.9900 0.0460 0.0449 0.1570 
0.2640 2.0640 0.0513 2.2200 2.0080 0.0560 0.0513 0.2120 
0.3353 2.0970 0.0637 2.3460 2.0300 0.0670 0.0637 0.3160 

V. 2-methyl 0.0437 1.9600 0.0156 1.9710 1.9300 0.0300 0.0156 0.0410 
3-heptanol 0.1299 2.0220 0.0361 2.0590 1.9660 0.0560 0.0361 0.0930 

( Mj = 0.130) 0.2522 2.0950 0.0565 2.1720 2.0070 0.0880 0.0565 0.1650 
0.4081 2.1690 0.0809 2.3300 2.0540 0.1150 0.0809 0.2760 
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Systems with Weight Eij' Cij" Eoij Eaij X,ij' 'X.i( Xoij 
Mol. wt(Mj) in fraction (= E;/- (= E"ij ) (= eo;r 
Kg.(in n- «jOf Eaij) Ea ij) 
heptane) solute 

VI. 3-methyl 0.0450 1.9650 0.0137 1.9740 1.9340 0.0310 0.0137 0.0400 
3-heptanol 0.1334 2.0280 0.0393 2.0690 1.9660 0.0620 0.0393 0.1030 

( Mj = 0.130) 0.2538 2.1030 0.0674 2.1800 2.0040 0.0990 0.0674 0.1760 
0.4085 2.1680 0.0928 2.3340 2.0570 0.1110 0.0928 0.2770 

VII. 4-methyl 0.0466 1.9640 0.0146 1.9760 1.9360 0.0280 0.0146 0.0400 
3-heptanol 0.1326 2.0250 0.0375 2.0650 1.9690 0.0560 0.0375 0.0960 

( Mj = 0.130) 0.2590 2.1040 0.0616 2.1850 2.0110 0.0930 0.0616 0.1740 
0.4124 2.1800 0.0849 2.3520 2.0650 0.1150 0.0849 0.2870 

VIII. 5-methyl 0.1228 2.0080 0.0296 2.0480 1.9560 0.0520 0.0296 0.0920 
3-heptanol 0.2489 2.0750 0.0511 2.1680 2.0040 0.0710 0.0511 0.1640 

(Mj=0.130) 0.3898 2.1480 0.0676 2.3150 2.0400 0.1080 0.0676 0.2750 

IX. 4-octanol 0.1201 2.0000 0.0265 2.0400 1.9480 0.0520 0.0265 0.0920 
( Mj = 0.130) 0.2445 2.0670 0.0449 2.1480 1.9970 0.0700 0.0449 0.1510 

0.3838 2.1400 0.0659 2.2820 2.0310 0.1090 0.0659 0.2510 

X. 2-octanol 0.1236 2.0010 0.0245 2.0490 1.9540 0.0470 0.0245 0.0950 
( Mj = 0.130). 0.2479 2.0680 0.0513 2.1950 1.9960 0.0720 0.0513 0.1990 

0.3844 2.1410 0.0680 2.4100 2.0360 0.1050 0.0680 0.3740 

The commercially available alcohols were dried over anhydrous calcium 

sulphate and fractionally distilled . The portions were collected with their khown boiling 

points before use. The solvent n-heptane was dried over sodium wire prior to its use to 

make solutions. The real e';i and the imaginary e";i parts of the hf complex relative 

permittivity e*;i of the solutions were measured by an apparatus as described elsewhere 

[9, 11] with a Boonton RX meter corrected by a hetrodyne beat method. The refractive 

index noij (where n2o;i = Eaii ) of the solutions was measured by Pulfrich refractometer 

using the sodium D line [11]. This may introduce some errors in the desired results.The 

weight fractions «j'S is given by . 

fjMi 
Wj = -------------

f;M; + fjMi 
(5.1) 
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in terms of mole fractions fj's of all the alcohols are defined [12] as the weight of the solute 

per unit weight of the solution upto four decimal places in Table 5.1. 

All the alcohols may be supposed to posses three relaxation times. They may 

be attributed to the rotation of -OH group, orientational motion of the molecular species 

while the 3rd one is associated with the hydrogen bonded structures. All these long straight 

chain hydrogen bonded polymer type dipolar alcohol molecules have wide applications in 

the fields of biological research, medicine and industry. Moreover, they can be used as 

good solvents to clean the desired parts of the instruments, in lubrication chemistry, 

viscosity modifiers, in the preparation of emulsifying agent, waxes etc. 

Bergmann et al [13] proposed a graphical method to obtain -.1 and -.2 for a 

pure polar liquid. The respective weighted contributions c1 and c2 towards dilectric 

relaxations for -.1 and -.2 were also estimated. The single frequency measurement to get the 

double relaxation times is not a reliable one. Bhattacharyya et al [14] subsequently 

attempted to get -r1, -r2 and c1 , c2 for a polar liquid from the relative permittivity 

measurements at least at two different frequencies in GHz range. The graphical analysis 

made by Higassi et al [15] on polar-nonpolar liquid mixtures suffers from a crude 

approximation. 

Saha et al [16] and Sit et al [17]. however, advanced an analytical treatment to 

study the single frequency measurements of the double relaxation times -.1 and -r2 from the 

measured relative permittivities. The object of the present paper is to detect -.1 and -.2 and 

hence to measure J.l-1 and J.L2 using :x:;j's. The aspect of molecular orientational polarization is 

,however, achieved by x;/s because E.,;j includes the fast polarization and it frequently 

appears as a subtracted term in Bergmann's equations [15]. Thus to avoid the clumsiness 

of algebra and to exclude the fast polarization; Bergmann's equations [13] are simplified by 

the established symbols of x';j, x'';j and Xoij of Table 5.1 in S.l. units, into the following forms: 

(5.2) 

X." ij OYt1 CO't2 

------ = c1 ------------ + c2 --------------
Xoij 1 + rJ}-rl 1 + ol-.l (5.3) 
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assuming two broad Debye-type dispersions for which c1 + c2 = 1. 

The eqs (5.2) and (5.3) are then solved to get: 

'X.oij- 'X.
1
ij 'X.

11
ij 

------------- - ro(1:1 + 1:2 ) 
x'u 

3.00 

2.00 

1.00 II 

0.00 .J...-----4-"'L...l..L:.....&"-.-----~----1 

0.00 0.25 0.50 0.75 1.00 

----->x" ii t X: ii 

Fig.5.1 .Linear variation of (Xoii- x';i) lx' ii with x" ii 
I x' ii for different long straight chain dipolar 
alcohols in n-heptane at 25°C under 24 GHz 
electric field frequency I. 1-butanol ( -- 0 -- ), 
II. 1-hexanol ( -- • -- ), Ill. 1-heptanol ( --6. 
), IV. 1-decanol ( -- x -- ), V. 2 - methyl - 3 -
heptanol ( -- o -- ) , VI. 3-methyl-3-heptanol( --• 
-- ), VII. 4-methyl-3-heptanol ( -- + -- ), VIII. 
5 - methyl - 3 -heptanol ( -- • -- ), IX.4-octanol ( 
-- D -- ), X. 2-octanol ( --.A. -- ) 

respectively. So we get x"ii = ( m1:i ) x'ii (5.6) 

(5.4) 

which is a linear equation between 

the variables (Xoii - x';i ) I x';i and x";i 

I x';i having intercept .-m21:11:2 and 

slope ro(1:; + 1:2) as illustrated in Fig. 

5.1 for all the alcohols. 

The intercepts and slopes of all the 

alcohols were then used to get 1:; & 

1:2 for the flexible part and the whole 

molecular species with known 

ro ( =21tf ), where f being the 

frequency of the applied electric 

field. as presented in Table 5.2. 

The real s';i and 

imaginary s"ii parts of hf complex 

relative permittivity are related by 

1 
s'ii = Sooij + ------ s"ii (5.5) 

OJ"tj 

As s'ii - Bali and s"ii are numerically 

equal to real and imaginay parts of 

hf complex dimensionless di-electric 

orientational susc-eptibility x*ii 
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' which is clearly a straight line [18] between x";i and x';i , the slope, WTJ can be used to get 

'tJ of a polar unit. But for associative liquids like normal and octyl alcohols under 

investigation the nature of variation of x"ii with x'1i is not strictly linear as seen in Fig. 5.2. 

Non linear variation of both x';i and x";i with weight fractions wfs of solute are presented 

graphically in Figs. 5.3 and 5.4 respectively. In such cases 

::::;> 

=~ 

~ 
:0 

'· 

------------------------ - W'tj 

( dx'ii I dWJ ) ..;.,o 

'E. 0.075 

8 
::l 
(/) 

(.) 
·c 

II 
X 

0 0.050 
Ql 

.!!1 
"0 ._ 
0 
t 
[ 0.025 

VII 

IX 

~ 
ro 
-~ 
Cl ro 

Ill 

E o.ooo -JL.1ff.....L.._~------,----__j 
0.000 0.050 0.100 0.150 

Real part of dielectric succeptibility x' iJ 

Fig 5.2. Linear variation of imaginary part x";i of 
hf dielectric susceptibility against real part x';i for 
different long strai~ht chain dipolar alcohols in n 
- heptane at 25 C under 24GHz electric field 
frequency. 1-butanol ( --0-- ), II. 1-hexanol ( -- • -
- ), Ill. 1-heptanol ( --/::,-- ), IV. 1-decanol ( -- x -- ), 
V. 2 - methyl - 3 - heptanol ( -- o -- ) , VI. 3-methyl-
3-heptanol( -- • -- ), VII. 4-methyl-3-heptanol ( -
+ -- ), VIII. 5 - methyl - 3 -heptanol ( ~- • -- ), IX.4-
octanol ( -- D -- ), X. 2-octanol ( --.& -- ) 

(5.7) 

is a better representation [19] of 

the slope of eq. (5.6) to get TJ 

as it eliminates polar-polar 

interactions [20,21] in a given 

solution. T/S from both eqs. 

(5.6) and (5.7) are placed in 

Table 5.2 to compare them with 

those obtained by the freshly 

calculated Gopala krishna's [22] 

method. 

The weighted contributions c1 

and c2 towards dielectric 

relaxation in terms of estimated 

T1 and T2 are, however, worked 

out from Frohlich's [23] 

theoretical equations are 

entered in Table 5.3 in order to 

compare them with the 

experimental ones obtained in 

terms of the intercepts of the 

variations of x';i I XoiJ and x";i I XoiJ 

with Wj's of Figs 5.5 and 5.6. 
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Both x'u I Xoii and x";i I Xoii at UJ=O together with curve of (11~) log cos~ against ~0 as seen 

in Fig. 5.7 are used to get symmetric and asymmetric distribution parameters y and 8 

and hence symmetric and characteristic relaxation times -r5 and -res . Both -r5 and -res are 

given in Table 5.2 andy, 8 are presented in Table 5.3. 

The dipole moments J.l.1 and JJ.z by hf susceptibility measurement technique are, 

however, estimated from linear coefficient f3's of x';i vs UJ curves of Fig. 5.3 along with the 

dimensionless parameters b1 & bz involved with estimated -r1 and -r2 of Table 5.2. The dipole 

moments )J.1 and JJ.z due to rotation of the flexible polar groups and end over end rotations 

of the whole molecule respectively are placed in Table 5.4 along with JJ.theo's and reported 

JJ.'S ( Gopala Krishna ) for comparison. 

5.2 WEIGHTED CONTRIBUTIONS c1 AND c2 FOR ESTIMATED -r1 AND -r2 : 

Taking ro-r1 = a.1 and ro-r2 = a.z and solving eqs. (5.2) and (5.3) obtains 

(x';ja.z- x";j ) (1 + a.1 2
) 

c 1 = ---------------- --------------
Xoij (a.z- a.1) 

(5.8) 

and 
(x";i- x'u a.1 ) (1 +a./) 

C2 = ------------------------------ (5.9) 

Xoij ( CLz - CL1) 

provided a.z > a.1. c1 and Cz are estimated from known 1:1 and -rz by the double relaxation 

method. c1 and Cz can also be obtained with the known values of x';i I Xoii & x";i I Xoii from 

Frohlich's [23] following theoretical equations with known 1:1 and -rz from eqs. (5.2) & 

(5.3). 

X'ij 1 1 + ro2"t2 2 

= 1 - In [ ------------- l (5.1 0) 
Xoij 2A 1 + ro2"t1 2 
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Fig 5. 3. Variation of real part x'ii of hf 
dielectric susceptibility with weight fraction UJ of 
some dipolar long straight chain alcohols in n
heptane at 25°C under 24GHz electric field 
frequency 1.1-butanol ( -- o -- ), II. 1-hexanol 
( -- • -- ), Ill. 1-heptanol ( -- r:, -- ), IV. 1-
decanol ( -- x -- ), V. 2-methyl-3 - heptanol 
( -- o -- ), VI. 3-methyl-3 - heptanol ( -- • -- ), 
VII. 4-methyl- 3- heptanol ( -- + -- ), VIII. 5-
methyl -3 - heptanol ( -- • -- ), IX. 4-octanol 
( -- o - ), X. 2-octanol ( -- •-- ) 
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(5.11) 

c1 and c2 so estimated are 

placed in Table 5.3 for 

comparison with those worked 

out from intercept of the fitted 

polynomial plots of x';i I 'Xoii & 

x"u I 'Xoii against Wj curves of 

Figs. 5.5 and 5.6. Frohlich's 

parameter A for each system 

are also placed in the same 

Table. 



Table 5.2:-- The relaxation times 1:1 and 1:2, from the slope and intercept of straight~~e 
equation.(4), correlation coefficient r's and %of error in regression technique, measured 'i 

from the slope of x"ii vs x';i of eq (7) and the ratio of the individual slopes of x";i vs ""l and 

Xii' vs ""l at ""l ..... o of eq (7) , reported , , symmetric and characteristic relaxation times 

'• and "tcs for different straight chain aliphatic alcohols in n-heptane under effective 

dispersive region of 24 GHz electric field at 25°C 

"tj from (Murti 

Slope and Estimated 1:1 et al) and Reported System with Sl. 
intercept of 

Corrl. %of 't'sin 't'cs in 
and 1:2 in (ratio of 

No. Coeff. error "tJ in psec psec pee 
eq.( 5.4) psec individual 

slope) 

Slope Intercept ,, "t2 

I. 1-butanol 8.66 2.60 2.04 54.56 0.90 5.17 4.95 3.42 2.47 0.98 15.41 

( Mj= 0.074) 

II. 1-hexanol 2.64 -0.47 -1.10 18.37 0.34 24.28 4.05 3.78 2.25 2.09 6.77 

( Mj= 0.102) 

Ill. 1-heptanol 7.99 2.83 2.46 50.49 0.68 14.98 4.12 4.23 2.07 1.97 10.46 

( Mj = 0.116) 

IV. 1-decanol 5.43 2.48 3.29 32.22 0.82 9.23 7.63 10.20 2.39 1.91 0.50 

( Mj = 0.158) 

V. 2-methyl 5.05 2.37 3.42 29.61 0.90 6.34 4.92 4.34 1.86 2.11 4.58 

3-heptanol 

(Mj=0.130) 

VI. 3-methyl 3.00 1.14 2.91 16.68 0.96 2.33 6.06 4.30 2.26 1.65 5.29 

3-heptanol 

(Mj=0.130) 

VII. 4-methyl 4.39 1.97 3.31 25.38 0.89 7.30 5.12 4.38 1.95 2.19 8.07 

3-heptanol 

( Mj = 0.130) 

VIII. 5-methyl 2.98 0.69 1.66 17.81 0.57 26.36 4.23 7.59 1.63 1.59 8.37 

3-heptanol 

( Mj = 0.130) 

IX. 4-octanol 3.48 0.96 1.97 20.75 0.86 10.34 4.36 4.33 1.68 1.62 15.40 

( Mj = 0.130) 

X. 2-octanol 5.02 1.37 1.89 30.94 0.63 23.30 4.82 15.91 1.93 2.33 37.08 

(Mj=0.130) 
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Table-5.3: Frohlich's parameter A, theoretical and experimental values of x';i I Xou and x"u 
I Xoii of Frohlich eqs. (5.1 0 ) and (5.11 ) and from fitted curves of Figs .. 5.5 and 
5.6 at UJ--> 0, respectively, theoretical and experimental relative contributions c1 and 
c2 towards dielectric dispersion due to -r1 and -r2 symmetric and asymmetric distribution 
parameters y and .o for some straight chain aliphatic alcohols in solvent n-heptane 
under effective dispersive region of 24 GHz electric field at 25°C. 

Systems with A= Theoretical Theoretical Experimental Experimental Estimated 

SI.No. In values of x'" I values of c1 values of x' ;;f values ole, values of.yand B 

(<,!<,) Xoii & x" ij I Xoij and c2 Xoii & Xu iiI Xoii and c, 

from Eqs at UJ -->0 of 

(5.10 ) & Figs 5.5 & 
(5.11 ) 

5.6 

c, c2 c, c2 y 

I. 1-butanol 3.286 0.366 0.350 0.370 2.069 0.799 0.195 0.884 -0.474 0.357 0.21 

II. 1-hexanol 0.740 0.348 0.598 1.412 0.128 0.55 

Ill. 1-heptanol 3.023 0.347 0.359 0.358 1.878 0.721 0.298 0.816 0.247 0.230 0.39 

IV. 1-decanol 2.281 0.341 0.396 0.364 1.283 0.870 0.404 1.100 -0.193 -0.079 2.49 

V. 2-methyl 2.157 0.345 0.404 0.369 1.198 0.776 0.386 0.995 -0.107 0.041 0.76 

.3-heptanol 

VI. 3-methyl 1.746 0.474 0.446 0.435 0.837 0.814 0.319 1.000 -0.157 0.099 0.55 

3-heptanol 

VII. 4-methyl 2.036 0.374 0.417 0.386 1.084 0.729 0.358 0.920 -0.051 0.121 0.51 

3-heptanol 

VIII. 5-methyl 2.371 0.564 0.409 0.486 0.906 0.782 0.287 0.794 0.302 0.189 0.39 

3-heptanol 

IX. 4-octanol 2.353 0.508 0.413 0.455 1.003 0.731 0.243 0.789 0.086 0.328 0.27 

X. 2-octanol 2.797 0.451 0.387 0.426 1.351 0.683 0.193 0.741 -0.023 0.477 0.20 
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5.3 FORMULATIONS FOR SYMMETRIC AND CHARACTERISTIC RELAXATION 

TIMES AND ALSO SYMMETRIC AND ASYMMETRIC DISTRIBUTION 

PARAMETER: 

0.08 . 

0.06 

0.04 . 

0.02 . 

II --+---f 

VI 

Ill 

X 

IX 

v 

VII 

IV 

VIlli 

0.00 .f!£--'L--,-----,--,...-----.----1 

0 0.1 0.2 0.3 0.4 0.5 

Weight fraction w; 

Fig 5.4. Variation of imaginary part x"ii of hf 
dielectric susceptibility with weight fraction UJ of some 
dipolar long straight chain alcohols in n -heptane at 25° 
C under 24 GHz electric field frequency I. 1-butanol 
( -- 0 -- ), 11.1-hexanol ( --• -- ), Ill. 1-heptanol ( --/:, -- ), IV. 
1-decanol ( -- x -- ), V. 2-methyl-3- heptanol ( -- o -- ), VI. 
3-methyl-3- heptanol ( --• -- ), VII. 4-methyl-3-heptanol ( -- + 
-- ), VIII. 5-methy - 3 - heptanol ( --+-- ), IX. 4-octanol ( -- D-
), X. 2-octanol ( --.A-- ) 

x.*ij 1 
----- = -----------------
Xoij 1 + Oro<s ) 1-y 

x*ij 1 
------ = -----------------
Xoij (1 + jOJ"tcs ) B 

The molecules under 

investigation appear to 

behave like nonrigid 

ones under 24 GHz 

electric field frequency 

having either symm

etric or asymmetric 

relaxation behaviour 

characterized by either 

symmetric <s and cha

raterristic <cs relaxation 

times involved with the 

following equations: 

(5.12) 

(5.13) 
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separating the real and imaginary parts of the above equations and rearranging them in 

terms of intercepts viz ( dx';i I dwJ) WJ= o and (dx"ldwJ) WJ= o of the graphically fitted plots of 

Figs. 5.5 and 5.6 one gets y and -rs as : 

2 x';i 
y = ---- tan·1 

[ (1- ----- ) 
X,'ij / 'X.oij 'X.

11

ij 

-------------- - ------ I (5.14) 
1t Xoij " I X ii Xoii Xoij 

and 

1 1 
"ts = ---- [ ------------------------------------------------------------ I 1 /1-y 

w {(x'u I Xoii ) I (x"u I Xoii )} cos (y11 I 2)- sin (y11 I 2) (5.15) 

similarly, o and -res can be evaluated from equation (13): 

(x";i I Xoii ) "i = o 
tan( ~o) = ------------------------

(x';i I Xoii ) ui = o 

and tan !I> = co-res 

(5.16) 

(5.17) 

since~ can not be estimated directly, a theoretical curve between (11~) log cos~ against~ in 

degrees has been drawn in Fig. 5.7. The value of (11~) log cos.~ can be estimated from the 

following relation 

x'lx .. 
(II¢) log cos¢= log[ " '" ]/ ¢8 

cos¢8 
(5.18) 

The known value of (11~) log cos~ is used to get ~ from the curve. With the known ~. eqs. 

(5.16) and (5.17) were used to obtain o and -res. Estimated -rs and -res are placed in Table 

5.2 to compare with -rj's obtained by ratio of slopes of individual variations of x'u & x";i with 

WJ, -rj's by the method of Murthy et al [181, reported -ri (Gopala Krishna) and -r1 & 1:2 by the 

double relaxation method. Also y and o are shown in Table 5.3. 



5.4. THEORETICAL FORMULATIONS TO OBTAIN hf DIPOLE MOMENT lli 

The imaginary part x.";i of hf complex x.*ii is [4,20,24] 

X. I I jj - ----------------

ID'tj 

--------------- (8ij + 2 )2 
Wj 

( 1 + ro2-r/} 

which on differentiation with respect to Wj and at Wj = 0 yields that 

dx."ii Np; ll/ 
( ------- ) Wj = 0 = ----------------

d Wj 27 80 Mjks T 

ID'tj 

--------------- ( 8; + 2 )2 
Wj 

( 1 + ro2-r/) 

From eqs. (5.7) and (5.19) one obtains 

or 

or 

Np; J.lJ2 

ID'tj j3 = 
ID'tj 

----------- ( 8; + 2 )2 

( 1 + ro2-r/) 

27 8 0Mjks Tj3 
lli = [ -------------------- 1112 

Np; (8; + 2)2b 
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(5.19) 

(5.20) 

(5.21) 

(5.22) 



where 

Bo = Permittivity of free space = 8.854 X 1 0"12 Farad metre"1 

Mj = Molecular weight of solute in kilogram me 

ks = Boltzmann Constant = 1.38x1 0"23 J mole-1 K-1 

T = Temperature in absolute scale 

90 

13 = (dx.';i I dWj) Wj_.o = Linear coefficient of x';i- Wjj curve of Fig. 5.3 at 

Wj-70 

N =Avogadro's number= 6.023x1023 

p; = Density of solvent n-heptane = 680.15 Kg. m·3 

e; = Dielectric relative permittivity of the solvent = 1.917 

b = 1 I (1 + ro2-r{) = a dimensionless parameter involved with estimated "tj. 

= 0.4 0 

:-< -::-
-:-< 

0.2 

0.0 0.1 0.2 0.3 0.4 0.5 

Weight fraction wi 

Fig 5.5. Plot of x' ii I x oii against weight fraction 
Wj of some dipolar long straight chain alcohols 
in n- heptane at 25DC under 24 GHz electric 
field frequency I. 1-butanol( -- () -- ), II. 1-
hexanol ( -- • -- ), Ill.l-heptanol ( --!:::.-- ), IV. 1-
decanol ( -- x -- ), V. 2-methyl-3 - heptanol ( -- o -
- ), VI. 3-methyl-3 - heptanol ( --•-- ), VII. 4-
methyl- 3 - heptanol ( -- + -- ), VIII. 5-methy - 3 
- heptanol ( -- + -- ), IX. 4-octanol ( --0-- ), X. 2-
octanol ( - .A. - ) 

When j = 1 & 2 the dipole 

moments J.!1 & J.!z associated 

with rotation of flexible polar 

groups and rotation of the 

whole molecule are 

evaluated in terms of b1 & b2 

involved with -r1 & -rz and are 

placed in Table 5.4 to 

compare them with J.!theo's 

and reported J.!'S (Gopala 

Krishna). 
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Table-5.4: linear coefficient p of x'ii Vs 'UJ curves of Fig 5.3, dimensionless parameters b1 , b2 

from ~1 & ~2 of eq.( 5.4 ) ,correlation coefficient and % of error of x'1r-Wj estimated dipole 

moment iJ.1 , iJ.2 from eq. (5.22) , computed dipole moment iJ. 1 from ~~of eq. (5.7), reported 

dipole moment ( Gopala Krishna's method ) , all are expressed in Coulomb metre for different 

straight chain alcohols in solvent n-heptane at 25°C under 24 GHz electric field. 

Systems with Linear 

SJ.No. and coeffi.of 

Moi.Wt.Mi in 

Kg (inn

heptane) 

I. 1-butanol 

( Mj= 0.074) 

II. 1-hexanol 

(Mj=0.102) 

III. 1-heptanol 

( Mj = 0.116) 

IV. 1-decanol 

( Mj = 0.158) 

V. 2-methyl 

3-heptanol 

( Mj = 0.130) 

VI. 3-methyl 

3-heptanol 

( Mj = 0.130) 

VII. 4-methyl 

3-heptanol 

( Mj = 0.130) 

VII I. 5-methyl 

3-heptanol 

( Mj = 0.130) 

IX. 4-octanol 

( Mj = 0.130) 

X. 2-octanol 

( Mj = 0.130) 

x,' ij VSWj 

curves 

of Fig. 5.3 

p 

0.719 

0.371 

0.392 

0.142 

0.359 

0.508 

0.429 

0.211 

0.217 

0.143 

• Ghosh et al[1 OJ 

Dimension! Correl. % of Estimated Dipole Report iJ.*theo 

ess Coeffi. of errors moments iJ. x 1 030 ed iJ. X X 

parameters x,';i - UJ 

curves 

0.911 0.014 0.997 

0.973 0.112 0.969 

0.879 0.017 0.987 

0.798 0.040 0.994 

0.785 0.047 0.998 

0.835 0.133 0.985 

0.796 0.062 0.996 

0.939 0.119 0.967 

0.917 0.090 0.985 

0.923 0.043 0.977 

in coulomb metre 1030 in 1030 

by double 

relaxation 

method 

I'J 

from the 

ratio of 

individual 

slopes 

0.00003 3.02 24.25 3.26 

0.00037 2.47 7.25 2.81 

0.00015 2.84 20.49 3.16 

0.00007 2.10 9.43 3.47 

0.00003 3.05 12.53 3.24 

0.00023 3.52 8.81 3.85 

0.00006 3.31 11.83 3.55 

0.00056 2.14 6.01 3.17 

0.00025 2.20 7.00 2.52 

0.00038 1.78 8.25 4.49 

C.m in 

Gopalak 

rishna's 

method 

3.58 

3.35 

3.59 

3.55 

1.33 

1.18 

3.42 

3.54 

3.48 

3.24 

C.m 

3.74 

3.49 

3.73 

3.68 

1.86 

2.11 

1.95 

1.39 

1.11 

1.45 
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5.5. RESULTS AND DISCUSSION 

The least squares fitted straight line equations : (xou - x';i ) I x'u = m (-r1 + -r2 ) x"u I x';i

m2-r;-r2 have been shown graphically in Fig. 5.1 for some normal and cetyl alcohols with 

the symbols showing the experimental points in solvent n-heptane at 25°C under 24 

GHz electric field frequency. The real x'1i and imaginary parts x"1i of hf complex 

dimensionless dielectric orientational susceptibility x*;i and static or low frequency real 

dielectric susceptibility Xou have been derived from the measured relative permittivities 

[8,9) e';i, e"u, &oii and &aii· They are carefully collected in Table 5.1. The slopes and inte

rcepts of eq. (5.4) used to get -r1 & -r2 are placed in the 2nd and 3rd columns of Table 

5.2 along with the 

0.5 estimated -r1 & -r2 in the 

X 
VIII V 

VII 

0.0 0.1 0.2 0.3 0.4 0.5 

Weight fraction Ulj 

Fig 5. 6. Plot of x" ii I x oii against weight fraction 
Wj of some dipolar long straight chain alcohols 
in n-heptane at 25°C under 24 GHz electric field 
frequency I. 1-butanol ( -- <> -- ), II. 1-hexanol ( --
• -- ), Ill. 1-heptanol ( --"' -- ), IV. 1-decanol ( -- x 
-- ), V. 2-methyl -3 - heptanol ( -- o -- ), V1.3-
methyl- 3 - heptanol ( -- • -- ), VII. 4-methyl-3-
heptanol ( -- + -- ), VIII. 5-methyl- 3- heptanol 
( -- + - ), IX. 4-octanol ( -- o -- ), X. 2-octanol 
(--.A--) 

4th and 5th columns. 

Correlation coefficients ( r 

) and % of errors of 

curves of Fig. 5.1 have 

been calculated and are 

placed in the 6th and 7th 

columns of Table 5.2 only 

to show how far the 

variables (Xoii - x';i ) I x'Ii 

and x";i I x';i are 

correlated with each 

other. It is seen that 'r' is 

very low and 

corresponding % of errors 

is very high for 5-methyl 

3-heptanol and 2-octanol, 

which may be probably 

due to errors introduced in 

their permittivity 

measureements. This fact 
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is further confirmed by remarkable deviations of experimental points from the fitted 

linear curves as seen in Fig. 5.1. 

In absence of reliable 'ti values, the slopes of the linear curves [18] of Fig. 5.2 of the 

variables x";i and x';i are utilized to get 'tj. But for associative liquids like normal and 

octyl alcohols the variation of x";i against x';i is not strictly linear as seen in Fig. 5.2. 

Under such context, the ratio of slopes of individual variationns of both x'ii and x";i with 

Wj'S is a better representation [20,21] of the method of Murthy et al [18] as it eliminates 

polar-polar interactions in a given solution [4]. 't/S estimateed so far by this method are 

entered in the 9th column of Table 5.2 along with 't/S due to method of Murthy et al and 

reported ones as seen in the 8th and 1Oth columns. Non linear variation of both x'ii and 

x";i against Wj'S as seen in Figs 5.3 and 5.4 arises due to solute-solvent and solute

solute molecular associations which is supposed to be a physico-chemical property [21] 

of the solutes under consideration. Symmetric and characteristic relaxation times 'ts and 

'tcs estimated from eqs (5.15) and (5.17) respectively in terms of y and 8 are seen in the 

11th and 1zlh column of Table 5.2. It is observed that in comparison to 'tcs, 'ts is the same 

order of magnitude of 't/S from eq. (5.7) and reported (Gopala krishna) 

ones. This fact at once establishes the very basic soundness of our method [20,21] 

employed to get hf 'tj and also the symmetric relaxation behaviour [19] obeyed by the 

molecules. Larger 't2 values arises for bigger size of rotating units 'tjT /111 due to solute-
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n. 

solvent and solute solute 

molecular ass-ociations, supp

osed to be physico-chemical 

property of the solutes which 

is further supported by non 

linear variations of both x'ii 

and x";i with Wj'S as seen in 

Figs. 5.3 and 5.4. 

The theoretical 

weighted contributions c1 and 

c2 towards dieletric rel

axations from eqs.( 5.8) and 
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(5.9) are, however, worked out with x'iJ I :X:oiJ anp:x:";J I :X:oiJ values of eqs (5.1 0) & (5.11) and 

also with estimated -r1 & -rz of Table 5.2. They are placed in the 5th and. 6th columns of 

Table 5.3 in order to compare them with the experimental c1 & Cz estimated in terms of 

(:x:'ij I :X:oiJ) Ulj.,o and (:x:"ij I :X:oiJ) Ulj.,o of the graphically fitted plots of Figs. 5.5 and 5.6 and 

are placed in the 9th and 1Oth columns. Theoretical c's for 1-hexanol could not be 

estimated as -r1 is found to be negative probably due to errors[19) in the measurement of 

c'ij, c";J, EoiJ and EooiJ· Both theoretical and experimental c1 & Cz shows that c1 + Cz == 1, 

which confirms the validity of eq. (5.4) to get -r1 & -rz. It is seen that for some systems 

experimental cz is negative. This can,however, be explained on the basis of the fact that 

internal hydrogen bonding among -OH groups in dipolar alcohol molecules gives rise to 

inertia [25] of the flexible polar groups with respect to the whole molecule. Solute-solvent 

and solute-solute molecular interaction being a physico-chemical aspect is also 

supported by slight deviations of experimental points from the curves of Figs 5.5 and 

5.6. The dipole moments fl1 & fl2 of the flexible polar groups and the whole molecules 

were estimated in terms of dimensionless parameters b1 & bz involved with estimated -r1 

& -r2 and linear coefficient 13 of :x:';J- Ulj curves of Fig. 5.3.They are entered in the 5th and 

6th columns of Table 5.4 to compare them with fl{S estimated with -rj's of eq. (5. 7), 

reported fl'S due to Gopala krishna [22] and theoretical fl'S obtained with available bond 

angles and bond moments of the polar groups assuming the molecules to be planar 

ones, sketched here. Correlation coefficient's r's and % of errors of :x:'ij- WJ curves of Fig. 

5.3 were made by careful regression analysis of the measured data, are seen in the 5th 

and 6th columns of Table 5.4 only to suggest how far the variables :x:';J- WJ are correlated 

with each other. Almost all the :x:'ij - Ulj curves show a tendency to be closer within the 

range 0.00 :5 Wj :5 0.1 0, which is due to same polarity [4,25] of the molecules in addition 

to solute-solvent and solute-solute molecular interaction which is assumed to be physico

chemical behaviour [20,21] of the solutes in n-heptane. The close agreement of the 

estimated f.11 & flz with reported (Gopala Krishna) and theoretical fl'S establishes the very 

basic soundness of the present method to get hf f.l/S in addition to the fact that a part of 

the molecule is rotating under GHz electric field [19]. It is seen that estimated fl1 & f.l/S 

are lower than that of flthea's for normal alcohols while the reverse is true in octyl alcohols. 

It is probably due to the fact that strong hydrogen bonding among -OH groups in normal 

alcohols (1-butanol, 1-hexanol, 1-heptanol and 1-decanol) offers higher resistance due to 
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-OH groups to rotate under hf electric field to give lower 111 & lli values. In octyl alcohols 

hydrogen, on the otherhand, bonding between -OH groups is not so strong giving 111's & 

!Ji'S higher than that of !-'thea's as they are screened by a large number -CH3 and -CH2 

groups. The conformations are presented in Fig. 5.8 in excellent agreement of the 

measured values in order to account of the mesomeric and electromeric effects of the 

substituted polar groups in alcohols by multiplying available bond moments by a factor Jls 

1~-ttheo where Jls is the low frequency or static dipole moment estimated elsewhere[1 0]. 

5.6. CONCLUSION 

Theoretical formulations developed so far in Sl unit within the frame work of Debye

Smyth model appears to be simpler straightforward and topical one to get the many 

interesting equations which are worked out in terms of Xii's. They are useful to explain 

various physico-chemical aspects of several dipolar alcohol molecules in solvent n

heptane at 25°C under 24 GHz ( Q-band microwave) electric field frequency. The 

derived straight line eq. (5.4) have significant contribution in the field of dielectric 

relaxation as it gives microscopic ~1 and macroscopi.c ~z due to both rotations of the 

flexible polar groups and the whole molecule while eq. (5.7) gives microscopic ~ only 

[20,21]. Both theoretical and graphical experimental c1 & cz confirm the validity of eq. 

(5.4). As seen in Table 5.3 that c1 + c2 = 1 is due to the fact that under 24 GHz electric 

field the rotations of the straight chained molecules are influenced by the moment of 

inertia of the flexible groups attached to the parent ones. &aii = 1 to 1.5 n2
o;i . But &aii = 

n2
0 ;i may introduce some errors in getting ~1 & ~2 and c1 & c2 also.Correlation 

coefficients r's and % of errors between several variables involved in curves of Figs 5.1 

and 5.3 are worked out only to establish the statistical validity [20,21] of eq. (5.4) and x'ii 

vs Wj equations .. The close agreement of estimated relaxation parameters viz -r's and 

~-t's with the reported ones confirms the very basic soundness of the theoretical 

formulations so far developed. The physico chemical properties of the systems are, 

however, inferred in terms of solute-solvent (monomer) and solute-solute (dimer) 

associations as supported by slight deviations of measured parameters from their 

reported and standard values and also observed by deviation of experimental points 

from the fitted polynomial plots of several Figs .. 
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CHAPTER 6 

STUDIES ON PHYSICO-CHEMICAL PROPERTIES WITH THE 

RELAXATION PHENOMENA OF SOME NORMAL ALIPHATIC ALCOHOLS 

IN NONPOLAR SOLVENT UNDER GIGAHERTZ ELECTRIC FIELD AT A 

SINGLE TEMPERATURE 
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6. STUDIES ON PHYSICO CHEMICAL PROPERTIES WITH THE RELAXATION 

PHENOMENA OF SOME NORMAL ALIPHATIC ALCOHOLS IN NONPOLAR 

SOLVENT UNDER GIGAHERTZ ELECTRIC FIELD AT A SINGLE TEMPERATURE 

6.1.1NTRODUCTION 

Relaxation mechanism of polar molecules in non polar solvents under high frequency 

electric field is of special interest as it provides one with useful tool to study structural 

configuration and molecular associations in the formation of monomer [1] and dimmer 

[2,3] through measured relaxation parameters like relaxation time 1: and dipole 

moment J.l obtained by any conventional method [4,5]. The technique also gives 

valuable information regarding stability or unstability [6] of the systems undergoing 

relaxation phenomena. Also 'tJ obtained from the ratio of slopes of individual variations 

of x";i - UJ and x'u - UJ are conveniently used to shed more light on structural and 

associational aspects [7] in addition to physico-chemical properties of the polar 

molecules. 

Glasser et al [8] measured the real c'u and imaginary c"u parts of complex hf 

dielectric relative permittivity c*;J together with static and hf relative permittivity EoiJ and 

c.,u of some normal alcohols like 1-butanol, 1-hexanol, 1-heptanol and 1-decanol at 

various mole fractions under different electric field frequencies in n-heptane at 

25°C.The purpose of their study was to observe triple relaxation phenomena in them 

under different concentrations characterized by relaxation times 1:1,1:2, 1:3 which arise 

respectively due to hydrogen bonded structure, orientational motion of the molecules 

and rotation of -OH groups about C-C bond. The alcohols under study are of special 

importance for their wide applications in the fields of biological research, medicine and 

industry. 

But the modern trend is to study relaxation phenomena in polar-nonpolar 

liquid mixtures in terms of hf complex dimensionless dielectric orientational 

susceptibility x*1i rather than permittivity c*u or conductivity cr*;J. As all types of 

polarizations are associated with c*IJ . while cr*;i includes within it transport of bound 

molecular charges, so it is more reasonable to work with xu's as it is directly linked 

with orientational polarization of the molecules. Moreover, the present study have 
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been carried out in modern concept of internationally accepted symbols of dielectric 

terminology and parameter in Sl units because of its unified, coherent and rationalized 

nature. Under such context we have derived a straight line equation interms of real x:'u 

and imaginary x"u parts of hf complex susceptibility x*u together with low frequency 

real dielectric susceptibility XoiJ to have -r1 and -r2 of alcohol molecules in n-heptane at 

25°C under GHz electric field. The frequency 24.33 GHz has been found out to be the 

most effective dispersive region of the alcohol molecules. When x:"1i of the molecules 

are plotted against frequency (f) they showed peak in the neighbourhood of 24 GHz 

which is probably due to dielectric reorientation of polar molecules (9]. At this 

frequency the alcohol molecules absorb electrical energy much more strongly to 

show reliable -r1 and -r2 from intercept and slope of the least squares fitted straight line 

equation of ( XoiJ - x';i ) I x'u against x"u lx'u signifying the material property of the 

systems. The data of x';J, x"J and XoiJ so obtained are entered in Table 6.1 

Table-6.1 Concentration variation of measured real dij and 

imaginary d ij parts of hf complex dielectric relative permittivity e*y, static and hf 

dielectric permittivity eoij and e«~i along with real x'ij and imaginary x"ij parts of hf 

complex dimensionless dielectric orientational susceptibility x*ij , low frequency 

susceptibility Xoij for alcohols in n-heptane at 25°C under different GHz electric field 

Systems with 
serial number 
& Mol.wt(Mj) 
in Kg.(in n-
heptane) 

I. 1-butanol 
Mj =0.074 

Frequency 
fin GHz 

a) 24.33 

b) 9.25 

Weight E'ij a11
ij fraction 

Uj of 
solute 

0.0291 1.9570 0.0079 
0.0451 1.9810 0.0147 
0.0697 2.0110 0.0236 
0.1163 2.0600 0.0425 
0.1652 2.1050 0.0644 
0.2072 2.1440 0.0818 

0.0291 1.9630 0.0059 
0.0451 1.9850 0.0121 
0.0697 2.0150 0.0220 
0.1163 2.0660 0.0416 
0.1652 2.1210 0.0637 
0.2072 2.1720 0.0956 

Eoij E.,;j x';i x'ij 

(= E;j'- (= E;j" 

E., ij) ) 

1.9710 1.9280 0.0290 0.0079 
2.0000 1.9450 0.0360 0.0147 
2.0500 1.9580 0.0530 0.0236 
2.1750 1.9780 0.0820 0.0425 
2.3810 2.0000 0.1050 0.0644 
2.6210 2.0200 0.1240 0.0818 

1.9710 1.9280 0.0350 0.0059 
2.0000 1.9450 0.0400 0.0121 
2.0500 1.9580 0.0570 0.0220 
2.1750 1.9780 0.0880 0.0416 
2.3810 2.0000 0.1210 0.0637 
2.6210 2.0200 0.1520 0.0956 

Xoij 
(= Eo;r 

E.,;j) 

0.0430 
0.0550 
0.0920 
0.1970 
0.3810 
0.6010 

0.0430 
0.0550 
0.0920 
0.1970 
0.3810 
0.6010 
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Systems with Frequency Weight E'ij E'ij Eoij Ecoij x.'ij X."ij X.oij 
serial number fin GHz fraction 
& Mol.wt(MJ) 'IIJ of 

(= E;j'- (= E;j" (= Eoij-

in Kg.(in n- solute Eoo ij) ) Eoo ij) 
heptane) 

c) 3.00 0.0291 1.9700 0.0044 1.9710 1.9280 0.0420 0.0044 0.0430 
0.0451 1.9940 0.0114 2.0000 1.9450 0.0490 0.0114 0.0550 
0.0697 2.0300 0.0188 2.0500 1.9580 0.0720 0.0188 0.0920 
0.1163 2.1010 0.0460 2.1750 1.9780 0.1230 0.0460 0.1970 
0.1652 2.1800 0.0782 2.3810 2.0000 0.1800 0.0782 0.3810 
0.2072 2.2440 0.1119 2.6210 2.0200 0.2240 0.1119 0.6010 

II. 1-hexanol a) 24.33 0.0458 1.9680 0.0131 1.9880 1.9440 0.0240 0.0131 0.0440 
Mj=0.102 0.0703 1.9840 0.0190 2.0150 1.9520 0.0320 0.0190 0.0630 

0.1028 2.0010 0.0296 2.0640 1.9700 0.0310 0.0296 0.0940 
0.1687 2.0370 0.0425 2.1960 1.9890 0.0480 0.0425 0.2070 

b) 9.25 0.0458 1.9700 0.0083 1.9880 1.9440 0.0260 0.0083 0.0440 
0.0703 1.9900 0.0121 2.0150 1.9520 0.0380 0.0121 0.0630 
0.1028 2.0150 0.0226 2.0640 1.9700 0.0450 0.0226 0.0940 
0.1687 2.0740 0.0454 2.1960 1.9890 0.0850 0.0454 0.2070 
0.2335 2.1280 0.0688 2.3600 2.0020 0.1260 0.0688 0.3580 
0.2901 2.1790 0.1000 2.5800 2.0180 0.1610 0.1000 0.5620 

c) 3.00 0.0458 1.9770 0.0065 1.9880 1.9440 0.0330 0.0065 0.0440 
0.0703 2.0030 0.0117 2.0150 1.9520 0.0510 0.0117 0.0630 
0.1028 2.0400 0.0214 2.0640 1.9700 0.0700 0.0214 0.0940 
0.1687 2.1120 0.0446 -2.1960 1.9890 0.1230 0.0446 0.2070 
0.2335 2.1860 0.0755 2.3600 2.0020 0.1840 0.0755 0.3580 
0.2901 2.2500 0.1097 2.5800 2.0180 0.2320 0.1097 0.5620 

Ill. 1-heptanol a) 24.33 0.0735 1.9750 0.0182 2.0080 1.9450 0.0300 0.0182 0.0630 
Mj=.116 0.1175 2.0070 0.0265 2.0660 1.9570 0.0500 0.0265 0.1090 

0.1909 2.0760 0.0482 2.1950 1.9890 0.0870 0.0482 0.2060 
0.2465 2.0970 0.0567 2.3150 2.0020 0.0950 0.0567 0.3130 
0.2970 2.1260 0.0693 2.4640 2.0080 0.1180 0.0693 0.4560 

b) 9.25 0.0564 1.9750 0.0084 1.9850 1.9320 0.0430 0.0084 0.0530 
0.0735 1.9850 0.0129 2.0080 1.9450 0.0400 0.0129 0.0630 
0.1175 2.0170 0.0232 2.0660 1.9570 0.0600 0.0232 0.1090 
0.1909 2.0790 0.0438 2.1950 1.9890 0.0900 0.0438 0.2060 
0.2465 2.1140 0.0609 2.3150 2.0020 0.1120 0.0609 0.3130 
0.2970 2.1570 0.0774 2.4640 2.0080 0.1490 0.0774 0.4560 

c) 3.00 0.0735 1.9980 0.0111 2.0080 1.9450 0.0530 0.0111 0.0630 
0.1175 2.0430 0.0216 2.0660 1.9570 0.0860 0.0216 0.1090 
0.1909 2.1170 0.0456 2.1950 1.9890 0.1280 0.0456 0.2060 
0.2465 2.1750 0.0651 2.3150 2.0020 0.1730 0.0651 0.3130 
0.2970 2.2250 0.0864 2.4640 2.0080 0.2170 0.0864 0.4560 
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Systems with Frequency Weight x'u i'u 
serial number fin GHz fraction 

(= Bij'-
& Mol.wt(Mj) '111 of E'ij E"ij Baij Ecoij (= Eij .. 

in Kg.(in n- solute e.,;j) ) 
heptane) 

IV. 1-decanol a) 24.33 0.0572 1.9650 0.0120 1.9760 1.9400 0.0250 0.0120 
Mj = .158 0.0857 1.9790 0.0223 2.0030 1.9520 0.0270 0.0223 

0.1351 2.0030 0.0273 2.0500 1.9640 0.0390 0.0273 
0.2140 2.0360 0.0449 2.1470 1.9900 0.0460 0.0449 
0.2640 2.0640 0.0513 2.2200 2.0080 0.0560 0.0513 
0.3353 2.0970 0.0637 2.3460' 2.0300 0.0670 0.0637 

b) 9.25 0.0572 1.9680 0.0090 1.9760 1.9400 0.0280 0.0090 
0.0857 1.9770 0.0146 2.0030 1.9520 0.0250 0.0146 
0.1351 2.0110 0.0228 2.0500 1.9640 0.0470 0.0228 
0.2140 2.0550 0.0386 2.1470 1.9900 0.0650 0.0386 
0.2640 2.0770 0.0484 2.2200 2.0080 0.0690 0.0484 
0.3353 2.1230 0.0656 2.3460 2.0300 0.0930 0.0656 

c) 3.00 0.0572 1.9720 0.0041 1.9760 1.9400 0.0320 0.0041 
0.0857 1.9950 0.0086 2.0030 1.9520 0.0430 0.0086 
0.1351 2.0310 0.0194 2.0500 1.9640 0.0670 0.0194 
0.2140 2.0880 0.0371 2.1470 1.9900 0.0980 0.0371 
0.2640 2.1290 0.0496 2.2200 2.0080 0.1210 0.0496 
0.3353 2.1860 0.0690 2.3460 2.0300 0.1560 0.0690 

together with measured permittivities a;j's. The validity of straight line equations of 

Fig.6.1 is tested by correlation coefficient(r) and % of errors which are entered in 

Table 6.2 along with estimated ,, and 1:2. In absence of reliable 1:j's of these normal 

alcohols the ratio of slopes of individual variations of x";; and x';; with '111 at '111 -70 as 

seen in Figs.6.2 and 6.3 were utilised to get hf 'ito compare them with those of Murthy 

et aJ"[1 0 ] of Fig.6.4 and Gopala Krishna's method [11]. 

The theoretical weighted contributions c1 and c2 towards dielectric dispersions 

in terms of measured ,, and 1:2 were worked out from Frohlich's equations [12] to 

compare them with the experimental ones by graphical variation of x';; I Xoii and x";; I 

Xoii with '111 at '111 =0 of Figs. 6.5 and 6.6. They are shown in Table 6.3. The symmetric 

y and asymmetric 15 distribution parameters were obtained from graphical extrapolation 

techniques of Figs. 6.5 and 6.6 in the limit '111 =0 and from variation of (11<P.)Iog(cos<j>) 

against q, of Fig. 6.7 respectively . Symmetric relaxation time '• from .Y and 

'Xoii 

(= Boit 

8., ij) 

0.0360 
0.0510 
0.0860 
0.1570 
0.2120 
0.3160 

0.0360 
0.0510 
0.0860 
0.1570 
0.2120 
0.3160 

0.0360 
0.0510 
0.0860 
0.1570 
0.2120 
0.3160 
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characteristic relaxation tim~ -res from 8 and $. were however, estimated to conclude 

about symmetric relaxation behaviour of polar molecules. -rs and -res so obtained are 

placed in Table 6.2 to compare them with -r1, -r2 and -ri· 

The dipole moment's f.l1 and f.12 interms of b1 and b2 involved with estimated -r1 

and 1:2 and linear coefficient 13's of x'ii against UJ curves of Fig. 6.3 were worked out to 

present them in Table 6.4 to compare with reported f.l/S (Gopala krishna) and f.ltheo 

obtained from bond angles and reduced bond moments [13] of substituent polar 

groups attached to parent molecules. The comparison however suggests that the 

flexible part of the molecules rotate internally under GHz electric field [14, 15]. The 

slight disagreement between experimental and theoretical f.l'S establishes the very 

existence of strong internal hydrogen bonding among -OH groups of long straight 

chain alcohol molecules. Physico-chemical aspects of different solute molecules in 

nonpolar solvent can be explained by non linear variation of both -r2 and f.l2 against 

frequency (f) of the applied electric field as shown in Fig.6. 8. 

6.2. EXPERIMENTAL 

The dielectric constants s'ii and losses s"ti of the alcohols in n-heptane at different mole 

fractions of solutes were measured [8] with a Boonton RX meter corrected by a 

heterodyne beat method. Refractive indices (noti = :-/sti ) of the solution were estimated 

by a Pulfrich refractometer for sodium D-line. The alcohols 1-butanol, 1-hexanol, 1-

heptanol and 1-decanol were obtained from various commercial sources dried for a 

period over "Drierite" (anhydrous calsium sulphate) and fractionally distilled at 

atmospheric pressure . Commercial n-heptane was dried over sodium wire prior to its 

use and its relative permittivity (s, = 1.917) was checked in agreement with literature 

value at 25°C. 

6.3. THEORETICAL FORMULATION TO ESTIMATE DOUBLE RELAXATION 

TIMES -r1, -r2 AND C1, C2 

The hf complex dielectric relative permittivity s*ii of polar-nonpolar liquid mixtures is 

associated with a number of non interacting Debye type dispersions in accordanc with 

Budo's relation[16] 
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= 2: ------------ (6.1) 

Eoij- Eaij 1 + jank 

where j = ~ , is a complex number and ck is the relative contribution for the kth type 

of relaxation process. 

But when s*1i consists of two Debye type dispersions Budo's relation reduces 

to Bergmann's equations [17]. SooiJ includes within it fast polarization and frequently 

appears as a subtracted term in Bergmann's equations. Thus to avoid the clumsiness 

of algebra and to use the modern concept of dielectric terminology and parameter 

one gets 

'-(' ) "-" -( ) 'X.ij- Eij-Eaij, X,ij-Eij,X,oij- Eoij-Eooij 

The Bergmann's equations thus becomes 

x'tJ 1 1 
+ Cz ------------- (6.2) 

Xoij 1 + o}r:z2 

x."ij Ol't1 Ol't2 
= c1 ------------- + Cz -------------- (6.3) 

Xoij 1 + OJ2r:l 1 + OJ2r:l 

The relative weighted factors c1 and Cz are such that c1 + cz = 1, x'ti and x"ii are the 

real and imaginary parts of hf complex dielectric orientational susceptibility x*;i and XoiJ 

is low frequency dielectric susceptibility which is real. The introduction of x's in 

Bergmann's equations are then concerned with the molecular orientational 

polarization alone. 

and 

Putting wr:1 = at and wr:2 = a2 eqs. (6.2) and (6.3) are solved to get 

( x';J.az- x";i) ( 1 + ah 
c1 = --------------------------------------- (6.4) 

Xoij (az- a1 ) 

Cz = (6.5) 
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provided a.2- a.1 7o 0. 

As c1 + c2 = 1 , we have 

( x'ij.CI.2- x"ii) ( 1 + a.?) 
------------------------ + =1 

Xoij ( C1.2 - C1.1 ) 

I + I 2 II 11 2+ II+ II 2 I I 2 ( ) or, X ij.CI.2 X ij·C1.2et.1 -X ii -X ii et.1 X ii X ii et.2 - X ii et.1- X iJ·CI.1CI.2 = Xoii et.2- et.1 

or, X';i ( et.2- et.1 ) - X'ii.et.1et.2 (u2- et.1) + X"IJ (a./- et.1 2) = Xoij ( et.2- et.1 ) 

or, X.
1
ij- x'ij.0.10.2 + x"u ( 0.2+ CX.1) = X.oij 

or, ;(ij ( a.1 + a2 ) - x:ij a.1a2 = 'X.oij - x.'ii 

XoiJ-X'ii x."u 
or, ----------- = ( a.1 + a.2 ) 

X.'ij 

substituting a.1 =ro·n & a.2 =ro-r2 we have 

or 
X.oij- x'ij X.

11

ij 

---------- = (0 ( 1:1 + 1:2 ) 

~ 
:::. 3.00 
-';;, 

:0:, 

2.00 

r 1.00 

0.00 0.30 0.60 0.90 1.20 

Fig 6.1 .Unear variation of <xoij-x'ij) lx.'ij with x·u lz'Q for alcohols inn-heptane 

at 25°C of la.1-butanol( o) at 24.33 GHz,lb.1-butanol( • ) at 9.25 GHz, lc. 1-
butanol ( o) at 3.00 GHz, lla.1-hexnol ( •) at 24.33 GHz,llb.1-hexnol (.&)at 
9.25 GHz 11c.1-hexnol ( .A ) at 3.00 GHz,llla.1-heptano1 ( o ) at 24.33 GHz,lllb 
1-heptanol ( • ) at 9.25 GHz, rue. 1-heptanol ( x) at 3.00 GHz,IVa. 1-decanor 
( + ) at 24.33 GHz, IVb. 1-decanor (-)at 9.25 GHz, IVc. 1-decanol ( •) at 
~ nn ni-b 

(6.6) 

which is a straight line 

equation between the 

variables (Xoii - x';i ) I x';i and 

x";i I x';i with slop~ ro ( <1 + <2 ) 

and intercept -ro2-r;-r2. where ro 

= 2nf, f being frequency of the 

applied electric field in GHz 

range.The above equation is, 

however, satisfied by 

experimental points as seen 

in Fig.6.1 for different weight 

fractions U!'s of solute at 25°C 
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under electric field frequences of 24.33, 9.25 and 3.00 GHz. The eq.( 6.6) has been 

used to estimate 1:1 and <z in order to place them in Table 6.2. 

Table 6.2:-- The relaxation times -r1 and -rz ' from the slope and 

intercept of straight line eq. (6. 6), correlation coefficient r's and % of error in 

regression technique, measured 1J from the slope of xl vs xij' of eq.( 6.16) and the 

ratio of the individual slopes of xl vs wi and xa' vs Uf at Uf -.0 of eq. (6. 17) , reported 

1; symmetric and characteristic relaxation times Ts and -res for different straight 

chain aliphatic alcohols in n-heptane at 2sDC under different GHz electric field . 

System with Frequ Slope and estimated '' & Corrl. %of Estimated 'J in Report '!5 in tcs in 
Sl. No.& ency inter-cept of and '' in psec Coeff. error psecfrom -ed 'J psec psec 
Molecular (f) in eq.( 6.6) ( r ) method of in psec 
weight M; in GHz Murti et al & 
Kg ratio of 

individual 
slope) 

Slope Inter 
cept 

,, ,, 

I. 1-butanol 24.33 8.66 2.60 2.04 54.56 0.9973 0.000032 4.95 3.42 17.44 0.98 15.41 
Mj= 0.074 9.25 6.13 1.28 3.72 101.78 0.9988 0.000014 12.52 6.79 43.86 1.40 4.61 

3.00 4.15 0.68 9.09 211.22 0.9980 0.000024 30.18 15.80 147.92 

11.1-hexanol 24.33 4.59 1.63 2.54 27.46 0.9573 0.000619 7.69 72.85 15.66 1.08 13.99 

Mj =0.102 9.25 5.17 1.08 3.75 85.16 0.9960 0.000048 11.42 7.79 42.45 10.50 163.63 
3.00 4.02 0.67 9.17 204.07 0.9983 0.000020 27.09 9.81 154.07 3.89 334.83 

111.1- 2.65 59.09 0.9891 0.000143 3.88 3.03 21.04 5.04 21.39 
heptanol 24.33 9.44 3.67 

( 
Mj=0.116 9.25 5.01 0.92 3.29 82.96 0.9890 0.000132 11.02 26.84 48.86 1.31 3.03 

3.00 4.34 0.79 10.05 220.31 0.9970 0.000040 24.86 20.66 173.36 4.16 

IV. 1- 24.33 5.43 2.48 3.29 32.22 0.9940 0.000072 7.63 10.20 18.19 1.91 1.15 
decanol 
Mj = 0.158 9.25 5.16 1.57 5.60 83.06 0.9847 0.000184 14.00 11.10 51.02 3.19 13.43 

3.00 2.69 0.33 6.88 135.54 0.9993 0.000008 28.02 22.25 184.45 1.78 
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The theoretical weighted contributions c, and c2 were, then obtained from eqs. (6.4) 

and (6.5) with the variables x.';i I Xoii and x"u I Xoii of Frohlich's eqs. (6.7) and (6.8) 

interms of known -r1 and -r2 of Table 6.2. 

x';i 1 1 + rfi-r22 

= 1 - In ( --------------- ) 
Xoij 2A 1 + ro2-rl 

(6.7) 

x";i 1 
(6.8) 

Xoii A 

c, and c2 so obtained are entered in Table 6.3 in order to compare them with the 

experimental ones obtained from eqs. (6.4) and (6.5) with graphically extrapolated 

values of x';i I Xoii and x"u I Xoii in the limit ""1 = 0 of Figs. 6.5 and 6.6 respectively. 

6.4. THEORETICAL FORMULATION TO ESTIMATE SYMMETRIC AND 

CHARACTERISTIC RELAXATION TIMES -rs and -res 

The molecules under present investigation appear to behave like non-rigid ones 

having symmetric and asymmetric distribution parameters 1 and o involved with eqs. 

(6.9) and (6.10) 

== ------------------- (6.9) 

(6.10) 
Xoij ( 1 + j llltcs)

0 

The former one is associated with symmetric relaxation time -rs while the later one 

with characteristic relaxation times -rcs.On separating the real and imaginary parts of 

eqs. (6.9) and (6.10) and rearranging them interms of x';i I Xoii and x"u I Xoii at UJ--> 0 

as seen in Figs 6.5 and 6.6, the 1 and -rs were obtained as 
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2 I I II 

X.ii Xij X. ij 

y = --- tan-1 [ ( 1 - ----- ) ------ - ------- ] (6.11) 
1t X X"·,J· oij Xoij 

And 1 1 
'ts = ------ [ ----------------------------------------------]1/(1-'Y) (6.12) 

ro (x'ii I x"ii ) cos(y7tl2) -sin (y7tl2) 

Similarly i5 and -res can be had from eq.( 6.10) as 

(X"ii I Xoij) uJ ~ o 
tan( ~i5) ~ ----------------- (6.13) 

and tan~ ~ llltcs (6.14) 

As ~ can not be evaluated directly, an arbitrary theoretical curve between 

(11~) log( cos~) against~ in degree was drawn in Fig. 6.7 from which 

log {(x'ii I Xoij) I ( cos~i5)} 
(1N )log(cos~) ~ --- --- (6. 15) 

can be known. The known value of (11~ )log(cos~).is used to know~ from Fig. 

6.7. With known.~ eqs. (6.13) and (6.14) can be used to obtain i5 and -res respectively. 

-rs and -res in Table 6.2 can be compared with -r/s by Murthy et al[1 0], -rj's by the 

method of ratio of individual slope,Gopala Krishna [11] and 1:1,-rz by double relaxation 

method. Estimated values ofy and i5 are seen in Table 6.3. 
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Table-6.3: Frohlich's parameter A, theoretical and experimental relative 

contributions c1 and c2 towards dielectric dispersion with xij I Xoij and x" ij I Xoij 

estimated from Frohlich's eqs. (6.7) and (6.8) and those by graphical technique 

of Figs.6.5 and 6.6, symmetric and asymmetric distribution parameters y and o of 

some normal alcohols in n-heptane at 2tfC under different gigahertz electric 

electric field. 

Systems with Freq- A= Theoretical Theoretical Experimental Experimental Estimated 
Sl. No. uency In values of x' ;; I values of c1 values of x' ;; I values of c1 values of 

(f) in (<,It,) Xoii & X" ii I Xoti and c2 XoiJ & X" iiI Xoii and c, 
GHz from eqs (6. 7) at UJ-->0 of 

& (8) Figs 6.5 &6. 6 

c, c, c, c, 

I. 1-butanol 24.33 3.286 0.366 0.350 0.370 2.069 0.799 0.195 0.884 -0.474 

9.25 3.308 0.465 0.360 0.439 1.637 0.973 0.132 1.033 -0.499 
3.00 3.146 0.556 0.367 0.498 1.203 1.112 0.069 1.178 -0.537 

II. 1-hexanol 24.33 2.381 0.415 0.406 0.404 1.197 0.796 0.211 0.946 -0.479 

9.25 3.122 0.489 0.370 0.454 1.423 0.697 0.158 0.729 0.031 
3.00 3.103 0.560 0.369 0.500 1.171 0.840 0.109 0.875 -0.157 

111.1-heptanol 24.33 3.103 0.313 0.346 0.335 2.101 0.475 0.312 0.537 1.140 

9.25 3.227 0.511 0.365 0.470 1.398 0.980 0.122 1.031 -0.346 
3.00 3.088 0.535 0.372 0.484 1.244 1.003 0.108 1.061 -0.376 

IV. 1-decanol 24.33 2.281 0.341 0.396 0.364 1.283 0.870 0.404 1.100 -0.193 

9.25 2.696 0.427 0.390 0.411 1.355 0.862 0.259 0.959 -0.118 
3.00 2.981 0.664 0.359 0.561 0.846 1.007 0.037 1.063 -0.290 

6.5. THEORETICAL FORMULATION 0 OBTAIN RELAXATION TIME ~j AND hf 

DIPOLE MOMENT J.!j 

yand 5 

y 

0.357 
0.043 
-0.688 

0.323 
0.552 
0.538 

0.289 
0.025 
-0.088 

-0.079 

0.125 
-0.145 

The real c'u and imaginary c"u parts of hf complex dielectric relative permittivity c*;j 

are rei a ted by 

c';j = Eaij + ( 1/ on) e";j 

or, ( c'u - Eaij) = ( 1/ OJ~) e"u 

or,x ';j = ( 1/ OJ~) x";j 

or, (dx"u I dx';j) = OJ~j (6.16) 

5 

0.21 
0.51 

0.23 
0.15 
0.09 

0.46 
0.70 

2.49 
0.44 
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x"ij's are found to vary almost linearly[1 OJ with x';i as seen in Fig.6.4, the slope ro1:i is 

0.12 
'>; 

~ 
:0 
~ 
m 0.09 u 
~ 
~ 
~ 

:c 
0 
t: 
~ 0.06 

"' ~ 0 ·a. 
~ 

.§ 

0.03 

) 
0.00 

0 0.1 0.2 0.3 0.4 
-------+ Weight fraction w1 

Fig 6•2 .Variatioo of imaginary part of hf susceptibility x·ii with weight fraction wi 

for alcohols in n-heptane at 2SOC of la.1-butano1( 0) at 24.33 GHz,lb.1-butanol( • 
) at 9.25 GHz, lc. 1-butanol ( o) at 3.00 GHz, lla.1-hexno1 ( •) at 24.33 
GHz,llb.1..tJexnol ( !J.) at 9.25 GHz llc.1-hexnol ( & ) al3.00 GHz,llla.1-heptanol 
( o) al24.33 GHz,IUb 1-heptanol ( •) at 9.25 GHz, lllc. 1-heptanol ( x) at 3.00 
GHz,IVa. 1-decanol ( + ) at 24.33 GHz, IVb. 1-decanol (-)at 9.25 GHz, lYe. 1-
decanol ( •) at 3.00 GHz 

"' 0.20 

1 
0.05 

0.00 +-L--~--~-~--~ 
0.00 0.10 0.20 0.30 0.40 

- Weight fraction w1 

Fig 6.3 -.Variation of real part ofhf susceptibility x'1i v.ith weight fraction w1 for 

alcohols In n-heptane at 2fPC of la.1-butanol( 0 ) at 24.33 GHz,lb.1-butanol( • ) 
at 9.25 GHz, !c. 1-butanol ( o ) at 3.00 GHz,lla.1-hexnol ( • ) at 24.33 GHz,llb.1-
hexno1 (A ) at 9.25 GHz llc.1-hexno1 ( & ) at 3.00 GHz,llla.1-heptanol ( o ) at 
24.33 GHz,lllb 1-heptanol ( •) at 9.25 GHz, lllc. 1-heptanol ( x) at 3.00 
GHz,l\la. 1-<lecanol ( + ) at 24.33 GHz, IVb. 1-<lecanol (-)at 9.25 GHz, 1\/c. 1-
decanol t *l at 3.00 GHz 

used to obtain 'ti as seen in the 9th column of Table 6.2. 

But earlier investigation on some isomers of anisidines and toluidines [15] and the 

present investigation on nonmal alcohols shows that variation of x"ij against x'ij as 

seen in Fig. 6.4 are strictly not linear. The ratio of slopes of individual variations of x";i 

and x';i with UJ'S in Figs 6.2 and 6.3 is a better representation of eq. (6.1EU to get 'ti 

where polar-polar interactions are almost avoided [15]. Thus 

(dx"ij I dwj) u1 ~ o 
·-----·-······-·-·-·-···-··-· = Ol'tj (6.17) 
(dx'ij I dWj) u1 ~ o 

The Imaginary partx";i ofx*;i can be represented [18,19] as 

Np;i 11/ 
x." ij - ---------------- (6.18) 

27 s0MJksT 
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which on differentiation with respect to 'll:l and at 'll:l --> 0 yields that 

Np; lli2 
(6.19) 

Now in comparison to earlier works presented elsewhere[6, 13] the approximation 

that Xii =i x"ii like crii = cr";i is not necessary to obtain lli from -ri where cr";i is the 

imaginary part of complex hf conductivity and cr;i is the total hf conductivity of polar 

- nonpolar liquid mixture. From eqs. (6.17) and (6.19) one gets 

ro-ri (dx';i 1 dWj ) = 

or, ro-rii3 = ----------------

' 2 Np; J.li 
or, i3 = 

27 EoMjkB Ti3 

or, J.li = [ -------------------- )1'2 
Np; (E; + 2)2b 

which is directly interrelated with the measured -r's through b, where 

eo = Permittivity of free space = 8.854 X 1 o-12 Farad metre-1 

Mj = Molecular weight of solute in kilogram me 

ks = Boltzmann Constant= 1.38x1 o·23 J mole-1 K"1 

T =Temperature in absolute scale 

i3 = dx';i I d 'll:l = Linear coefficient of x'ii- 'll:l curves of Fig.6.3 at 'll:l -->0 

N =Avogadro's number= 6.023x1023 

p; = Density of solvent n-heptane at 25°C = 680.15 Kg. m-3 

(6.20) 
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Ei = Relative permittivity of the solvent n-heptane = 1.917 

b = 1 I (1 + ro
21?) = a dimensionless parameter involved with estimated <1 & .<2 of 

eq. (6.6) and 'i of eq. (6.17). 

Dipole moments J.L1 and J-!2 obtained with the knowledge of b1 and b2 involved with 

estimated <1 and <2 by double relaxation method are entered in the 8th and 9th column 

of Table 6.4. They are ,however, compared to J.!i with 'i of eq. (6.17) and reported J.L's 

(Gopala Kkrishna) and J.!theo as seen in 1Oth , 12th and 13th columns. 

Table-6. 4: Linear coefficient (J of x'if Vs "'1 curves of Fig. 6.3, 

dimensionless parameters b1, b2 from <t & <2 of eq. (6. 6) , correlation coefficient 

(r) and % of errors, estimated dipole moment J.lt , f.l2 from eq. (6.20) , computed 

dipole moment J.li from "l"J of eq. (6.17), reported dipole moment (Gopala krishna's 

method) , all are expressed in Coulomb-metre for different straight chain alcohols 

in n-heptane at 2ffc under different GHz electric field. 
System with 

Sl. No. & 
mol. weight 

Mj in kg 

Freq
uency 

(Q in 
GHz 

Linear 
coeffici 
ent of 
x' 'i vs 

Dimensionless 
parameters 

Correlation 
coeffclent of 
X.'IJ- V-1 & x."ij 
-~curves 

%of 
errors 
of both 

x'ij-wJ & 
x."g- \11 
curves 

Estimated Dipole 
moments J.l x 1030 in 

coulomb metre 

J.l1= 
).12(C1! 
C:?) 1!.2 

in 
c.m 

Reported 
!!X1030 

in C.m by 

).l*theo 

X 1030 

in 
C.m 

"' curves 
of fig 
6.3 
p "' 

by double 
relaxation 
method 

"' 
Gopalakri from 

shna's reduc 
method ed 

bond 
marne 

nts 

1.1-butanol 

(Mj= 0.074) 

24.33 

9.25 

3.00 

0.719 0.911 0.0142 0.997347 0.000032 3.02 24.25 

from 't"j 

of ratio 
of 

individu 
al 

slopes 

3.26 10.25 3.58 

0.539 0.955 0.0278 0.998805 0.000014 2.56 14.99 2.69 

0.830 0.971 0.0593 0.998034 0.000024 3.14 12.72 3.23 

11.1-hexanol 24.33 0.034 0.869 0.0537 0.957348 0.000619 0.79 3.18 8.25 

(Mj =0.102) 9.25 0.330 0.955 0.0392 0.996042 0.000048 2.35 11.59 2.52 

3.00 0.609 0.971 0.0633 0.998317 0.000020 3.16 12.39 3.17 

7.77 

8.19 

1.85 

6.55 

8.10 

111.1-
heptanol 
(Mj= 

0.116) 

24.33 0.588 0.859 0.0121 0.989149 0.000143 3.52 29.69 3.60 11.86 

9.25 0.131 0.965 0.0412 0.989026 0.000132 1.57 7.59 2.86 4.40 

3.00 0.447 0.965 0.0548 0.996990 0.000040 2.90 12.17 3.06 

IV.1· 24.33 0.142 0.798 0.0395 0.994031 0.000072 2.10 
de canol 

9.43 3.47 

( Mj =0.158) 9.25 0.227 0.904 0.0411 0.984662 0.000184 2.49 11.67 2.82 

7.59 

5.03 

6.42 

6.92 3.00 0.388 0.983 0.1328 0.999324 0.000008 3.12 8.50 3.36 

3.80 

4.30 

3.35 

3.87 

4.27 

3.59 

3.60 

4.27 

3.55 

3.83 

4.33 

3.74 

3.49 

3.73 

3.68 
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6.6. RESULTS AND DISCUSSIONS 

The least square fitted straight line eq. of (Xoii - X'ii ) I x'ii against X"ii I x'ii for 

r 
0 

0 0.1 0.2 0.3 

--~ Real part of hf susceptibility r.'~ 

Fig 6.4 Variation of Imaginary part of hf susceptibility x*11 'Nith real part of hf 

susceprmility x'11 of alcohols in n·heptane at 25°C of Ia. 1-butanol( 0) at 24.33 
GHz,lb.1-butanol( • ) at 9.25 GHz, lc. 1-butanol ( o ) at 3.00 GHz, na.1-hexnol 
( • ) at 24.33 GHz,llb.1-hexnol (A ) at 9.25 GHz llc.1-hexnol ( A. ) at 3.00 
GHz,ma 1-heptanol ( o) at 24.33 GHz,lllb 1-heptanol ( • ) at 9.25 GHz, lllc. 1-
heptanol ( x) at 3.00 GHz,IVa. 1-decanol ( + ) at 24.33 GHz, IVb. 1-decanor 
(-)at 9.25 GHz, IVc. 1-decanol ( •) at 3.00 GHz 

different weight ftractions 

UJ'S of solute at 25°C in n

heptane under different 

GHz electric field 

• frequency are shown 

graphically in Fig. 6.1 

together with experimental 

points placed on them. The 

real x'ii and imaginary x"ii 

parts of hf complex 

dimensionless dielectric 

orientational susceptibility 

x*ii and low frequency real 

dielectric susceptibility Xoii 

are, however, derived from 

measured[B] permittiviti-

' " d f eS& ijo E ij , Eoij an E"'ij 0 

Table 6.1. The linearity of all curves of Fig. 6.1 are confirmed by correlation 

coefficients r's and percent~ge of errors placed in the 7th and 8th columns of 

Table 6,2. The relaxation times 1:1 and 1:2 estimated from eq. (6.6) are placed in the 

5th and 6th columns of Table 6.2. It is seen that both 1:1 and 1:2 are of low values at 

24.33 GHz and tends to increase with the lower frequencies of 9.25 and 3.00 GHz 

electric fields. It may be explained on the basis of the fact that at higher 

frequencies the rate of hydrogen bond rupture is maximum in such long chain 

alcohols to reduce 'for each rotating unit [20]. 
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In absence of reliable 'i of such molecules it was tried to calculatEl 'i from the 

least square fitted straight line eq. of x"u against x'u in Fig. 6.4 as claimed by 

Murthy et al [1 0] to place them in the 9th column of Table 6.2. But the experimental 

points are found to deviate from linearity as seen in Fig. 6.4 which is probably due 

to various associational aspects of polar molecules in non polar solvent [13]. The 

r 

0 0.1 0.2 0.3 0.4 

Weight fraction Wj 

Fig 6.5 i. Variation z.'q I XoU with weight fraction w 1 for alcohols in n.heptane at 
25uc of Ja.1-butano1( 0) at 24.33 GHz,lb.1-butanol( • ) at 9.25 GHz, lc. 1-butanol 
( o) at 3.00 GHz, 11a.1-hexnol ( • ) at 24.33 GHz.llb.1-hexnol ( 6 ) at 9,25 GHz 
llc.1-hexnol ( .& ) at 3.00 GHz,llla.1-heptanol ( o ) at 24.33 GHz,lllb 1-heptanol ( 
• ) at 9.25 GHz, lllc. 1-heptanol ( x) at 3.00 GHz,IVa. 1-decanal ( + ) at 24.33 
GHz, IVb. 1-decanol (-)at 9.25 GHz, rvc. 1-decanol ( •) at 3.00 GHz 

0.5 

+ 

0.4 
IVa 

... 0.3 

>< 
' ,-
>< 

l 
0.2 

0.1 

0.1 0.2 0.3 0.4 

---Weight fraction wi 

Fig 6.6 •. Variation x'1i 1 Xoij with weight fraction w 1 for alcohols In n-heptane at 

25°C of Ia 1-butano1( 0) at 24.33 GHz,lb.1-butanol( • ) at 9.25 GHz, lc. 1-butanol 
( o ) at 3.00 GHz. lla.1--hexno1 ( • ) at 24.33 GHz,11b.1-hexno1 ( .D. ) at 9.25 GHz 
11c.1-hexno1 ( .& ) at 3.00 GHz,llla.1-heptano1 ( o ) at 24.33 GHz,lllb 1-heptanol ( 
• ) at 9.25 GHz, nrc. 1-heptanol ( x ) at 3.00 GHz,IVa. 1-decanol ( + ) at 24.33 
GHz, IVb. 1-decanol (-)at 9.25 GHz, IVc. 1-decanol ( •) at 3.00 GHz 

indivdual plots of x"u and 

x';i against UJ of normal 

alcohols are not linear as 

seen in Figs 6.2 and 6.3 

which confirms the probable 

solute-solute (dimmer) and 

solute-solvent (monomer) 

molecular associations. The 

reliability of both x";i - UJ and 

x'u UJ 

confirmed 

variations are 

by correlation 

coefficients r's and 

% of errors as placed in 

Table 6.4. This fact at once 

inspired us to evaluate 'i 

from the ratio of slopes of 

individual variations of x";i 

and x';i with UJ at UJ ~ 0. 'i 

so obtained shows close 

agreement with "t1 from 

double relaxation and 

Gopala krishna's method 

[11]. This approach further 

confirms that polar - polar 

interactions are fully avoided 
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[6, 15] in the later method. Thus hf dielectric susce-ptibility measurement yields the 
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Figure 7. Variation of (11$) log(cos$) against$ 0 

Fig 6.7 

accurate microscopic 1: due to 

orientational polarization 

whereas double relaxation 

method gives both microscopic 

and macroscopic 1:'s [15,20]. 

Higher values of 1:2's results in 

bigger size of rotating unit ( "tiT I 

l1 Y ) which is due to solute

solvent .(monomer) associations 

under GHz electric field. 

Distribution of 1:'s between two 

limiting values 1:1 & 1:2 prompts 

one to estimate the symmetric 

and asymmetric distribution parameters y and o of such molecules from eqs. (6.11) 

and (6.13) with graphical extrapolation values of x';/Xoii and x";/xoii at UJ = 0 of Figs. 

250 
6.5 and 6.6. Values of y so 

obtained is used to evaluate r 
200 

~ 
~ 

r "rs from eq. (6.12). The 
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Fig 6.6 Variation of Relaxation time and Dipole moment against frequency(f) of 
the applied electric field for some alcohols inn-heptane at 25°C 1.1-butanol( I:J. ) 

11.1-hexanol (A.) 111.1-heptanol ( o) IV. 1-decanol ( •) 

log(cos!jl) against ~in degree 

is essential to know .~ for 

known value qf(1/~) log(cos~) 

from eq. (6.15). Known-~ from 

Fig. 6.7 was however used to 

evaluate o and "res from eqs. 

(6.13) and (6.14). "rs and "res 

thus so estimated are entered 

in the12th and 13th columns 

of Table 6.2 to compare them 
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with 1:1, 1:2 and 'tj. Both y and ll are placed in 12th and 13th columns of Table 6.3. 

The value of .Y establishes the non - rigip behaviour of the molecules signifying the 

applicability of Debye- Smyth model of dielectric relaxation to some extent in such 

normal alcohols in n-heptane under GHz electric field. 

Symmetric relaxation time 'ts obtained from eq. (6.12) with known y agrees 

well with 1:1's by double relaxation and 1:j's by Gopala Krishna's method except at 

3.00 GHz electric field frequency. This discrepancy may be explained on the basis 

of the fact that at lower frequency the rate of hydrogen bond rupture is small 

resulting in higher value of 1: for each rotating unit. High value of 'tcs eventually 

rules out the possibility of occurring asymmetric relaxation behaviour for the 

alcohols. Fig. 6.8 represents the plot of both 1:2 and >12 against frequency(f) of the 

applied electric field. It is evident from the plot that 1:2 of the alcohols decreases 

with frequency. It is due to the fact that at higher frequency the rate of hydrogen 

bond rupture is maximum, reducing thereby 1:2 for each rotating unit [20]. For 

system II and IV the variation of >12 against frequency is convex in nature having 

zero >t2 values at two frequencies due to strong symmetry attained by the 

molecules. 1-butanol (system I) and 1-heptanol (system Ill) shows minimum >12 for 

their symmetry attained between 3.00 and 9.25 GHz electric field frequency. 

Beyond 9.25 GHz >t2 increases with f showing asymmetric nature of the molecules. 

All types of symmetries and asymmetries arises probably due to various types of 

molecular assodations between solute and solvent molecules which are supposed 

to be physico-chemical behaviour of the systems [19]. 

The relative contributions c1 and c2 towards dielectric dispersions as seen in 

the 6th and 7th columns of Table 6.3 have been evaluated from eqs. (6.4) and 

(6.5) for fixed 1:1 and 1:2 as predicted from eq. (6.6) and with estimated ;.:';/Xoii and 

;.:";/Xoii from Frohlich's eq. (6.7) and (6.8).The same are ,however, obtained 

experimentally from the graphical variation of x'ii I Xoii and x"ii I Xoii with UJ of 

Figs.6.5 and 6.6 at UJ = 0. They are also shown in 1oth and 11th column of Table 

6.3 to compare with the former ones. The Frohlich's parameter A is the 

temperature variation of the width of distribution of 1: and is equal to ln('t2h1). 
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Variation of x';/Xoij and x";/xoii with 'UJ as seen in Figs. 6.5 and 6.6 are concave and 

convex in nature which are in accordance with Bergmann's eqs. (6.2) and (6.3) as 

observed elsewhere [14,21]. The estimated c2 is greater than c1 for almost all the 

alcohols in Frohlich's method, while the reverse is true for graphical technique. 

Formation of internal hydrogen bonding among -OH groups in polar alcohol 

molecules gives rise to inertia [15,20] of the flexible part with respect to whole 

molecule which results in negative c2 satisfying the condition c1 + c2 = 1 in 

graphical technique. For Frohlich method c1 + c2 >1, indicating the possibility of 

occurance of more than two relaxation processes (8] in them. 

Dipole moments 1!1 and 1!2 estimated from dimensionless parameters b1 and 

b2 for measured 1:1 & 1:2 and linear coefficient j3's of x';i - 'UJ curves of Fig. 6.3 are 

shown in the 8th and 9th columns of Table 6.4. Correlation coefficient 'r' and % of 

errors involved in x';i - 'UJ variations are placed in 6th and 7th columns of Table 6.4 

only to show how far x';/s are correlated with 'UJ's. Values of r's and % of errors 

interms of r's gives reliable 13 to yield accurate )!1 and )!2. Almost all the curves of 

Fig. 6.3 shows a tendency to become closer within the limit 0.00 s 'UJ !>0.05 

probably due to the same polarity of the molecules arising out of monomer and 

dimmer formations [13, 15]. 

The theoretical dipole moments !llheo were, however, obtained from bond 

angles and bond moments of a number of dipolar groups like H3-->C, C-->0 and 

0<--H of 1.23x10-30
, 3.33x10-30 and 1.30x10-3° Coulomb metre [13] and are entered 

in 13th column of Table 6.4. The -OH group in all the alcohols making an angle 

105° with the C-C bond plays an important role to yield theoretical dipole moment 

fllheo- In absence of reliable lli values Gopala Krishna's method were employed to 

get lli (Reported data) to compare with 111 's estimated from the relation 1!1 = 1!2 

(c1/c2)
112 assuming two relaxation processes are equally probable in them. But the 

agreement is poor as seen in the 11th and 12th columns of Table 6.4, probably 

due to the fact that sum of c1 and c2 as estimated from Frohlich's method is not 

strictly equal to one. The close agreement between 1!1 from double relaxation 

method, ).ltheo and reported ).l'S establishes the basic soundeness of the method 

[19] for getting hf lli in addition to the fact that a part of the molecule is rotating [15] 
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under GHz electric field. Slight disagreement between J.!lheo and J.!1 arises due to 

the formation of H bonds among the -OH groups in dipolar liquid molecules which 

results in solute - solute molecular association increasing thereby the value of 

Jltheo's. 

6.7. CONCLUSIONS 

The methodology so far developed in Sl units with internationally accepted 

symbols of dielectric terminologies and parameters appears to be simple, 

straightforward and topical one to predict relaxation parameters as x's are directly 

linked with molecular orientational polarization. The significant and interesting 

equations to evaluate relaxation parameters gives deep insight into the solute

solute and solute-solvent molecular interactions in a solution. The simple straight 

line eq. (6.6) provides one with microscopic and macroscopic relaxation times. 

Evaluation of ~j from eq. (6.17) by ratio of slopes of individual variations of x";j and 

x'ij against ""1 in the limit ""1 = 0 is a better representation of eq. (6.16) of Murthy et 

al as it eliminates polar-polar interactions in a solution. The results obviously show 

that the former method in long straight chain hydrogen bonded associative alcohol 

molecules may be applicable to get the accurate ~·s of the molecules only due to 

orientational polarization. Validity of the method so far advanced to evaluate hf ~j 

and J.!j is also supported by ~j and J.!j values estimated from freshly calculated 

Gopala Krishna's method.The close agreement between measured ~j and ~cs 

confirms the non-rigid behaviour of the molecules which at once invites the 

applicability of Debye-Smyth model of dielectric relaxation in such alcohol 

molecules. Molecular association is however confirmed by conformational 

structure in which internal H bonding plays the prominent role. Graphical variation 

of x';/Xoij and x";/Xoij with ""1 as seen in Figs. 6.5 and 6.6 to estimate c1 and Cz are 

concave and convex in nature which are inaccordance with Bergmann's equations. 

Reliable ~1 and ~2 obtained for alcohols at three electric field frequencies indicate 

the fact that double relaxation is a material property of the system. Although Figs. 

6.1 to 6.6 appear to be crowdy, they provides a clear comparison between the 

results obtained for different systems. Some experimental points are found not to 
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fall on the smooth curves of different Figs. probably due to various molecular 

associations between solute and solvent molecules which supports the physico

chemical behaviour of the systems. Concave and convex nature of curves of Fig. 

6.8 shows that stability and instability of the alcohol molecules depends on 

frequency of the applied electric field ever shown. Thus the correlation between 

the conformational structures [19) with the observed results enhances the scientific 

content to add a new horizon of understanding to the existing knowledge of. 

dielectric relaxation phenomena in addition to physico-chemical properties of the 

polar liquid molecules. 
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CHAPTER 7 

DIELECTRIC RELAXATION OF AROMATIC PARA SUBSTITUTED 

DERIVATIVE POLAR LIQUIDS FROM DISPERSION AND ABSORBTION 

PHENOMENA UNDER GIGAHERTZ ELECTRIC FIELD 
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7. DIELECTRIC RELAXATION OF AROMATIC PARA SUBSTITUTED 

DERIVATIVE POLAR LIQUIDS FROM DISPERSION AND ABSORBTION 

PHENOMENA UNDER GIGAHERTZ ELECTRIC FIELD 

7.1. INTRODUCTION 

Both aliphatic and aromatic polar liquid molecules having substituted polar 

groups attached to the parent ones are often characterized by more than one 

relaxation time r/ s corresponding to rotations of over all molecule and flexible 

parts attached to it. In long chain compounds, the molecules having polar flexible 

parts at their ends may have multiple relaxation processes [1,2]. It is, of course, 

possible to measure these r's while in some cases, the average r's are, 

however, determined since the resolution of more than two distinct dispersive 

regions cannot often be detected. Para polar aromatic liquid molecules usually, 

attracted the attention of a large number of workers [3-5] to study their physico

chemical aspects from the dispersion and absorption phenomena. 

Dhar et al [6] and Somevanshi et al [7] measured real s'q and imaginary 

e'ii parts of hf complex relative permittivity s "q under 10 GHz electric field, of 

some interesting para substituted derivative polar liquid molecules in solvent 

dioxane and be~zene respectively in the temperature range of 17 to 40°C as 

collected in Table 7 .1. p-hydroxypropiophenone, p-chloropropiophenone, p

benzyloxybenzaldehyde were available in the purest form from Aldrich Chemicals 

and p-acetamidobenzaldehyde from Central Drug Research Institute, Lucknow, 

India. The liquids dioxane, benzene, p-anisidine, p-phenitidine etc. were, 

however, obtained from MIS BDH. London. The liquids were purified through 

repeated fractional distillations. The physical constants of the solvents like 

density p, viscosity 1]1 and the relative permittivity s, at different temperatures in 

°C were collected from the literature [8]. 

Nowadays, the usual and conventional trend to study the dielectric 

relaxation phenomena of a polar liquid (DRL) is being advanced with the 

established symbols of dielectric terminology and parameter of hf, complex 

orientational susceptibility x*q of which x'ij (= s'q-sa~J and X"q (= s"q) are the 
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real and .the imaginary parts in S.l. units. If I is subtracted from e'u to get the real 

part x'u in which all operating processes result, while if infinitely hf permittivity 

e.u is subtracted from hf e'u and static e.u one gets x'u and Xou due to only 

orientational polarisation process. Xou is a real quantity. 

Ghosh et al [9] recently studied all these p-compounds in terms of the 

complex hf conductivity u * u [1 0] where 

(7.1) 

e'u and e"ij are the real and imaginary parts of the hf complex relative 

permittivity 6 * ij related by 

(7.2) 

j = .r-:~· is a complex number and e0 = permittivity of free space =8.854 

X 1 o-12 Farad metre-1
, to show that all these p-compounds obey Debye

relaxation mechanism. Both u"ij and u'u are related by [11] 

(7.3) 

du" I or, __ IJ =-
da'u wr1 

(7.4) 

r
1 
's may, therefore, be determined by the slopes of u"ij against u'u 

linear curves [11]. A better representation of eq (7.4) can, however, be given by 

du" dw. du' dw =-( ) /( ) 
I 

I} I 1 wr~O I} I J WJ_.o (J)T j 
(7.5) 

to eliminate polar-polar interactions in the solution when w1 ~ 0 to measure r1 ' s 

by Ghosh et al [12] by the conductivity method and known w = 27[{ where f = 

frequency of the applied electric field= 10 GHz .. Hence Debye Pellat's equation. 

[13] 
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(7.6) 

and (7.7) 

can be used to obtain the concentration variation of e,lj and s.,u of any polar 

liquid in close agreement with the experimentally measured data within ± 1% 

error as tested. The data are placed in Table 7.1 together with 

x'u (= e'y-ealj ~ x"u (= e"u) to measure r:/ s and hf f.i/ s and the static parameters 

X;i as a function of UJ'S to get the static f.i, 's. The estimated value of f.i, confirms 

the data are much more accurate. This indicates the very soundness of the 

method so far suggested. Thus a faithful measurement of x'u and x"ij is 

possible to study the relaxation phenomena where the orientational polarisation 

alone plays the important role. In ay' s measurements, the transfer of bound 

molecular charges are responsible to yield hf f.i1 's with an approximation that 

au"' a"y where aij is the total hf conductivity alj = me,(e"/ +e'/ )Yz as a f~nction 
of UJ at each temperature. 

Some sample curves of both x'u and x"ij against w1' s are shown in Figs. 

7.1 and 7.2 respectively. The linear equations of lnr:1T against 1fT withr:/S from 

the susceptibility measurements are shown graphically in Fig. 7.3 with the 

experimental points placed upon them. The values of intercepts and slopes are 

entered in the Table 7.3, to compute thermodynamic energy parameters like 

enthalpy Ml,, entropy !J.S, and free energy M, of activation due to dielectric 

relaxation from Eyring's rate process equations [14] . The enthalpy of activation 

Ml" due to viscous flow was estimated from Ml, and the slope o of the linear 

equations of In r:1T against In 77, where 17, is the coefficient of viscosity of the 

solvents used. The data as seen in Table 7.2 throw much light on the stability as 

well as on the physico-chemical properties of the systems. Kalman and Debye 

factors placed in the Table 7.3 reflect the applicability of Debye model of 

relaxation for such p-compounds [9]. 
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The hf p1 's of all the para liquid molecules due to orientational 

prolarization alone were carefully worked out from the linear coefficients f3 's of 

x';i - 'U:! equations and the dimensionless parameters 'b' involved with estimated 

at different temperatures and are placed in Table 7.2. They are compared 

with the reported hf p 1 's, static fl, 's obtained from linear coefficient a1 of static 

Xy - 'U:! equations, and p,,,. 's from the available infrared spectroscopic data of 

bond moments of the substituted polar groups attached to the parent molecules. 

The disagreement of measured hf p 1 with p 11"" establishes the existence of 

inductive and mesomeric moments which in excitd state offers the electromeric 

effects suffered by the polar groups of the molecules under GHz electric field. 

The close agreement between p 1 and J.l,, .. is, however, achieved when the bond 

moments are corrected by multiplying with 111/ and fl,/ respectively as 
/ Ptheo / Jltheo 

required. 

7.2. THEORETICAL FORMULA TONS TO MEASURE "ti AND J.li OF A POLAR 

UNIT 

The real and imaginary parts of hf complex relative permittivity e * ij are 

related by 

I I II 

&IJ=ewJ+--& ij 
WT J 

replacing e'lj -e~ij by x'ii and e~ by x"ij we have 

x"ii = (ro"ti) x'ii 

or dx";i /dx';i = (ro"ti) 

(7.8) 

(7.9) 

x"u varies linearly with x'u .The slope of eq. (7.9) which is used to measure r 1 of 

a polar unit. 
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But for associative liquids like p-anisidine, p-phenitidine etc the variation of 

x"ij with x'ij is not strictly linear as claimed elsewhere [15]. The ratio of slopes of 

individual variations of x"ij. and x'ij against w/s are found to be a better 

representation of the slope of eq. (7.9) in which polar - polar interactions are 

supposed to be almost eliminated [16] . 

Thus (7.10) 

The imaginary part X"yofhf x*y is [17, 18]. 

(7.11) 

which on differentiation w.r.t. 111 and in the limit 111-+ 0 becomes: 

(7.12) 

From eqs (7.10) and (7.12) one obtains 

which at once provides p1 as 

(7.13) 

to measure hf dipole moments fl/S in terms of r/S obtained from eq.( 7.10) 

where s0 = Permittivity of free space =8.854X10-12 Farad. metre·1· 

M 1 =Molecular weight of solute in Kg 

ks = Boltzmann constant= 1.38 X1 o·23 J mole.1K"1 

j3 =Linear coefficient of x'ij-w1 curves of Fig.7.1 at w1 -+ 0 

T= Temperature in Kelvin 
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N =Avogadro's number = 6.023 X 1023 

&1 =Dielectric relative permittivity of the solvent and 

b = 
1
, 2 , a dimensionless parameter involved with estimated r 1 's. 

I+ w r 1 

Thus the eq. (7.13) can be employed to measure hfp/S of all para-polar 

liquid molecules under investigation, in benzene and dioxane at different 

experimental temperatures. They are presented in Table 7.2. The temperature 

variations of hf J.t/S are shown graphically in Fig. 7.4. It is evident from Fig 7.4 that 

the temperature variationp1 's offers a valuable information about the structural 

aspects in addition to the physico chemical properties of the liquid molecules. 

7.3. THEORETICAL FORMULATION OF STATIC PARAMETER Xij TO 

ESTIMATE STATIC DIPOLE MOMENT p, 

The static dipole moment fl., of a polar solute U) in a non-polar solvent (i) 

atTK is given in terms of &0ij and &ai
1 

of Table 7.1, by [12, 13] 

8ooiJ -] Eo; -] 
= 

&~u +2 & 01 +2 

The molar concentration c1 is expressed by Wj of the polar solute 

p 
c.=-" w 

1 M 1 
1 

(7.14) 

The weight ~ and volume II; of a polar solute is dissolved in a non-polar 

solvent of weight IN; and volume V; to have the solution density pij where 

wj +W, 
Pij = vj + v; 
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(7.15) 

The weight fractions w1 and tiJ of the solvent arid solute are 

w 
w- ' ,-

W,+Wj 
and respectively 

such that w; + tiJ = 1 and r = ( 1-~J where p, and p1 are the 

densities of pure solvent and pure solute respectively in S.l. units. 

Hence eq. (7.14) becomes: 

Since 0 < UJ< 1, the above eq. (7.16) can be expressed by the polynomial 

equation of tiJ upto the third term only like 

(7.17) 

Comparing the coefficients of first power of w
1
of eqs. (7.16) and (7.17) one gets 

the static fl., as: 

(7.18) 

where a1 is the linear coefficient of Xij- w1 curves, a few of which are shown in 

Fig. 7.5 as for example. fl., 's from coefficient of higher powers of wi of eq. (7.16) 

are not reliable as the term r is involved with various effects like solute-solute 

interaction, relative density, macroscopic viscosity, internal field etc. The fl., 's thus 

obtained establish the very soundness of the methods so far advanced where 
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e0if and eai1 are not experimentally measured. The fl .• 's thus estimated for the p

compounds are seen in Table 7 .. 2 to compare with hf p 1 's from the orientational 

susceptibility measurements and theoretical p,,,. 's from the available bond 

angles and bond moments of the substituted polar groups attached to the parent 

molecules. 

7.4. RESULTS AND DISCUSSION 

The concentration variation of x'if and x"if of all the p-compounds in solvents 

dioxane and benzene respectively at different experimental temperatures in °C 

are collected in Table 7.1 to show some variations of x'if and x"y with wi 's in 

Figs.7.1 and 7.2 respectively as for example. The relaxation times r/s have 

been measured under 3 em wave length electric field from eqs. (7.9) and (7.10) by 

using x'y and x"if of Table 7.1. r'sfrom eq. (7.10) are presented in the Table 

7.2 to compare with those placed in the same Table 7.2 recalculated from eq.( 

7.5) by conductivity a-if method [9] and reported ones [6, 7]. The close agreement 

between all the r/s at once reflects the validity of eq.( 7.10) derived from the 

susceptibility xif 's measurements. Thus the method of ratio of slopes of individual 

variations of x'if and x"if with w/s in the limit ~ = 0 to get r 1 from eq.( 7.1 0) is 

superior one where the effects of fast polarization in addition to polar-polar 

interactions are reduced to a large extent [16]. Although not shown in Table 7 .2, 

they were interesting to see that the direct slope of x"if against x'if gives rise to 

almost the same r 1 's with those obtained from the ratio of the individual slopes of 

x"ij and x'ij against ~·s of eq. (7.1 0). The r/S at all the temperatures for p

hydroxypropiophenone,p-chloropropiophenone,p-acetamidobenzaldehyde, p

benzyloxy benzaldehyde are of high values probably due to their larger molecular 

sizes [9] while the reverse is true for p-anisidine, p-phenitidine, o

chloroparanitroaniline and p-bromonitrobenzene. The observation indicates 

thatr
1 
's of all the liquids decrease with the rise of temperature in °C for the lower 

values of the coefficients of viscosity [6] of solution. The variation of some r 1 's 

with t°C of all the p-liquids were found to be (see Table 7.2) irregular and in 

disagreement with the Debye relaxation [19]. This is, however, explained on the 
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basis of the fact that as the temperature rises the stretching of bond angles and 

distributions of bond moments of all the flexible polar groups attached to the 

parent ones lead to either symmetric or asymmetric shapes of the molecules [9]. 

The process of rotation of the rotating molecular dipole requires an 

activation energy sufficient to overcome the energy barrier between two 

equilibrium positions. Eyrings rate process equation [14] can be used with the 

known r1 's, where 

A 
r 1 =-exp(M, I RT) 

T 

Ml 
or, In r 1T = In A'+--' (7.19) 

RT 

Sl·nce A "' - A u T."A <> and A'= Ae-""• 'n UI", -UI,,- =>, 

to measure thermodynamic energy parameters like M,,Ml, and M, usually 

known as free energy, enthalpy and entropy of activations due to dielectric 

relaxation processes. 

The linear eq.( 7.19) of lnr1T against 1/T having intercept and slope are 

presented in Table 7.3 together with the values of M,, Ml, and M, as obtained 

from eq. (7.19). The least square fitted linear plots of lnr1T against 1/T with the 

experimental points placed on them have been shown in Fig. 7.3. Some of the 

experimental points are found not to fall on the smooth curves of Fig. 7.3 due to 

irregular variations of r 1 's with temperature [9] probably due to the fact that the 

non spherical dipolar molecules are known to be non Debye in their relaxation 

behaviours. As seen in Table 7.3 M.'s for most of the systems are higher in 

comparison to Ml, 's. This implies that a large number of flexible polar groups 

surrounding the parent molecules are rotating under GHz electric field [6]. 

The -ve M, for all the systems except p-benzyloxybenzaldehyde and p-anisidine 

is due to co-operative orientations of the steric forces [20] indicating thereby that 

the activated states are more ordered [4,21] while the +ve M."s for other 

systems refers to the unstability of the activated states. Enthalpy of activation due 
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to viscous flow Ml, has been estimated from slope 15 of ln-r1T with ln77; fitted 

linear equation and known Ml, in order to place them in Table 7.3. 

o(= Ml,jMl,) for all the molecules >0.50 except p-hydroxypropiophenone and 

p-acetamidobenzaldehyde indicates the solvent environment around the solute 

molecules to behave as solid phase rotators [9]. Low value of 15 for systems as 

seen in Table 7.3 arises for the weak interaction of the solvent and solute [9]. 

Almost constant values of Debye factor "rJT /11; rather than Kalman factor "rJT /118
; 

at all the temperatures for each molecule implies the applicability of Debye 

relaxation for such p-liquids [9,22]. 

This at once prompted us to recalculate hf -r1 's from conductivity, 

measurements in the GHz range. From eq.( 7.3) one gets 

I (du'u J fJ=- --
(0'!". dw 

; J "'r~o 

(7.20) 

where fJ is the slope of uij- w1 curve of a polar-nonpolar liquid mixture at 

w1 -70 

The real part of hf complex uu • is [12, 17] 

(
duijJ _ Np,fl/ ( )2 al'-r1 or, -- - &; + 2 2 2 
dw

1
. 27M

1
.k8 T l+w -r 

wr-+0 1 

(7.21) 

Comparing eqs (7.20) and (7.21) the following formula is obtained to get hf 

p
1 

from uu in !r'm-' which takes into account of the contribution of bound 

molecular charge transfer among the solute molecules 

(7.22) 
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where b is a dimensionless parameter involved with r
1 
's measured from 

eq.( 7.5). The recalculated r 1 's are presented in Table 7.2 for comparison with 
' 

those measured from eq (7.10) and reported ones [6,7]. Estimation of r
1 

by eq. 

(7.5) is significant one, as it is useful to obtain e0if and e.,
1 

by Debye - Pellat's 

equation, to have static p, as entered in Table 7.2. p
1 
's by susceptibility 

measurements are shown in Table 7.2 to see how far they agree with p,.,. 's of 

the bond moments of the flexible parts as calculated in Fig. 7.6 and the static lis 

from eq. (7.18). lis's thus computed from e0 ij and e.,1 data of Table 7.1 show the 

fact that they are very close to hf p1 . Thus the frequency effect is almost nil in hf 

p1 's obtained by susceptibility method. A comparison between hf p
1 

from eqs.( 

7.13) and (7.22) may, however, be interesting which is to be studied later on. The 

values of no;/ ("' e..,;J) had been tested from the literature [8] where they were 

available. 

p1 -t of least square fitted curves of I, Ill, IV and V of p

hydroxypropiophenone, p-acetamidobenzaldehyde, p-benzyloxybenzaldehyde 

and p-anisidine initially increases with temperature and then attain the highest 

value to show maximum asymmetries at different temperatures as seen in Fig. 

7.4. p;'s of those compounds go on decreasing with temperature to attain 

symmetries. These curves are convex in nature showing p1 = 0 at lower and 

higher temperatures due to strong symmetry attained at those temperatures [9]. 

The curve of VII for o-chloro-p-nitroaniline shows gradual decrease of p 1 values 

with temperature, On the other hand the least square fitted curves of p 1 against t 

in °C of II, VI and VIII are concave in nature. The curve VI of p-phenitidine 

reaches the highest symmetry and then goes on increasing with the rise in 

temperature. The curve shows 0 (zero) values at lower and higher temperature, 

as shown by the dotted line to maintain the continuity of the curves. The above 

nature of p1 - t curves are explained by the rupture of solute-solvent (monomer) 

and solute-solute (dimer) associations due to stretching of bond angles and bond 

moments of .substituted polar groups at different temperatures. [4,9]. 
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Ghosh et al [9] obtained the .u 's of p-compounds i.e. syste~s I - VIII as 

8.27, 9.73, 13.12, 6.23, 6.82, 15.04, 15.93 & 8.40 each multiplied by 10--3° in C.m. 

respectively. A special attention is to be paid to the contributions of the available 

bond moments and bond angles due to different substituent groups of parent 

molecules in calculating theoretical dipole moments .u,,,, 's. But .u,h, 's as 

sketched elsewhere [9] are found to be slightly deviated from the measured 

hf .uj 's and .u, 's because of the existence of the inductive and the mesomeric 

moments for different flexible groups. The reduced or elongated bond moments 

of the substituted polar groups are calculated by multiplying the .u, • ., 's by the 

factor .uj l.u,,,, around 20° C. The results for systems I to VIII are 14.27, 7.27, 

12.62, 10.22, 8.56, 29.36, 2.41 and 4.23 each multiplied by 10-30 in C.m. 

respectively. They are placed in the last column of Table 7.2 and displayed in Fig. 

7.6. The reduction or elongation in bond moments exhibits the presence of 

mesomeric, inductive and electromeric effects under static and hf electric fields. 

7.5. CONCLUSION 

Theoretical consideration in S.l units for the effective utilization of the 

established symbols of dielectric terminologies and parameters in terms of 

dielectric susceptibilities obtained from dielectric relative permittivities appears to 

be more topical, significant and useful one to have valuable information in the 

study of dispersion and absorption phenomena as they are directly linked with the 

molecular orientational polarisation. A convenient method is, therefore, 

suggested to calculate -.j and .uj under GHz electric field along with the static 

.u, in S.l units of some p-compounds. The ratio of slopes of individual variations of 

x"ij and x'ij with wjs is a better representation over the previous one of Murthy 

et al as it eliminates polar-polar interactions almost completely in a given solution. 

Thermodynamic energy parameters ; enthalpy Mf, entropy M,, and free energy 

!!.F, of activation due to dielectric relaxation and enthalpy of 'activation due to 

viscous flow of solvent provides information about the stability or unstabilities of 

the states of polar-nonpolar liquid mixture in a given temperature range. The 

physico chemical properties could, also be studied in terms of conformations of 

such p-compounds. The temperature variation of measured .u/s reveals that the 
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molecules may attain either symmetric or asymmetric shapes with the rise in 

temperature. The slight difference between experimental fl/S and theoretical 

p,.,. 's suggests the existence of inductive, mesomeric and electromeric effects of 

the polar flexible groups of the molecules due to their aromaticity. Theoretical 

formulations, so far developed, are in S.l. units because of its unified, coherent 

and rationalised nature. The experimental points in some cases are slightly 

deviated from the least squares fitted plots indicating that the highly nonspherical 

polar molecules are slightly non Debye in relaxation behaviour. However, the Xij

'Wj curves used to get fl,, can be used to test the accuracies of the measurements 

Of StatiC EJoij and hf Sooij 

The X/s are involved with the low and infinitely hf permittivities e0y and eooti 

derived from Debye- pellat's equations in terms of measured concentration 

variation of e'" and e"y of polar-non polar liquid mixtures. The p 1 's and fl, 's are 

almost equal in some cases only to show that fl /S are little affected by the 

applied electric field frequency. The computation of r1 , p1 and fl, from ay, x" 

and Xij measurements of a polar unit in a given solvent appears to be more 

simple, straight forward and topical one to locate the accuracies of r 1 , p 1 and fls 

which are claimed to be accurate within 10% and 5% respectively. The calculated 

results appear to be of more archival values to reveal some interest in the 

process of dielectric relaxation. The factors of J.!; I J.!theo and J.!i I J.!theo are almost 

constant for all the molecules revealing the material property of the systems [23]. 

The correlation between the conformational structures presented in Fig. 7.6 of the 

p-compounds with the observed results enhances the scientific content and adds 

a new horizon to understand the existing knowledge of dielectric relaxation from 

dispersion and absorbtion phenomena. 
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Table 7.1: Concentration variation of the real and imaginary parts of dielectric permittivity &*u, 
static permitivity &oij, infinitely high frequency permittivity &ooij, real and imaginary parts of 

dielectric susceptibilities x'u and x"u of hf complex susceptibility x*u and static experimental 
parameters Xij, of some parapolar liquids in non polar solvents at different experimental 
temeratures under 1 0 GHz electric field 

System with Temp Weight Dielectric static 
Dielectric permittivities experimenta·l 

Sf. No. in °C fraction susceptibilities parameter 

"i e'ij e"ij Eoij Eooij ' Xii x"ij xij 

1. p-hydroxy- 17 0.0040 2.0930 0.0320 2.1316 2.0665 0.0265 0.0320 0.00388 
propiophenone 0.0066 2.0970 0.0420 2.1477 2.0622 0.0348 0.0420 0.00507 

( in dioxane ) 0.0089 2.0980 0.0440 2.1511 2.0615 0.0365 0.0440 0.00531' 
0.0107 2.0990 0.0470 2.1557 2.0601 0.0389 0.0470 0.00567 
0.0116 2.1210 0.0620 2.1958 2.0696 0.0514 0.0620 0.00739 

23 0.0040 2.1250 0.0310 2.1663 2.1018 0.0232 0.0310 0.00378 
0.0066 2.1330 0.0470 2.1957 2.0978 0.0352 0.0470 0.00570 
0.0090 2.1410 0.0590 2.2197 2.0968 0.0442 0.0590 0.00711 
0.0117 2.1560 0.0720 2.2520 2.1020 0.0540 0.0720 0.00860 

30 0.0041 2.1490 0.0360 2.2035 2.1252 0.0238 0.0360 0.00451 
0.0067 2.1550 0.0440 2.2216 2.1259 0.0291 0.0440 0.00549 
0.0091 2.1560 0.0470 2.2271 2.1249 0.0311 0.0470 0.00586 
0.0109 2.1570 0.0490 2.2312 2.1246 0.0324 0.0490 0.00610 
0.0118 2.1730. 0.0710 2.2805 2.1261 0.0469 0.0710 0.00874 

37 0.0041 2.1580 0.0350 2.1896 2.1192 0.0388 0.0350 0.00408 
0.0068 2.1750 0.0440 2.2147 2.1263 0.0487 0.0440 0.00509 
0.0092 2.1780 0.0510 2.2241 2.1215 0.0565 0.0510 0.00589 
0.0110 2.1840 0.0560 2.2346 2.1220 0.0620 0.0560 0.00645 
0.0119 2.1860 0.0590 2.2393 2.1207 0.0653 0.0590 0.00679 

2. p-chloro- 19 0.0050 2.1100 0.0280 2.1301 2.0709 0.0391 0.0280 0.00352 
propiophenone 0.0068 2.1200 0.0320 2.1429 2.0754 0.0446 0.0320 0.00400 

( in dioxane ) 0.0080 2.1220 0.0340 2.1464 2.0746 0.0474 0.0340 0.00425 
0.0093 2.1270 0.0400 2.1557 2.0712 0.0558 0.0400 0.00499 
0.0112 2.1330 0.0450 2.1653 2.0702 0.0628 0.0450 0.00561 
0.0123 2.1430 0.0490 2.1781 2.0746 0.0684 0.0490 0.00608 

25 0.0051 2.1230 0.0290 2.1581 2.0990 0.0240 0.0290 0.00347 
0.0069 2.1250 0.0320 2.1637 2.0986 0.0264 0.0320 0.00382 
0.0081 2.1280 0.0340 2.1692 2.0999 0.0281 0.0340 0.00405 
0.0094 2.1290 0.0390 2.1762 2.0968 0.0322 0.0390 0.00464 
0.0113 2.1340 0.0430 2.1861 2.0985 0.0355 0.0430 0.00510 
0.0124 2.1410 0.0500 2.2015 2.0997 0.0413 0.0500 0.00591 

31 0.0051 2.1350 0.0290 2.1817 2.1170 0.0180 0.0290 0.00376 
0.0069 2.1380 0.0330 2.1911 2.1175 0.0205 0.0330 0.00427 
0.0082 2.1390 0.0340 2.1937 2.1179 0.0211 0.0340 0.00439 
0.0095 2.1480 0.0390 2.2108 2.1238 0.0242 0.0390 0.00501 
0.0114 2.1490 0.0410 2.2150 2.1235 0.0255 0.0410 0.00526 
0.0125 2.1510 0.0630 2.2524 2.1119 0.0391 0.0630 0.00804 

37 0.0052 2.1450 0.0270 2.1574 2.0861 0.0589 0.0270 0.00419 
0.0070 2.1680 0.0290 2.1813 2.1048 0.0632 0.0290 0.00446 
0.0083 2.1730 0.0330 2.1881 2.1011 0.0719 0.0330 0.00507 
0.0115 2.1740 0.0360 2.1905 2.0955 0.0785 0.0360 0.00553 
0.0126 2.1790 0.0400 2.1974 2.0918 0.0872 0.0400 0.00615 
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System with Temp 'Wel£1fit Dielectric static 

Sl. No. in °C fraction Dielectric permittivities susceptibilities experimental 
parameter 

wj E
1
ij E

11
ij Eolj Ecoij x.'ij x."u Xu 

3. p-acetamido 17 0.0023 2.1530 0.0290 2.2024 2.1360 0.0170 0.0290 0.00382 
benzaldehyde 0.0042 2.1540 0.0380" 2.2187 2.1317 0.0223 0.0380 0.00499 
( in dioxane ) 0.0073 2.1600 0.0530 2.2503 2.1289 0.0311 0.0530 0.00692 

0.0078 2.1690 0.0610 2.2729 2.1332 0.0358 0.0610 0.00791 
0.0112 2.1750 0.0670 2.2891 2.1357 0.0393 0.0670 0.00865 

23 0.0023 2.1580 0.0340 2.2031 2.1324 0.0256 0.0340 0.00407 
0.0043 2.1650 0.0440 2.2233 2.1318 0.0332 0.0440 0.00524 
0.0073 2.1710 0.0480 2.2346 2.1348 0.0362 0.0480 0.00570 
0.0078 2.1740 0.0560 2.2482 2.1318 0.0422 0.0560 0.00664 
0.0113 2.1820 0.0670 2.2708 2.1315 0.0505 0.0670 0.00790 
0.0154 2.1840 0.0680 2.2741 2.1327 0.0513 0.0680 0.00801 

30 0.0074 2.1750 0.0350 2.2275 2.1517 0.0233 0.0350 0.00432 
0.0079 2.1860 0.0430 2.2505 2.1573 0.0287 0.0430 0.00527 
0.0098 2.1870 0.0530 2.2665 2.1517 0.0353 0.0530 0.00648 . 
0.0114 2.1950 0.0590 2.2835 2.1557 0.0393 0.0590 0.00718 
0.0155 2.2010 0.0710 2.3075 2.1537 0.0473 0.0710 0.00860 

37 0.0075 2.2110 0.0370 2.2600 2.1831 0.0279 0.0370 0.00432 
0.0080 2.2210 0.0470 2.2832 2.1855 0.0355 0.0470 0.00545 
0.0099 2.2320 0.0550 2.3048 2.1905 0.0415 0.0550 0.00634 
0.0115 2.2410 0.0730 2.3377 2.1859 0.0551 0.0730 0.00836 
0.0157 2.2420 0.0760 2.3426 2.1846 0.0574 0.0760 0.00870 

4. p- 20 0.004 2.1450 0.027 2.1910 2.1292 0.0158 0.0270 0.00358 
benzyloxy-

benzaldehyde 0.0066 2.1500 0.029 2.1994 2.1330 0.0170 0.0290 0.00383 
( in dioxane ) 0.0089 2.1520 0.031 2.2049 2.1338 0.0182 0.0310 0.00409 

0.0104 2.1530 0.035 2.2127 2.1325 0.0205 0.0350 0.00461 
0.0116 2.1540 0.036 2.2154 2.1329 0.0211 0.0360 0.00473 
0.0153 2.1560 0.045 2.2327 2.1296 0.0264 0.0450 0.00590 

25 0.0041 2.167 0.028 2.1947 2.1387 0.0283 0.0280 0.00323 
0.0067 2.172 0.034 2.2057 2.1377 0.0343 0.0340 0.00391 
0.009 2.174 0.038 2.2117 2.1357 0.0383 0.0380 0.00436 

0.0105 2.175 0.039 2.2136 2.1356 0.0394 0.0390 0.00448 
0.0117 2.18 0.044 2.2236 2.1356 0.0444 0.0440 0.00504 
0.0154 2.187 0.047 2.2336 2.1396 0.0474 0.0470 0.00536 

30 0.0041 2.1780 0.0310 2.2151 2.1521 0.0259 0.0310 0.00360 
0.0067 2.1920 0.0350 2.2339 2.1627 0.0293 0.0350 0.00404 
0.009 2.1930 0.0390 2.2397 2.1604 0.0326 0.0390 0.00449 

0.0106 2.1940 0.0400 2.2419 2.1606 0.0334 0.0400 0.00461 
0.0118 2.1960 0.0440 2.2486 2.1592 0.0368 0.0440 0.00506 
0.0155 2.2060 0.0620 2.2802 2.1542 0.0518 0.0620 0.00709 

35 0.0041 2.2030 0.0320 2.2290 2.1636 0.0394 0.0320 0.00371 
0.0091 2.2090 0.036 2.2382 2.1647 0.0443 0.0360 0.00417 
0.0119 2.2160 0.042 2.2501 2.1643 0.0517 0.0420 0.00485 
0.0156 2.2190 0.0450 2.2556 2.1636 0.0554 0.0450 0.00519 
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System with Temp Weight Dielectric static 
Dielectric permittivities experimental 

Sl. No. in °C fraction susceptibilities parameter 

"1 c'ij " E ij Eoij Eoojj ' Xii x"ij Xij 
5. p-anisidine 20 0.0071 2.1700 0.0300 2.1854 2.1117 0.0583 0.0300 0.00428 
( in benzene ) 0.0098 2.1900 0.0350 2.2080 2.1220 0.0680 0.0350 0.00496 

0.0121 2.2000 0.0400 2.2206 2.1223 0.0777 0.0400 0.00565 
0.0165 2.2000 0.0440 2.2227 2.1146 0.0854 0.0440 0.00622 
0.0198 2.2100 0.0480 2.2347 2.1168 0.0932 0.0480 0.00676 

30 0.0071 2.1800 0.0300 2.1919 2.1041 0.0759 0.0300 0.00510 
0.0098 2.1900 0.0350 2.2038 2.1014 0.0886 0.0350 0.00594 
0.0121 2.2000 0.0400 2.2158 2.0987 0.1013 0.0400 0.00677 
0.0165 2.2100 0.0450 2.2278 2.0961 0.1139 0.0450 0.00760 
0.0198 2.2200 0.0450 2.2378 2.1061 0.1139 0.0450 0.00757 

40 0.0071 2.1900 0.0400 2.1997 2.0247 0.1653 0.0400 0.01035 
0.0098 2.2000 0.0420 2.2102 2.0265 0.1735 0.0420 0.01084 
0.0121 2.2100 0.0440 2.2206 2.0282 0.1818 0.0440 0.01132 
0.0165 2.2200 0.0460 2.2311 2.0299 0.1901 0.0460 0.01180 
0.0198 2.2300 0.0500 2.2421 2.0234 0.2066 0.0500 0.01281 

6. p-
20 0.0132 2.3100 0.0300 2.3296 2.2642 0.0458 0.0300 0.00355 

phenitidine 
( in benzene ) 0.0149 2.3200 0.0500 2.3527 2.2436 0.0764 0.0500 0.00591 

0.0168 2.3400 0.0700 2.3858 2.2330 0.1070 0.0700 0.00823 
0.0199 2.3800 0.0800 2.4324 2.2577 0.1223 0.0800 0.00925 
0.0231 2.3900 0.0900 2.4489 2.2525 0.1375 0.0900 0.01038 

30 0.0132 2.3200 0.0300 2.3373 2.2681 0.0519 0.0300 0.00374 
0.0149 2.3700 0.0400 2.3931 2.3008 0.0692 0.0400 0.00489 
0.0168 2.3800 0.0500 2.4089 2.2935 0.0865 0.0500 0.00610 
0.0199 2.4100 0.0600 2.4447 2.3061 0.1039 0.0600 0.00724 
0.0231 2.4100 0.0800 2.4562 2.2715 0.1385 0.0800 0.00970 

40 0.0132 2.3400 0.0400 2.3604 2.2615 0.0785 0.0400 0.00532 
0.0149 2.3400 0.0500 2.3655 2.2419 0.0981 0.0500 0.00668 
0.0168 2.3600 0.0600 2.3906 2.2422 0.1178 0.0600 0.00796 
0.0199 2.3900 0.0700 2.4257 2.2526 0.1374 0.0700 0.00920 
0.0231 2.4100 0.0800 2.4508 2.2530 0.1570 0.0800 0.01045 

7. o-chloro-p- 20 0.0251 2.0700 0.0200 2.0832 2.0398 0.0302 0.0200 0.00264 
nitro aniline 0.0293 2.0800 0.0200 2.0932 2.0498 0.0302 0.0200 0.00262 

( in benzene ) 0.0331 2.0900 0.0300 2.1098 2.0446 0.0454 0.0300 0.00392 
0.0652 2.1000 0.0300 2.1198 2.0546 0.0454 0.0300 0.00390 
0.0851 2.1000 0.0400 2.1265 2.0395 0.0605 0.0400 0.00522 

30 0.0251 2.1000 0.0200 2.1100 2.0600 0.0400 0.0200 0.00300 
0.0293 2.1000 0.0200 2.1100 2.0600 0.0400 0.0200 0.00300 
0.0331 2.1100 0.0250 2.1225 2.0600 0.0500 0.0250 0.00373 
0.0652 2.1100 0.0250 2.1225 2.0600 0.0500 0.0250 0.00373 
0.0851 2.1200 0.0300 2.1350 2.0600 0.0600 0.0300 0.00447 

40 0.0251 2.1200 0.0300 2.1344 2.0575 0.0625 0.0300 0.00459 
0.0293 2.1200 0.0300 2.1344 2.0575 0.0625 0.0300 0.00459 
0.0331 2.1300 0.0325 2.1456 2.0623 0.0677 0.0325 0.00495 
0.0652 2.1300 0.0325 2.1456 2.0623 0.0677 0.0325 0.00495 
0.0851 2.1300 0.0350 2.1468 2.0571 0.0729 0.0350 0.00533 
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System with Temp Weight Dielectric static 
Dielectric permittivities experimental Sl. No. in °C fraction susceptibilities 

parameter 

"1 E
1
ij S:llij Eoij S:ooij x';j X."ij Xij 

8. p-bromo- 20 0.0162 2.2100 0.0263 2.2267 2.1686 0.0415 0.0263 0.00330 
nitro 

benzene 0.0202 2.2313 0.0302 2.2504 2.1837 0.0476 0.0302 0.00375 
( in benzene ) 0.0342 2.2352 0.0350 2.2574 2.1801 0.0551 0.0350 0.00434 

0.0375 2.2423 0.0375 2.2661 2.1832 0.0591 0.0375 0.00464 
0.0416 2.2540 0.0400 2.2794 2.1910 0.0630 0.0400 0.00493 

30 0.0162 2.2483 0.0270 2.2634 2.2003 0.0480 0.0270 0.00353 
0.0202 2.2621 0.0320 2.2801 2.2051 0.0570 0.0320 0.00416 
0.0342 2.2670 0.0351 2.2867 2.2044 0.0625 0.0351 0.00456 
0.0375 2.2739 0.0441 2.2987 2.1953 0.0786 0.0441 0.00573 
0.0416 2.2880 0.0460 2.3138 2.2061 0.0819 0.0460 0.00594 

40 0.0162 2.2756 0.0276 2.2898 2.2218 0.0538 0.0276 0.00375 
0.0202 2.2931 0.0332 2.3101 2.2283 0.0648 0.0332 0.00449 
0.0342 2.2982 0.0353 2.3162 2.2294 0.0688 0.0353 0.00476 
0.0375 2.3056 0.0463 2.3293 2.2153 0.0903 0.0463 0.00625 
0.0416 2.3220 0.0478 2.3465 2.2287 0.0933 0.0478 0.00641 
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Table-7.2:- Measured ~;'s from ratio of slopes of inividual variations of :x:'u and :x:''•i with 'UJ, 
estimated relaxation time ~; , reported ~; all are in pico second , estimated dipole 
moments (Jli) using ~i of eq. (1.1 0) , estimated JlS , reported Jl; and theoritical dipole 
moment Jlthoo using bond moments in Coulomb - metre of some para compounds in non
polar solvents at different experimental temperatures under 10 GHz electric field. 

System with Temp. Meaured <; -ri in Repor- Estima- Estimated Reported Corrected 
Sl.no. & mole in 'c in p-sec p-sec ted<; ted hf 1J,X1 030 in 1JX1030 in Jllheo 
cular weight using eq.( by in p- llix1 o" ·c.m. C.m. x1030 in 
(Mj) in Kg 7.10) eq.(5) sec inC.m. C.m. 

1. p-hydroxy 17 19.20 19.20 
propiophenone 23 21.21 21.21 25.40 14.28 14.65 10.20 14.27 
Mj = 0.150 Kg 

30 24.08 24.08 24.20 

37 14.37 14.37 23.10 10.25 10.16 

2. P-chloro 19 11.40 11.40 20.80 5.33 5.61 9.84 7.27 
propiophenone 25 19.26 19.26 19.20 
Mj = 0.1685 

31 25.60 25.60 18.20 Kg 
37 7.30 7.30 17.10 7.28 6.46 

3. P- 17 27.10 27.10 21.80 15.96 16.07 
acetamide 23 21.09 21.09 20.80 12.62 12.60 10.37 12.62 
benzaldehyde 
Mj = 0.163 Kg 30 23.86 23.86 19.00 20.57 20.40 

37 21.07 21.06 18.60 26.85 26.12 

4. P-benzyloxy 20 27.13 27.12 20.00 
benzaldehyde 25 15.77 15.77 19.40 10.22 10.34 10.63 10.22 
Mj = 0.212 Kg 

30 19.03 19.03 18.00 

35 12.92 12.92 16.90 6.12 6.05 

5. P-anisidine 20 8.19 9.21 3.89 9.29 9.38 5.20 8.56 
Mj = 0.123 Kg 30 6.28 10.86 3.67 12.43 12.78 10.33 

40 3.85 11.34 3.17 4.84 4.47 8.87 

6. P- 20 10.41 9.82 11.08 29.35 29.22 7.47 29.36 
phenitidine Mj 30 9.19 10.17 10.63 11.06 9.55 9.27 = 0.0.137 Kg 

40 8.10 9.91 9.95 20.32 20.26 10.47 

7. 0-chloro p- 20 10.52 10.52 10.57 2.41 2.33 8.13 2.41 
nitro aniline 30 7.95 20.47 9.89 1.87 1.97 10.93 
Mj = 0.1725 
Kg 40 7.64 30.59 9.18 1.38 1.17 13.10 

8. P-bromo 20 10.10 8.40 4.23 4.36 4.23 
nitrobenzene 30 8.93 8.93 
Mj = 0.202 kg 

40 8.15 8.16 
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Table-7.3 :The intercepts and slopes of !miT against Iff curves of Fig. 7.3, 

thermodynamic energy parameters like enthalpy of activation D.l{t in Kilo Joule mole·' 

, the entropy of activation D.St in Joule mole·' 1<'1 
, free energy of activation D.F,; in Kilo Joule 

mole·' for dielectric relaxation process,enthalpy of activation D.HT] in kilo Joule mole·' 

due to viscous flow , li as the ratio of D.H,; and D.HT] , kalman factor ('tjT/T]B), Debye 

factor ('tjT/T]) at different experimental temperatures in °C and the coefficients of 1-li - t 

equations 1-li = a +bt + cr of different para compounds in dioxane and benzene under 1 0 
GHz electric field frequency. 

;ystem with Te Intercept & slope of 8H1 i .1.81 in AF1 in y= AH11 in Kalman De bye Coefficients in the eqs J.lJ 
il.no. & mole mp lntjT Vs 1ff equation n KJ J KJ (6Htl KJ factor factor x1030 =a+ bt + ct' 
ular weight in mole· mole_, mole·1 

6Hq) mole-1 (tjTiq') (<JTinJ equation 
'Jlj) in Kg •c 1 K'' x106 

Intercept slope a b c 

. p-hydroxy 17 -19.29 11.50 1.40x1o·' 3.88 
ropiophenone 23 -21.33 708.00 5.91 -20.71 12.03 0.49 11.99 1.6Sx10'7 4.83 -0.02 1.15 -11.49 
lj=0.150Kg 

30 -22.42 12.70 2.06x10'7 6.40 
37 -18.74 11.72 1.30x1o·' 4.52 

. P-chloro 19 -1.59 10.33 1.48x10 .. 2.40 
ropiophenone 25 -23.20 1182.4 9.86 -6.81 11.89 0.92 10.68 2.81x1o·• 4.57 0.0875 -4.8 65.11 
lj = 0.1685 

31 -10.01 12.90 4.22x10_. 6.95 g 
37 -0.33 9.96 1.38x10"' 2.30 

. P- 17 -27.27 12.33 5.48x10'8 5.48 
cetamido 23 -20.56 530.45 4.42 -25.66 12.02 0.30 14.92 4.48x1o·' 4.80 0.0595 -2.06 35.89 
enzaldehyde 

30 -27.23 12.68 5.40x10"' 6.34 lj = 0.163 Kg 
37 -26.71 12.71 5.09x10-8 6.63 

. P-benzyloxy 20 53.72 12.49 1.50x10'3 5.81 
enzaldehyde 25 -30.30 3384.2 28.23 56.49 11.39 1.84 15.32 1.04x10'3 3.74 -0.041 2.42 30.10 
lj = 0.212 Kg 

30 53.21 12.10 1.53x10'3 5.06 
35 54.79 11.35 1.31x1o·' 3.94 

. P-anisidine 20 56.96 9.56 2.78x104 3.89 
lj = 0.123 Kg 30 -30.55 3147.2 26.25 55.93 9.30 4.07 6.45 3.24x104 3.39 -0.054 3.00 29.22 

40 56.98 8.42 2.73x104 2.30 

. P- 20 -10.58 10.15 2.44x10'5 4.94 
henitidine Mj 30 -22.49 844.99 7.05 -10.62 10.26 1 '11 6.37 2.08x10'5 4.96 0.1377 -8.71 148.55 
0.0.137 Kg 

40 -10.58 10.36 2.48x10'5 4.85 

. 0-chloro p- 20 -1.22 10.17 4.22x104 5.00 
itro aniline 30 -23.65 1177.0 9.82 -0.26 9.90 1.60 6.14 3.85x1o·' 4.29 0.0002 -0.06 3.575 lj = 0.1725 

40 -1.24 10.21 4.27x104 4.57 g 

. P-bromo 20 -15.07 10.07 1.95x10"' 4.79 
itrqbenzene 30 -21.96 678.44 5.66 -14.96 10.19 0.90 6.32 1.94x10"' 4.82 0.0211 -1.48 25.35 lj = 0.202 kg 

40 -15.07 10.38 1.95x10-6 4.88 
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Fig-7.1 :Variation of real part x';j of hf complex orientational suceptibility against weight 
fraction Uj of solute of some para compounds at selected temperatures in nonpolar 
solvents ( dioxane and benzene ) under I 0 GHz electric field frequency I. p
hydroxypopiophenone (-- • --) at 23° C, II.p-chloropropiophenone (-- D --) at J9°C, 
III.P-acetamidobenzaldehyde (-- /::, --) at 17° C, IV .p-benzyloxybenzaldehyde (--A
-)at 25°C, V. p-anisidine (-- o--) at 20°C, VI. p-phenitidine (-- • --)at 40°C, VII. o
chloro-p-nitroaniline (--+--)at 30°C, VIII. p-bromonitrobenzene (-- x --)at 20°C. 
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Fig. 7.2: Variation of imaginary part x"u of hf complex orientational susceptibility against 
weight fraction UJ of solute of some para compounds at selected temperatures in 
nonpolar solvents ( dioxane and benzene ) under I 0 GHz electric field frequency. I. p
hydroxypopiophenone (-- • --)at 23° C, II.p-chloropropiophenone (-- D --)at !9°C, III.P
acetamidobenzaldehyde (-- 6. --) at !7°C, IV .p-benzyloxybenzaldehyde (-- .A. --)at 
25°C, V. p-anisidine (-- o--) at 20°C, VI. p-phenitidine (-- • --) at 40°C, VII. o-chloro-p
nitroaniline (--+--)at 30°C, VIII. p-bromonitrobenzene (--X--) at 20°C. 
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8. STRUCTURAL ASPECTS AND PHYSICO-CHEMICAL PROPERTIES OF 

POLYSUBSTITUTED BENZENES IN BENZENE FROM RELAXATION PHENOMENA 

8. 1 INTRODUCTION 

Relaxation phenomena of polar liquid molecules in nonpolar solvents under oscillating 

electric field in the GHz range at different experimental temperatures are of special 

importance as they are useful tools to investigate their physico-chemical properties as well 

as structural and associational aspects.[1 ,2]. The method is based on evaluation of 

relaxation time 'tj ,dipole moment fli and thermodynamic energy parameters. There exists 

several methods [3,4] to get 'tj 's and f.L/S , but all these methods are not as simple as the 

present one in which a simultaneous determination of fli and 'tj is possible. Although several 

workers [5-7] studied the relaxation mechanism of polar liquid molecules, but no such 

investigation on polysubstituted benzenes in terms of high frequency (hf) dielectric 

susceptibilities x;/s has yet been made. The formulations derived so far may be used to 

study proteins , micelles, polymers and many other complex fluids [8] including liquid 

crystals as well. Even binary mixtures of polar liquids can give rise to slow relaxation 

[9].The formulations are concerned with the real x';i ( = &';i- &.,;i ) and imaginary x"u ( = &";J) 

parts of hf complex dimensionless dielectric orientational susceptibility x*u. 

The real ~>';i and imaginary &"iJ parts of high frequency permittivity ~>*u of 

polysubstituted benzenes like 1,3 di-isopropylbenzene, p-methylbenzoylchloride and o

chloroacetophenone in benzene at different weight fractions wjs of solutes in the 

temperature range of 30 to 45°C under 10 GHz electric field were measured by Paul et al 

[1 0]. The useful optical relative permittivities &.,;i "s to get concentration variation of x';i were 

generated from Debye-Pallet's equations [11]. 

Eoij- Eooij 

e' ij = Eroij + ------------ (8.1) 

and 

Eoij- EoXlij 

" E ij = ------------ <O't"j 

I + ol't·2 
J 

(8.2) 
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with the available -rj's previously determined by conductivity measurements [12]. Paul et al 

[1 0] used the Gopala Krishna's method [13] to measure -rj's from &ij's in which all the 

polarizations including the fast polarisation exist. If 1 is subtracted from low frequency &oiJ 

and real s'ii , the corresponding static susceptibilities Xoii and real x';i contain all the 

polarisations. When hf &.,;i is subtracted from s'ii or static &oiJ one obtains susceptibilities x';i 

or XoiJ respectively, involved with the orientational polarization alone to get accurate -rj's and. 

llj'S. 

Both the real s';i and imaginary s"ii parts of s*ii are related by [14] 

&'ij = &.,ij + (11 Ol'tj) &";j (8.3) 

which in terms of established symbols of x'ii and x"ii becomes 

(8.4) 

eq. (8.4) exhibit linear relationship between x";i and x';i as seen in Fig. 8.1. The slope ro'ti 

is used to get -ri of a polar solute [15] . For most of the associative liquids studied 

elsewhere [16] ,however, the variation of x";i against x'u is not strictly linear as seen in Figs 

8.2 and 8.3. Hence the slope of eq.( 8.4) can be written as: 

(dx"ii 1 dUJ) UJ->o 
------------------------ = Ol'tj (8.5) 

c ctx' iJ 1 d UJ) UJ .... o 

containing -rj's of the present polar solutes. The -rj's estimated using eq.( 8.5) and (8.4) from 

both the methods are presented in Table 8.1. The excellent agreement between -rj's 

indicates that the polar-polar interactions are almost eliminated in the limit of U1 = 0 to give 

reliable -ri by the latter method [17]. The correlation coefficients r's and relative errors of 

both the plots in Figs 8.2 and 8.3 were obtained by regression analysis. They are within the 

range of 0.93 to 0.99 and 0.0008 to 0.0001 respectively, hereby indicating how far both 

x";j's and x';j's are correlated with UJ'S. It is evident from Table 8.1 that -rj's decrease with 

temperature. At constant temperature -r1 depends on the energy difference between the 

activated and normal states. At higher temperatures thermal agitation causes an increase in 

energy loss due to larger number of collisions and thereby decreases the values of -rj's. For 

m-diisopropylbenzenes the -rj's are greater in comparison to p-methylbenzoylchloride and o

chloroacetophenone probably due to bigger size of the molecules containing higher number 

of carbon atoms. For systems II and Ill -rj's do not vary much with temperature because of 

the presence. of the same number of C-atoms in both the molecules. p-methylbenzoyl 
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chloride shows reverse variation of 'tJ with temperature. Inductive effect of CH3 group put the 

C=O group of COCI to exist as dipolar structure (>C•-o-), therefore increase in temperature 

has no significant effect on 'tJ of this system. 

Dielectric relaxation is a process of rotation of polar molecule under hf 

electric field and it requires an activation energy .6.F-r to overcome the potential energy 

barrier between two equilibrium positions. .6.F-r is related to estimated 'tJ by [18]. 

'tj = (AfT) e t.F<I RT 

where .6.F-r = Mh - T .6.S-r 

From eqs. ( 8.6) and (8. 7) it follows that 

In 'tjT =InA' + (.6.H-r /R) 1/T 

where A' = Ae -as,tR 

(8.6) 

(8.7) 

(8.8) 

eq. (8.8) is a straight line when ln('tj T) is plotted against 1/T as seen in Fig.8.4, the slope 

and intercept are used to get enthalpy of activation .6.H-r, entropy of activation .6.8-r and free 

energy of activation .6.F-r due to dielectric relaxation as presented in Table 8.1. The 

enthalpy of activation .6.H11 due to viscous flow of the solvent is ascertained from the slope o 
(= .6.H-r I .6.H11) of the linear equation of In -riT against In 1"];, where "lli is the coefficient of 

viscosity of the solvent used. 

It is evident from Table 8.1 and Fig.8.4 that for system II the linear eq. (8.8) 

has negative slope to give negative .6.H-r because for that system -r/s increases with 

temperature. The systems I and Ill shows ·positive .6.8-r's which suggest that the 

configuration involved in dipolar rotation has an activated state which is less ordered than 

the normal state [19]. Unlike p-methylbenzoylchloride both systems I and Ill show o > 0.50 ( 

as seen in Table 8.1) indicating solvent environment around solute molecules to behave as 

solid phase rotators[19,20] . .6.H1"]; in Table 8.1 involved with translational and rotational 

motions of the molecule is of lower value than those of .6.H-r's in which only the rotational 

motion occurs. The Debye factors -riT /1"]; unlike Kalman factors -ciT /1"];r at all temperatures 

are of constant orders for each system. This at once reflects the validity of Debye model 

[20] of dielectric relaxation for such compounds in benzenes under 10 GHz electric field. 
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8. 2 THEORETICAL FORMULATION 

In order to obtain hf dipole moment lli· the Debye-Smyths relation [21 ,22] in terms of hf 

xi( is used, where 

Np;ifl/ 
27soMjksT 

where Mi = molecular weight of the solute in kg. 

s;i = relative permittivity of solution (ij) 

Pii = density of solution (ij) 

ks = Boltzmann constant 

eq. (8.9) on differentiation with respect to Wj and at Wj ~ o 

d " N 2 X ii Pifli 
( d "'1 ) ":i ~ o = .:.2"'7s"'

0

2
M"'jk:--

6
-:=T:--

(8.9) 

(8.10) 

in the limit "'1 = 0, because Pii ~ p; , s;i ~ s; are the density , relative permittivity of solvent 

benzene 

From eqs.( 8.5) and (8.1 0) one obtains 

27s0Mjks Tl3 112 
fli= [ Np;(s;+2)2 b ] 

(8.11) 

where b = 1/ ( 1 + o}r:/) is a dimensionless parameter associated with estimated r:i of eq.( 

8.5), 13 is the linear coefficient of x';i- wi curves of Fig. 8.3· 

8. 3 EXPERIMENTAL 

The microwave radiations of frequency 10 GHz , generated by a Gunn oscillator fed by 10 

volt de power supply were passed through the isolator, tuner, frequencymeter, attenuator 

and a slotted line fitted with a probe connected with a crystal detector and a VSWR meter. 

The other end of the slotted line was connec~ed to a 6.4 em. long silvered waveguide cell 

which was connected to a thermostat by a 90° bend to carry out the experimental values of 

s';i and s";i at different temperatures [1 0]. 



!50 

The viscosity l]; and density p; of benzene at various experimental temperatures 

were measured using an Ubbelohde viscometer and a pycnometer respectively.The 

analytical grade polysubstituted benzenes like 1 ,3-diisopropylbenzene, p-methylbenzoyl 

chloride and o-chloroacetophenone as well as the solvent benzene were supplied by 

Central Drug Research Institute, Lucknow. They were further purified by repeated fractional 

distillations and the physical constants like density, viscosity and relative permittivity e; of 

solvent CaHa were checked in agreement with the literature values [1 O].The polar liquids 

were kept over molecular sieve of mesh 4A for 48 hours with occasional shaking. They 

were then distilled through a long vertical fractionating column and the middle fractions 

were used for the present study. Benzene (BDH Analar) was purified by refluxing over 

sodium metal for 6 hours and then distilled through a long vertical fractionating column. 

The middle fraction of the solvent was used to make solutions of different WJ'S of the 

respective solutes at different experimental temperatures [23] 

8. 4 RESULTS AND DISCUSSION 

The J.l/S thus measured at all temperatures are entered in Table 8.1. Almost all the x'u- "UJ 

curves have a tendency to come closer within the range 0.00 < "UJ < 0.03 probably due to 

almost same polarity of the molecules [22] arising out of solute - solvent or solute -solute 

molecular association which may be supposed to be physico-chemical properties [14] of the 

systems. This can be inferred from the nonlinear variation of J.li- t curves of Fig. 8.5. Unlike 

the system I & II, o-chloroacetophenone(system Ill) shows minimum J.l/S at lower and higher 

temperatures. In the vicinity of -COCH3 and Cl, the electronic factor may operate between 

the carbonyl oxygen and Cl atom at ortho position may be the reason for its anamolous 

behaviour towards J.li value as seen in Fig 8.6.The minimun J.li'S indicate the attainment of 

slight symmetry in the molecules at those temperatures [20]. The monotonic increase of J.li 

with temperature for p-methylbenzoylchloride occurs for its increasing molecular asymmetry 

at higher temperatures. The above nature of J.li - t curves arises due to alignment of 

different types of bondings among the solute and solvent molecules which are either 

formed or broken to some extent [24,25]. Thus the measured J.li's reflects the stability or 

unstability of the molecules. This is confirmed by different thermodynamic energy 

parameters in order to make a strong comment on their physico-chemical properties. 
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Theoretical dipole moment's J.ltheo's, as seen in Fig. 8.6. are,however, 

considered by vector addition of bond moments of substituted polar groups of molecules 

from the available infrared spectroscopic data of bond moments assuming the molecules to 

be planar ones. They are placed in Table 8.1 to compare them with the measured hf lli's. 

The molecules under study have polar groups and there is large probability of 

intramolecular group rotations and, therefore, these molecules may not be represented by 

simple Debye type dielectric dispersions. On the otherhand, Higasi's equation. [7] for single 

frequency in dilute solutions or Higasi's frequency variation method could ,however, be 

used to evaluate those group rotations for such molecules. But the molecules are very 

simple and the purpose of the paper is to see the applicability of Debye type dispersions in 

them in evaluating "tJ and J.li which are claimed to be accurate with 10% and 5% 

respectively. The molecules of polysubstituted benzenes referred to Tables and figures are 

planar and have the property of cyclic delocalization of n electrons on each C-atom. The 

solvent benzene is a cyclic and planar compound with three double bonds and six p

electrons on six carbon atoms of the benzene ring. Hence n- n interaction or resonance 

effect combined with an inductive effect commonly known as mesomeric effect in excited 

state called the electromeric effect is expected to play the prominent role in hf J.t/S. The 

slight disagreement between hf lli's and J.ltheo's of Fig 8.6 is explained on the basis of the 

fact that the flexible polar groups of the molecules are greatly influenced by hf electric field 

to yield the inductive, mesomeric and electromeric effects in them to give higher J.li values, 

especially for m-diisopropylbenzene. All these effects ,are, however, incorporated in their 

structures by multiplying the bond moments by a factor J.li I J.ltheo to make J.ltheo's closer to 

J.t/S as sketched in Fig.8.6. The electromeric effect caused by >C = 0 in the 2nd and 3rd 

molecules may be the reason to make J.t/S more closer to J.ltheo's [26]. 

8. 5 CONCLUSION 

The theoretical formulations in terms of internationally accepted and established symbols 

of dielectric terminologies and parameters in S.l. units are more topical , significant and 

simpler one to have deep insight into the physico-chemical, structural and associational 

aspects of polysubstituted benzenes in CsHs at different temperatures under 10 GHz 

electric field. The conformational structures so far sketched in Fig. 8.6 are also significant 

because they enhance the scientific content of the existing knowledge of dielectric 
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relaxation processes The curves satisfied by experimental points in all the figures reflect 

the validity of the theoretical formulations based on Debye model to estimate several 

physical parameters such as ~/s, f!/S and L'l.H,, L'l.F,, L'l.S, etc which are more of archival 

values to study the temperature variation of physico-chemical properties of dipolar 

molecules. The uncertainity in the evaluated ~/ and f!i values are of 10% and 5% errors 

which are ·claimed to be accurate. 
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Table-8.1. Estimated relaxation times •i's , enthalpy t.H1:, entropy t.S1: and free 

energy t.F1: due to relaxation, dimensionless parameter y ( = ~H1: I ~H'lli ) from slope of In 

•iT vs. ln11i equation. enthalpy of activation ~H'lli due to viscous flow of the solvent, 

estimated hf dipole moment l..lj and theoretical dipole moment 1-ltheo in coulomb metre(C.m.) 

of some polysubstituted benzenes in solvent C6H6 at different experimental temperatures in 

°C under 10 GHz electric field frequency. 

System with Temp -ri in -ri in ~H. t.s, in J t.F, in Value ~H'll i = Estimat 
f..ltheoX 

sl. no.& in °C mole-1 of 8 ed 1030 in KJ KJ (~H't/y) 
mol. wt.in 

psec psec 
mole-1 K-1 mole-1 dipole 

C.m. (eq. from in KJ moment 
Kg. 8.4) eq. mole-1 

ll,X1 0
30 from 

bond 
(8.5) C.m. angle 

with ' J s& 
from reduc 
eq. ed 
(8.5) bond 

mom 
ents 

I. m -di- 30 8.80 8.80 
isopropyl- 109.01 10.12 12.70 

benzene 35 7.33 7.33 108.09 9.86 13.87 
(Mj = 0.162) 40 5.46 5.46 43.15 108.16 9.30 6.96 6.20 13.99 3.77 

45 3.74 3.76 109.01 8.49 14.76 

II. p-methyl-
30 2.72 2.72 

benzoyl -59.09 7.16 9.63 
chloride 

35 3.30 3.30 (Mj = 0.156) -60.26 7.82 9.82 

40 3.23 3.23 
-10.74 -59.66 7.93 -1 .61 6.67 9.95 8.80 

45 3.24 3.24 -59.28 8.11 10.10 

lll .o-chloro-
30 4.20 4.20 

acetopheno 255.12 8.26 6.83 

ne (Mj = 35 3.04 3.04 
0.156) 253.09 7.61 7.72 

40 1.26 1.26 85.56 255.84 5.48 13.56 6.31 7.05 7.40 

45 0.90 0.90 254.21 4.72 6.48 
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polysubstituted benzens in C6H6 under 10 GHz electric field .at various experimental 
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I. m-di-isopropylbenzene (- t..-) using ~i of eq. ( 2 ). II. p-methylbenzoylchloride 

(- x -) using ~i of eq.( 2 ). Ill. o-chloroacetophenone: (- o -) using~; of eq.( 2) 
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BINARY POLAR LIQUIDS IN NONPOLAR SOLVENT UNDER A GIGAHERTZ 
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9. STRUCTURAL ASPECTS AND PHYSICO CHEMICAL PROPERTIES OF BINARY 

POLAR LIQUIDS IN NONPOLAR SOLVENT UNDER A GIGAHERTZ ELECTRIC FIELD 

9. 1 INTRODUCTION 

The dielectric relaxation phenomena of two polar liquid mixtures in a nonpolar solvent is 

gaining much attention from a large number of workers [1 ,2] for its inherent ability to predict 

the associational and structural aspects of the dipolar molecules in a suitable solvent. The 

method is directed to the estimation of dielectric relaxation parameters in terms of real x';Jk 

and imaginary x"1ik parts of high frequency complex dimensionless dielectric orientational 

susceptibility x'iik along with the static dielectric susceptibility XoiJk which is real. All these 

parameters are involved only with the orientational polarisations. According to Murphy and 

Morgan [3], the hf complex conductivity cr';ik of binary jk polar mixture in a nonpolar solvent 

(i) can be written as cr';ik = cr';ik + jcr";ik (9.1) 

where cr'uk ( = roE0E";Jk) and cr";Jk ( = roEoE';Jk) are the real and imaginary parts of hf complex 

conductivity of a binary solution cr";Jk . c'uk and E"iik are the real and imaginary parts of hf 

complex relative permittivity E*iJk which contain all the polarisations including the fast 

polarisation, Eo is the permittivity of free space = 8.854 X 1 0"12 Farad metre-1 and j = ~ is 

a complex number. 

Both cr';ik and cr";Jk are linearly related by [4] 

cr";jk = O"ooijk + (1/ro"tjk) cr'ijk (9.2) 

which is a straight line between the variables cr";Jk and cr';ik .The slope (1/ro-rik) has already 

been used to get "tJk by conductivity measurement as measured elsewhere [5]. Both the 

static and infinitely hf permittivities Eoijk and eooiJk are obtained from the following Debye

Pellat equations [6] and known ro = (27tf), where f being the frequency of the applied electric 

field, Eoijk- Eooijk 
E'ijk = Eaijk + --------------- (9.3) 

1 + ro2
"t

2jk 

Eoijk - Eooijk 

--------------- Ol"tjk 

1 2 2 
+OO"tjk 

(9.4) 

In order to get the data x'uk ( = E'iik - EooiJk ) and x"iik (=c"iik ) which are ,however, presented 

in Table 9.1 and displayed graphically in Figs. 9.1 and 9.2 respectively. 

The real and imaginary parts hf complex relative permittivity E*;Jk are related by 



1 
c'ijk = Emjk + -------- E

11
ijk 

CO'tjk 

Replacing e';ik- eaiik by :x:'iik and e";ik by :x:"iik the eq.( 9.5) becomes 

" - ( ) ' :X: ijk - CO'tjk :X: ijk 
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(9.5) 

(9.6) 

which is a straight line between :x:";ik and :x:';ik . The slope CO'tjk is now used to measure 'tjk 

of a polar- polar dimer in which the only orientational polarisation exists. 

But for associative liquids like dimethyl formamide ( DMF ), dimethyl 

sulphoxide ( DMSO ) under investigation the variation of :x:"iik with :x:'iik is not strictly linear as 

claimed elsewhere [7]. The ratio of slopes of individual variations of :x:";ik and :x:';ik against UJk, 

of Figs. 9.2 and 9.1 the weight fraction of jk polar mixture are found to be a better 

representation [8] of the slope of eq. (9.6). Thus we have 

( d:x:";ik I dUJk) UJk->0 
= CO'tjk (9.7) 

(d:X:'iik I dUJk) UJk->0 

'tjk's so estimated are presented in Table 9.2 to compare them with those of Gopala 

Krishna's method [9].Fig. 9.3 shows the variation of relaxation time 'tjk of jk polar unit with 

mole% of DMSO (k) . It is evident from the plot that 'tjk attains a maximum value showing 

maximum dimerisation of j and k polar mixtures around 40 mole % of DMSO in benzene (i). 

The formation of dimer between DMF U) and DMSO (k) polar unit is supposed to be a 

physico-chemical aspect of the polar solutes in benzene. The gradual fall of 'tjk between 40 

to 100 mole% of DMSO in C6H6 is probably due to rupture of dimerisation i.e, change over 

to self association. When UJk~O we get what is known as -ri of DMF. Similarly, when 

Ujk--7100 mole%, the plot in Fig. 9.3 reports 'tk of DMSO 

The phenomenon of dielectric relaxation is a rotation of the dipolar molecules in 

response to the hf electric field and it requires an activation energy (ilF-r)jk to overcome the 

potential energy barrier between the polarised and the free states. The free energy of 

activation (ilF-r) ik is related to 'tjk by the rate process equation of Eyring et al [1 0] as 

A 
'tjk = ----- exp [(ilF-r) ik I RT ] 

T 

(ilH-r) ik I 
or, In (-rik T) = In A' + 

R T 

since [(ilF-r) ik = (ilH-r) ik - T(ilS-r) ik and A' = Ae[HaS<J ik 1 Rl] 

(9.8) 

(9.9) 



163 

The eq. (9.9) is a straight line of ln('<jkT) against 1rr as shown graphically in Fig. 9.4 with 

the symbols showing the experimental points on them .. The intercepts and slopes of eq. 

(9.9) are estimated by fit method and are presented in Table 9.3. They are used to get the 

enthalpy {LlH-r)ik, the entropy (.1.8-r)jk and free energy {LlF-r)ik of activation due to dielectric 

relaxation. The enthalpy of activation LlHru due to viscous flow of the solvent was estimated 

from slope (y) of the linear equation of In ('<jk T) against lnrli, where lli is the coefficient of 

viscosity of the solvent used. The dimensionless parameter 8 and LlHll; thus obtained are 

seen in Table 9.3. The Kalman and Debye factors estimated with known '<ik are entered in 

Table 9.3 to show the applicability of Debye model of dielectric relaxation for such binary 

polar mixtures. 

The flik"s of binary polar units are estimated in terms of linear coefficient 

j3's of x'iik vs Wjk curves of Fig. 9.1 and dimensionless parameters 'b' where b=1/(1+ro2'<jk2
), 

from Table 9.2. They are presented in Table 9.2 to compare them with the f.Ltheo estimated in 

terms of vector addition of bond moments of the substituted polar groups to support their 

molecular conformations. The disagreement between flik's and f.Ltheo's suggests the very 

existence of inductive, mesomeric and electromeric effects suffered by the substituted polar 

groups attached to the parent molecules under hf electric field in addition to strong 

hydrogen bonding between DMF and DMSO molecule. The compounds DMF, DMSO are 

basically amides. They act as building blocks of proteins and enzymes. The barrier to 

internal rotation around C-N bonds in such compounds falls in the region of magnetic 

resonance frequency. DMSO, on the other hand , has high penetrating power with its wide 

application in the field of medicine and industry. Moreover, DMSO is a good constituent of a 

binary mixture of required characteristic. 

9. 2 EXPERIMENTAL 

Sharma et al [11] estimated the real E'iik and imaginary E"iik parts of hf complex dielectric 

relative permittivity E*iik of two polar mixtures in a nonpolar solvent at different mole 

percentage of the k th polar solute (DMSO) in solvent CsHs in the temperature range of 

25°C- 40°C under 9.174 GHz electric field frequency. An X-band microwave bench was 

used to measure the wavelength in the dieletric and the voltage standing-wave ratio 

0fSWR) using a short circuiting plunger. The experimental techniques of Arrawatia et al 

[12] for microwave measurements were used. A range of DMF concentrations was 
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prepared in C6H6 and all the measurements were made at 25,30,35 and 40°C by circulating 

thermostatted water around the dielectric cell. The temperature control of the thermostat 

(MLW Baureihe U7° ) was ± 0.05°C . The precision and equipment was tested by 

measuring the dipole moments of purified acetone, methanol and pyridine. The dipole 

moments measured were found to be within ± 2%, in agreement with the literature values 

(Pimental and Meclellan 1960, Smyth 1955). The viscosity and density of benzene at 

various experimental temperatures were measured using an Ubbelohde viscometer and a 

pycnometer respectively.The analytical grade DMF, DMSO and C6H6 were supplied by 

Central drug Research Institute, Lucknow. They were further purified by repeated fractional 

distillations and the physical constants like density p;, viscosity lli and relative permittivity s; 

of solvent CaHs were checked in agreement with the literature values [13]. The DMF and 

DMSO were kept over molecular sieve of mesh 4A for 48 hours with occasional shaking. 

They were then distilled through a long vertical fractionating column and the middle 

fractions were used for the present study. Benzene (BDH Analar) was purified by refluxing 

over sodium mete! for 6 - 8 hours and then distilled through a long vertical fractionating 

column. The middle fraction of the solvent was used. 

9. 3 THEORETICAL FORMULATIONS TO ESTIMATE hf DIPOLE MOMENT ( J.!ik): 

The imaginary part ;(ilk of hf complex dielectric orientational susceptibility x.*iik is [14, 15] 

'X
11

ijk = NPiikJlJk
2 

27s0 MjkksT 

Ol"tjk 2 
( 2 2 ) ( Sijk + 2) Ujk 

1 +ro "tJk 

which on differentiation with respect to "UJk and at "UJk ~ 0 yields that 

dx."ijk 
( duyk ) ujk_. 0 

= ( 
OO"tjk 

1 +ro2"tik 2 
) 

From eqs (9. 7) and (9.11) one obtains 

1/2 
[ 

where 

MJk = Molecular weight of j & k polar mixture in Kilogram me 

so = Permittivity of free space = 8.854 x 10 "12 Farad metre_, 

ks = Boltzmann constant = 1.38 x 10 -23 Joule mole -1 K -1 

T =Temperature in absolute scale 

(9.10) 

(9.11) 

(9.12) 



13 = Linear coefficients of x'iik- 'WJk curves of Fig. 9.1 at wik ~o 

N = Avogadro's number= 6.023 x 10 23 

p; = Density of solvent CsHs in kg/m3 

e; = Dielectric relative permittivity of solvent CsHs 

b =1/(1+ro2-r1k
2),a dimensionless parameter involved with the estimated "tik· 

9. 4 RESULTS AND DISCUSSION 
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The relaxation time "tJk of j and k polar dimer in CsHs at different experimental temperatures 

in °C under 9.17 4 GHz electric field frequency are worked out from ratio of slopes of 

individual variation of both x'iJk and x"iJk with 'WJk of polar-polar mixture and are placed in 

Table 9.2 to compare them with those of Gopala Krishna [9] measured by permittivity 

measurement of sharma et al [11] The excellent agreement between both the "tJk's at once 

reflects the basic soundness of the present method [16] suggested to get "tJk· The real x'iik 

and imaginary x"1ik parts of hf complex dielectric orientational susceptibility x*iik are derived 

from estimated relative permittivities e';ik , e"iik· eooijk . They are collected in Table 9.1. 

Correlation coefficients r's and % of errors of both x'iik - 'WJk and x"iik- 'WJk curves are given 

in Table 9.2 only to show how far both x'iJk and x"iJk are correlated with wik's. It is seen in 

Table 9.2 that "tJk's decrease with temperature. It can be explained on the basis of the fact 

that at constant tempereature, the relaxation time depends upon the energy difference 

between the activated and normal states . At higher temperature thermal agitation causes 

an increase in energy loss [15] only due to collision effect to decrease the "tJk· The Fig. 9.3 

shows the variation of "tJk with mole% of the k th polar solute, DMSO. "tJk increases upto 40 

mole% DMSO yielding both 'i and "tk of the respective solutes at Ujk-->0 and Ujk-->100 mole% 

respectively probably due to polar-polar dimer association and then due to rupture of 

dimerisation [17] gradually decreases and attains a minimum value at 100 mole% DMSO. 

Formation of j & k polar-polar dimer and rupture of dimerisation i.e.self association is 

supposed to be a physico-chemical behaviour [16] of the solutes in a solvent. 

Temperature variation of "tJk of jk polar dimer enables one to 

estimate the thermodynamic energy parameters (llHt)Jk. (llS-r)Jk and (llF-r)Jk from the 

intercept and slope of fitted linear plots of ln("tjkT) against 1/T of Fig. 9.4, due to rate process 

equation of Eyring et al [1 0]. The intercepts and slopes, calculated by regression analysis 

on the measured "tJk at different experimental temperatures in Kelvin are presented in Table 

9.3. It is seen that system VI shows negative llH-r probably for unreliable 'ik at 35°C which 
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may be due to experimental error involved in the permittivity measurement. Unlike system I 

& II all the systems show negative L\S~'s, which suggests that configuration involved in the 

dipolar rotation has an activated state which is more ordered than the normal state [18]. 

This fact is further supported by gradual decrease of ~ik with concentration of DMSO beyond 

40 mole% as seen in Fig. 9.3. L\F~'s for each system are constant in magnitude at all 

temperatures, as the activation is accomplished by the rupture of bond of dipolar groups in 

the same degree of freedom [19]. All the systems except VI showy> 0.50, seen in Table 9.3 

which indicate solvent environment around jk polar dimer to behave as solid phase rotator 

[8, 15] L\Hl], the enthalpy of activation due to viscous flow of the solvent is involved with 

translational and rotational motions of molecule possess lower values than that of L\H~ due 

to high value of i5 except for system VI. Kalman factor ~ikT IT) a, and Debye factor ~JkT IT) 

which are proportional to volume of rotating unit are carefully estimated and are entered in 

the 10th and 11th column of Table 9.3 respectively only to show the applicability of Debye 

model of dielectric relaxation for such binary polar mixtures in e6H6 under GHz electric field. 

Dipole moments Jlik estimated from eq.( 9.12) are placed in Table 9.2 to 

compare them with J.lthea's as seen in same Table 9.2. The slope 13 of :x:'iik- "ll'lk curves in Fig. 

9.1 is used to get the measured dipole moments f!Jk . Jlik's for system VI can not be 

estimated as it gives negative 13 owing to the abnormal behaviour of available permittivity 

data. It is seen in Fig. 9.3 that in analogy with ~ik, J.lik increases gradually with concentration 

of the kth solute DMSO and attains a maximum value around 40 mole% of DMSO in e6H6 

showing maximum dimerisation at that concentration and then gradually decreases to attain 

a minimum value at 80 mole% of DMSO. This gradual fall-of ~ik is probably due to rupture 

of the polar-polar dimerisation and to assume the state of monomer. 

The dimerisation or the self association being a physico 

chemical property [15] of the solute can also be inferred from J.lik with t0e fitted polynomial 

plots of Fig. 9.5. It is evident from the plot that unlike systems II & IV all the curves are 

convex in nature showing minimum J.lik at lower and higher temperatures, probably due to 

weak symmetry [19] attained at those temperatures, while system II & IV shows maximum 

Jlik's at lower and higher temperatures probably due to solute-solute dimer association to 

have a bigger molecular shape. The nature of variation of J.lik with temperature t0e curves 

are explained on the basis of symmetric shape and dimerisation of solute molecules. This 

reflects the internal stability and unstability of the systems which are also confirmed by 

positive and negative L\S~'s [19,20]. Dimerisation between two polar units of DMF & DMSO 

can also be explained by the hydrogen bonding between the fractional negative charge cs· of 
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oxygen atom which. is highly electronegative of DMSO molecule and the fractional positive 

charge o• of hydrogen atom of DMF molecule. This is also supported by their conformations 

as sketched in Fig. 9.6. 

Theoretical dipole moment lllheo estimated from vector 

addition of bond moments of the substituted polar groups attached to the parent ones, 

assuming the molecules to be planar ones provides a deep insight into the geometry of the 

molecules concerned. The solute-solvent molecular interaction is a physico-chemical 

behaviour which arises due to interactions of fractional positive charges of 'N' and 'S' atoms 

of the molecules as o• with the n delocalised electron cloud of C6H6 ring. The interactions 

are sketched in Fig. 9.6 (i) & 9.6 (ii). Fig. 9.6 (iii), however, shows a certain angle ~ (=1 06°) 

between monomeric lli of DMF and Ilk of DMSO to have lltheo = 15.90 X 10.3° Coulomb

metre in close agreement with measured value of J.lik in Table 9.2.The slight deviations of 

flik's from lllheo's occur due to inductive, electromeric and mesomeric moments of 

substituted polar groups attached to such molecules. This can be rectified by the multiplying 

by lllhoe lllexp a factor which may account of all these effects mentioned above. 

9. 5 CONCLUSION 

The structural and associational aspects of DMF and DMSO dimer have been studied in 

terms of measured parameters with derived theoretical formulations. The interesting 

equations in terms of Xiik's helps one to explore new physical insight about the systems as 

Xiik's are directly linked only with the molecular orientational polarization. Relaxation times 

't)k obtained from eq.( 9.7) and its excellent agreement with those of Gopala Krishna's 

method used by Sharma et al [11] at once reflects the validity of our theoretical formulations 

so far achieved. Now linear variations of ~ik and dipole moment llik with mole% of k-th solute 

(DMSO) reflects strong dimer association between two polar units which is supposed to be 

a physico-chemical property of the systems. Strong association between the polar units 

arises due to strong H-bonding (Fig. 9.6 iii ) which are also supported by positive and 

negative ~s~·s giving additional information about unstability and stability of the systems. 

Higher llik's in comparison to lltheo arises due to solute-solute (dimer) association between 

DMF & DMSO molecules in addition to inductive, mesomeric and electromeric effects 

suffered by polar groups attached to the parent polar molecules. All these effects give 

another information about physico-chemical property of the molecules. Correlation 

coefficients (r's) and % of errors estimated between different parameters of several curves 



168 

establishe the statistical validity of our theoretical formulations based on Debye model to 

estimate several physical parameters which are more of ·archival values to study the 

temperature variation of physico-chemical properties and structural and associational 

aspects of the aprotic polar liquid of dipolar molecules. 
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Table 9.1 :Temperature variation of the real and imaginary parts of dielectric relative 
permittivity e*iJk. infinitely high frequency relative permittivity &ooiJk· real and imaginary 

parts of dielectric susceptibilities x'iJk and x"iJk of hf complex susceptibility x* iJk of binary 
polar liquids in non polar solvent CsHs at different experimental temperatures under 
9.174 GHz electric field. 

Systems with Temp Weight Dielectric permittivities Dielectric 
Sl. No. in °C fraction susceptibilities 

U\k e•ijk E
11

ijk Eooijk x'ijk X.
11

ijk 

1. DMF + 25 0.0036 2.3700 0.0510 2.2532 0.1168 0.0510 
Omole% DMSO 0.0057 2.4000 0.0640 2.2534 0.1466 0.0640 

0.0080 2.4500 0.0820 2.2621 0.1879 0.0820 
0.0101 2.4700 0.0960 2.2501 0.2199 0.0960 

30 0.0036 2.3600 0.0430 2.2599 0.1001 0.0430 
0.0057 2.3700 0.0610 2.2280 0.1420 0.0610 
0.0080 2.4400 0.0760 2.2631 0.1769 0.0760 
0.0101 2.4500 0.0870 2.2475 0.2025 0.0870 

35 0.0036 2.3400 0.0400 2.2280 0.1120 0.0400 
0.0057 2.3700 0.0550 2.2160 0.1540 0.0550 
0.0080 2.4300 0.0700 2.2340 0.1960 0.0700 
0.0101 2.4400 0.0780 2.2217 0.2183 0.0780 

40 0.0036 2.3300 0.0370 2.2246 0.1054 0.0370 
0.0057 2.3700 0.0500 2.2275 0.1425 0.0500 
0.0080 2.4200 0.0650 2.2348 0.1852 0.0650 
0.0101 2.4300 0.0730 2.2220 0.2080 0.0730 

2. DMF+ 25 0.0033 2.3600 0.0620 2.2899 0.0701 0.0620 
17 mole% 0.0048 2.4000 0.1040 2.2824 0.1176 0.1040 DMSO 

0.0067 2.4300 0.1330 2.2795 0.1505 0.1330 
0.0105 2.4600 0.1520 2.2948 0.1652 0.1520 

30 0.0033 2.3500 0.0590 2.2714 0.0786 0.0590 
0.0048 2.3800 0.0940 2.2547 0.1253 0.0940 
0.0067 2.4200 0.1180 2.2627 0.1573 0.1180 
0.0105 2.4500 0.1380 2.2660 0.1840 0.1380 

35 0.0033 2.3400 0.0490 2.2702 0.0698 0.0490 
0.0048 2.3700 0.0810 2.2545 0.1155 0.0810 
0.0067 2.4200 0.1070 2.2675 0.1525 0.1070 
0.0105 2.4500 0.1300 2.2647 0.1853 0.1300 

40 0.0033 2.3100 0.0470 2.2334 0.0766 0.0470 
0.0048 2.3500 0.0710 2.2343 0.1157 0.0710 
0.0067 2.4100 0.1040 2.2406 0.1694 0.1040 
0.0105 2.4400 0.1270 2.2331 0.2069 0.1270 
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Systems with Temp Weight Dielectric permittivities 
Dielectric 

Sl. No. in °C fraction susceptibilities 

U\k E
1
ijk e"ijk Eooijk x.'ijk x"ijk 

3. DMF + 25 0.0036 2.3700 0.0500 2.3146 0.0554 0.0500 
50 mole% 0.0042 2.3800 0.0630 2.3102 0.0698 0.0630 
DMSO 

0.0072 2.4500 0.1320 2.3038 0.1462 0.1320 
0.0100 2.4800 0.1490 2.3150 0.1650 0.1490 

30 0.0036 2.3500 0.0450 2.2957 0.0543 0.0450 
0.0042 2.3600 0.0570 2.2912 0.0688 0.0570 
0.0072 2.4400 0.1240 2.2903 0.1497 0.1240 
0.0100 2.4600 0.1370 2.2946 0.1654 0.1370 

35 0.0036 2.3300 0.0420 2.2734 0.0566 0.0420 
0.0042 2.3500 0.0560 2.2745 0.0755 0.0560 
0.0072 2.4200 0.1110 2.2704 0.1496 0.1110 
0.0100 2.4500 0.1300 2.2748 0.1752 0.1300 

40 0.0036 2.3100 0.0390 2.2550" 0.0550 0.0390 
0.0042 2.3400 0.0510 2.2680 0.0720 0.0510 
0.0072 2.4000 0.1030 2.2546 0.1454 0.1030 
0.0100 2.4400 0.1260 2.2622 0.1778 0.1260 

4. DMF+ 25 0.0038 2.3600 0.0700 2.2454 0.1146 0.0700 
60mole% 0.0051 2.3800 0.0810 2.2474 0.1326 0.0810 
DMSO 

0.0072 2.4200 0.1170 2.2285 0.1915 0.1170 
0.0110 2.5000 0.1540 2.2479 0.2521 0.1540 

30 0.0038 2.3500 0.0600 2.2529 0.0971 0.0600 
0.0051 2.3700 0.0720 2.2535 0.1165 0.0720 
0.0072 2.4000 0.1030 2.2334 0.1666 0.1030 
0.0110 2.4800 0.1390 2.2551 0.2249 0.1390 

35 0.0038 2.3100 0.0460 2.2304 0.0796 0.0460 
0.0051 2.3600 0.0670 2.2441 0.1159 0.0670 
0.0072 2.3900 0.0980 2.2205 0.1695 0.0980 
0.0110 2.4600 0.1290 2.2368 0.2232 0.1290 

40 0.0038 2.3000 0.0350 2.2344 0.0656 0.0350 
0.0051 2.3500 0.0660 2.2264 0.1236 0.0660 
0.0072 2.3800 0.0920 2.2076 0.1724 0.0920 
0.0110 2.4400 0.1100 2.2339 0.2061 0.1100 
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Systems with Temp Weight 
Dielectric permittivities 

Dielectric 
Sl. No. in °C fraction susceptibilities 

Wjk e'ijk c"ijk l::ooijk X.
1

ijk 'X.
11

ijk 

5. DMF + 25 0.0042 2.3800 0.0460 2.2769 0.1031 0.0460 
80 mole% 0.0069 2.4400 0.0820 2.2562 0.1838 0.0820 DMSO 

0.0082 2.4600 0.0960 2.2448 0.2152 0.0960 
0.0120 2.5800 0.1360 2.2752 0.3048 0.1360 

30 0.0042 2.3500 0.0430 2.2442 0.1058 0.0430 
0.0069 2.4200 0.0780 2.2281 0.1919 0.0780 
0.0082 2.4500 0.0920 2.2237 0.2263 0.0920 
0.0120 2.5500 0.1250 2.2425 0.3075· 0.1250 

35 0.0042 2.3400 0.0370 2.2442 0.0958 0.0370 
0.0069 2.4100 0.0690 2.2314 0.1786 0.0690 
0.0082 2.4300 0.0870 2.2048 0.2252 0.0870 
0.0120 2.5400 0.1140 2.2449 0.2951 0.1140 

40 0.0042 2.3200 0.0340 2.2310 0.0890 0.0340 
0.0069 2.4000 0.0640 2.2324 0.1676 0.0640 
0.0082 2.4200 0.0750 2.2236 0.1964 0.0750 
0.0120 2.5200 0.1100 2.2319 0.2881 0.1100 

6. DMF + 25 0.0021 2.3100 0.0270 2.2338 0.0762 0.0270 
100 mole% 0.0047 2.3500 0.0440 2.2258 0.1242 0.0440 DMSO 

0.0084 2.4400 0.0580 2.2763 0.1637 0.0580 
0.0100 2.4800 0.0970 2.2062 0.2738 0.0970 

30 0.0021 2.3000 0.0260 2.2262 0.0738 0.0260 
0.0047 2.3400 0.0400 2.2265 0.1135 0.0400 
0.0084 2.4200 0.0540 2.2668 0.1532 0.0540 
0.0100 2.4700 0.0940 2.2033 0.2667 0.0940 

35 0.0021 2.2800 0.0200 2.2269 0.0531 0.0200 
0.0047 2.3200 0.0320 2.2350 0.0850 0.0320 
0.0084 2.3900 0.0520 2.2518 0.1382 0.0520 
0.0100 2.4500 0.0880 2.2162 0.2338 0.0880 

40 0.0021 2.2700 0.0180 2.2166 0.0534 0.0180 
0.0047 2.3000 0.0250 2.2258 0.0742 0.0250 
0.0084 2.3700 0.0480 2.2275 0.1425 0.0480 
0.0100 2.4400 0.0760 2.2143 0.2257 0.0760 
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Table-9.2:- Measured "<Jk's from ratio of slopes of inividual variations of x'iik and x"iik 
with U\k , reported "<Jk in pica second , correlation coefficient and % of error of x'iik -
U\k & x"iik - UJk curves of Figs. 9.1 and 9.2, dipole moments (!lJk) using "<Jk of eq.( 9. 7) 
and theoretical dipole moment lltheo using bond moments in Coulomb - metre of binary 
polar mixtures in solvent C6H6 at different experimental temperatures under 9.17 4 GHz 
electric field. 

Systems with Sl.no. Temp. Estimated Reported Carrel. %of Estima- lltheo 
& molecular weight in °C "<Jk in psec "<Jk in coeff. error. ted hf x103 

(MJk) in Kg using eq.( psec x';Jk-U\k x'iJk-U\k & llJkX1 0
30 0 in 

9.7) & x";Jk- X
11
ijk-U1k inC.m. C.m. 

U\k curves 
curves 

1.DMF + 0 mole% 25 7.57 7.50 0.9991 0.06 11.30 
DMSO 

M;,= 0.07300 30 7.45 6.90 0.9943 0.38 15.88 12.74 

35 6.20 6.10 0.9921 0.53 16.61 

40 6.09 5.50 0.9944 0.37 15.55 

2.DMF +17 mole% 25 15.33 16.40 0.9013 6.33 26.48 
DMSO 

M,,= 0.07385 30 13.01 14.10 0.9412 3.85 23.86 15.90 

35 12.17 12.60 0.9570 2.84 23.60 
40 10.65 11.10 0.9665 2.22 23.53 

3.DMF +50mole% 25 15.66 15.70 0.9673 2.17 28.15 
DMSO 

M;, = 0.07550 30 14.36 13.50 0.9602 2.63 28.76 15.90 

35 12.86 11.20 0.9763 1.58 26.11 

40 12.29 9.90 0.9853 0.98 24.51 

4.DMF +60 mole% 25 10.59 11.20 0.9925 0.51 17.85 
DMSO 

M;,= 0.07600 30 10.72 10.90 0.9955 0.30 17.05 15.90 

35 10.02 10.00 0.9859 0.95 22.11 

40 9.26 9.30 0.9393 3.97 27.04 

5.DMF +80 mole% 25 7.74 7.80 0.9977 0.16 18.55 
DMSO 

M;, = 0.07700 30 7.05 7.70 0.9934 0.44 20.46 15.90 

35 6.70 7.40 0.9878 0.82 21.73 

40 6.62 6.20 0.9984 0.11 18.06 

6.DMF +100 mole% 25 6.14 5.40 0.9286 4.64 
DMSO 

M;, = 0.07800 30 6.11 5.00 0.9164 5.41 15.17 

35 6.53 4.70 0.9394 3.97 
40 5.84 4.30 0.9492 3.34 
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Table-9.3 :Intercepts and slopes of ln-rikT against 1/T curves of Fig. 9.4, thermodynamic 

energy parameters like enthalpy of activation ~HT in Kilo Joule mole-1 
, the entropy of 

activation ~S-r in Joule mole-1 K'1, free energy of activation ~F-r in Kilo Joule mole-1
, 

enthalpy of activation ~H" in Kilo Joule mole-1due to viscous flow of solvent , 8 (slope of 

lntjkT vs. lnrli equation) , Kalman factor (tjkT /T] o ) and Debye factor (tjkT IT] ) at different 

experimental temperatures and the coefficients of Jlik - t of equations Jlik = a +bt + cf of 

mixture of liquids in benzene under 9.17 4 GHz electric field frequency. 

Systems Temp Intercept & slope 6H,in &S,in 6F,in S=slope 6H11 in Kalman De by Coefficients of the eqs J.IJt 
with Sl.no. in °C of lnTjk T Vs 1fT KJ J KJ ofln(•p; KJ factor e x1 030 = a + bt + cf equation 

equation mole"1 mote·1 mole"1 
T) vs mole"1 ('t"jtTI'17

) factor 
K'' lnru (TjtTI 

eqation ") 
x106 

In terce slope 
pt a b c 

1.DMF + 
25 3.10 9.57 6.49x104 3.83 

Omole% 
DMSO 30 -24.11 1258.40 10.50 2.52 9.73 1.69 6.22 7.04x10 ... 4.02 -0.056 3.937 -51.746 

35 3.36 9.46 6.46x10 ... 3.57 

40 2.83 9.61 6.69x10 ... 3.64 

2.DMF+ 25 14.10 11.33 2.78x10"1 7.76 
17 mole% 

-25.47 1861.70 15.53 14.48 11.14 2.41 6.44 2.70x1o·1 7.03 DMSO 30 0.025 -1.840 56.429 

35 
14.07 11.20 2.88x10"1 7.01 

40 14.24 11.07 2.70x1o·1 6.37 

3.DMF+ 25 -2.98 11.38 1.25x10-3 7.93 
50 mole% 

-23.49 1257.60 10.49 -2.98 11.39 1.68 6.26 1.26x10·3 7.76 DMSO 30 -0.022 1.170 12.967 

35 -2.76 11.34 1.24x10'3 7.41 

40 -3.06 11.45 1.25x10-3 7.35 

4.DMF+ 25 -18.99 10.41 4.96x10'7 5.36 
SO mole% 

-21.46 569.05 4.75 -19.49 10.65 0.68 6.94 5.28x1o·7 5.79 DMSO 30 0.057 -3.067 58.458 

35 -19.33 10.70 5.16x10'7 5.78 

40 -19.04 10.71 4.94x10'7 5.54 

S.DMF+ 25 -13.67 9.63 2.16x10-e 3.92 
SO mole% 

-22.23 665.73 5.55 -13.34 9.59 0.92 6.03 2.09X10-6 3.81 DMSO 30 -0.056 3.626 -37.420 

35 -13.35 9.66 2.11x10-e 3.86 

40 -13.67 9.83 2.17x10-s 3.96 

6.DMF+ 25 -34.58 9.05 2.89x10-10 3.51 
100 mole% 

-19.69 -150.21 -1.25 -34.61 9.23 -0.31 4.01 1.80x10'10 3.26 DMSO 30 

35 -35.23 9.60 1.79x10'10 3.47 

40 -34.37 9.50 1.93x10"10 3.84 
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10. SUMMARY AND CONCLUSION OF THE THESIS WORKS 

The subject matter of the thesis works has been divided into several CHAPTERS 

from 1 to 10. All the chapters are highly informative to shed more light on 

physico-chemical properties of the polar solvents under static and high frequency 

electric fields. The physico - chemical aspects of the solvents and solute liquids 

have been studied in detail and presented in terms of the variation of the 

measured relaxation parameters with weight fractions ILl's of the polar solutes 

at a single or different temperatures to enhance the present knowledge of 

relaxation phenomena. Dielectric relaxation is one of the difficult unresolved 

problems of physics and chemistry today. The point which needs to be kept in 

mind is that all relaxation phenomena are of necessity connected with the 

presence in the systems under study of some form of disorder .There can be no 

relaxation in a perfectly ordered system, because nothing can relax from 

perfection. It is very interesting to note that many workers in this field of research 

do not know how to use the data of dielectric relaxation for the maximum 

effective utilisation.The First CHAPTER entitled "GENERAL INTRODUCTION 

AND REVIEW OF THE PREVIOUS WORKS" helps the reader to get a first 

hand information on the topic of correlation in the liquid solvents like polar and 

non polar liquids mixtures. The handy and new theories have been derived and 

presented in the SECOND CHAPTER having the heading "SCOPE AND 

OBJECTIVE OF THE PRESENT WORKS". The theories so far prescribed are 

widely used in different CHAPTERS of 3 to 9 in order to arrive at the conclusion 

of the works studied so far of the thesis of CHAPTER 10 called the "SUMMARY 

AND CONCLUSION OF THE THESIS WORKS". In which all the important 

findings are incorporated chapterwise from chapters 3 to 9 respectively. 

The CHAPTER 3 entitled "STRUCTURAL ASPECTS AND 

PHYSICO-CHEMICAL PROPERTIES OF SOME AROMATIC POLAR NITRO 

COMPOUNDS IN SOLVENT BENZENE AT DIFFERENT TEMPERATURES 

UNDER GIGA HERTZ ELECTRIC FIELD" in which an interesting method based 

on complex orientational susceptibilities :x. ';is to study the dielectric relaxation 

' 

I 

I 

I 
I 

I 
I 

I 
I 
' 
I 
I 

I 
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mechanism of some standard polar nitro compounds in non polar solvent 

benzene has been prescribed and applied successfully to arrive at their structural 

and physico-chemical properties. The dielectric orientational susceptibilities x'ii· 

the real and x"ii· the imaginary parts of x·ii are involved with the measured 

relative permittivities e';i and e"ii of e*;i of Pant et al to measure the relaxation time 

'i of all the polar solutes from the ratio of the linear coefficients of individual 

variations of x"ii and x';i with weight fractions Wj'S of the respective solute. They 

are further compared with -cj's obtained from the direct slope of the linear 

variations of x";i and x';i and Gopala Krishna's method measured by Pant et al. 

The temperature variation of -cj's from the former method helps one to get the 

thermodynamic energy parameters i.e. enthalpy of activation llH-c, entropy of 

activation llS, and free energy of activation llF, of dielectric relaxation by using 

the rate process equation of Eyring et al to throw much light on their structural 

and physico chemical properties. The dimensionless parameter o ( = llH-c I llHrh) 

which is the slope of the linear equation of In-ciT = Ina + olnTJt , where TJL the 

coefficient of viscosity of the solvent, is used to get Debye and Kalman factors. 

They reflect the associative nature along with the applicability of Debye-Smyth 

model of dielectric relaxation for such polar nitro molecules. The estimated dipole 

moments 1-1/s in terms of linear coefficient Ws of x';i vs Wj like x'ii =a.+ ~Wj + yWj
2 

curves and dimensionless parameters b's involved with measured -cj's are finally 

compared with theoretical dipole moments 1-ithea's, obtained from available bond 

angles and bond moment of the substituent polar groups of the molecules as 

well as with 1-1/s of Gopala Krishna's method used by Pant et al to shed more 

light on the conformations of the molecules, in addition to inductive, mesomeric 

and electromeric effects. 

The "DIELECTRIC RELAXATION PHENOMENA OF SOME 

APROTIC LIQUIDS UNDER GIGAHERTZ ELECTRIC FIELD" in CHAPTER 4 

presents the double relaxation times -c1 and -c2 due to rotations of the flexible 

parts and the whole molecules of some aprotic polar liquids G) like N,N

dimethylsulphoxide (DMSO); N,N-dimethylformamide (DMF), N,N-
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dimethylacetamide (DMA) and N, N-diethylformamide (DEF) in benzene (i) 

estimated from the measured real x'u and imaginary x"u part of hf complex 

dielectric orientational susceptibility x*u and low frequency susceptibility Xoii at 

different weight fractions UJ'S of solute at various experimental temperatures. The 

relative contributions c1 and c2 due to 1:1 and 1:2 are calculated from Frohlich's 

equations. and graphical technique. All the c's are positive from Frohlich's 

equations. while some c/s are negative from graphical method. The dipole 

moments f.l2 & f.l1 in Coulomb-metre (C.m) measured from the slope 13's of x'u - UJ 

curves are compared with those ,;'s from ratio of individual slope of (dX"uldUJ)uj 

~o and (dX'uldUJ)u1 ~0, linear slope of x"u-x';i, conductivity measurement 

technique along with those ofGopala krishna's method. The estimated f.11's agree 

with the measured and reported f.l'S to indicate that a part of the molecule is 

rotating under GHz electric field. The theoretical dipole moment f.ltheo's are 

obtained in terms of available bond angles and bond moments of the substituent 

polar groups attached to the parent molecules acting as pusher or puller of 

electrons due to inductive, mesomeric and electromeric effects in them under hf 

electric field. The variation of f.l1 with temperature suggests the elongation of 

bond moments. The energy parameters such as enthalpy of activation t.H,, free 

energy of activation L'.F, and entropy of activation t.s,'s were obtained for DMSO 

only assuming dielectric relaxation as a rate process to know the molecular 

dynamics of the system. The plot of ln(1:1T) against 1/T of DMSO reveals that it 

obeys Eyring rate theory unlike ln(,;2T)-1/T curve. 

The straight line equation (xou - x'u ) I x';i = ro (1:1 + •2 ) Cx"u I x'u) -

ro2 ,;1,;2 for different weight fractions UJ'S of some dipolar long straight chain 

alcohols G) in n-heptane (i) derived from the available relative permittivities !:'u, 

!:";j, f:oii and f:aii at 25°C under nearly 24 GHz electric field. The intercepts and 

slopes of the above equation. are used to get relaxation times 1:1 and 1:2 of the 

rotation of flexible part and the whole molecules. x 'u ( = !:'ii - f:aii ) and . x"u ( = !:";i 
) are the real and imaginary parts of hf dimensionless complex dielectric 
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orientational susceptibility x.*;i and X.oii (=Eoii - Eooij) is the low frequency dielectric 

susceptibility which is real. -rj's of such alcohols are also measured from the ratio 

of the slopes of the individual variations of x.'ii and x."ii with UJ'S at UJ ~o and the 

direct slope of x."ii versus x.'ii equations of Muthy et al . These •is are finally 

compared with the reported •is of Gopala Krishna and 1:1 , 1:2 by double relaxation 

method to see that the flexible part of the molecule is only rotating under the 

most effective dispersive region of 24 GHz electric field. The weighted 

contributions c1 and c2 towards dielectric relaxations for estimated 1:1, -r2 are, 

however, obtained from Fr6hlich's theoretical formulations of x.';i I Xoii and x";i I X.oii 

to compare them with those of graphical ones of (x';i I X.oii )UJ ~ o and (x.";i I Xoii )UJ 

~ o . The latter ones are employed to get symmetric distribution parameter y to 

have the symmetric relaxation times '•· The arbitrary curve of (11~) log 

cos~ against ~ in degree together with (x.';i I Xoii ) UJ ~ 0 and (X."ii IX,oii ) wi ~ 0 

experimentally obtained, gives the asymmetric distribution parameter 15 to get the 

characteristic relaxation time •cs· All these findings finally establish the symmetric 

relaxation behaviour for such compounds. The dipole moments f.11 and f.12 for the 

flexible part and the whole molecule are determined from 1:1 and 1:2 and the 

linear coefficient ~ of x.'ii versus UJ's curves . All the measured fl/S are compared 

with the reported fJ./S and fJ.theo's derived from the bond angles and bond 

moments of the substituted polar groups of the compounds to arrive at the 

physico chemical properties by the conformations sketched in this chapter The 

slight disagreement of estimated fJ./S and fJ.thea's is , however, explained with the 

consideration of inductive and mesomeric moments in addition to strong 

hydrogen bonding of the flexible polar groups atta.ched to the parent molecule. All 

these findings are presented in CHAPTER 5 having title "THE PHYSICO

CHEMICAL ASPECTS OF SOME LONG STRAIGHT CHAIN ALCOHOLS FROM 

SUSCEPTIBILITY MEASUREMENT UNDER A 24 GHz ELECTRIC FIELD AT 

25°C" 

The CHAPTER 6 "STUDIES ON PHYSICO-CHEMICAL 

PROPERTIES WITH THE RELAXATION PHENOMENA OF SOME NORMAL 
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ALIPHATIC ALCOHOLS IN NONPOLAR SOLVENT UNDER GIGA HERTZ 

ELECTRIC FIELD AT A SINGLE TEMPERATURE" in which double relaxations 

of some normal aliphatic alcohols have been studied to get relaxation times ·n 

and 1:2 due to rotation of flexible part and end over end rotation of the whole 

molecule from the intercept and slope of a linear equation of (Xoii - x'ii ) /x'ii 

against x"ii/x'ii for different weight fractions UJ'S of solute in n-heptane at 25°C 

under electric field frequencies of 24.33, 9.25 and 3.00 GHz. Alcohols like 1-

butanol, 1-hexanol, 1-heptanol and 1-decanol are long straight chain hydrogen 

bonded polymer type molecules having -OH groups which may bend twist or 

rotate internally about C-C bond under GHz electric field exhibitting characteristic 

1:. Estimated Ti obtained from ratio of slopes of individual variation of x"ii and x'ii 

against Wj at Wj-+0 are compared with those of Murthy et al, Gopala krishna 

(reported data) and 1:1 , 1:2 by double relaxation method. Relative contributions c1 

and c2 due to 1:1 and 1:2 towards dielectric relaxations estimated from Frohlich's 

equations are compared with the experimental ones obtained by graphical 

technique. Graphical variations of x'ii I Xoii arid x"ii I Xoii with 111 at 111=0 together 

with arbitrary curve of (11~) log(cos~) against~ in degree have been utilised to 

get symmetric y and asymmetric 8 distribution parameters. The symmetric 

relaxation time Ts by y and characteristic relaxation time Tcs by 8 and ~ are 

computed to suggest symmetric relaxation behaviour of the molecules. Linear 

coefficient p>s of x'ii - Wj curves and dimensionless parameters b1 and b2 

involved with estimated 1:1 and 1:2 are used to get dipole moments Jl1 and Jl2 due 

to rotation of flexible part and the whole molecule which are compared with 

reported J.L'S (Gopalakrishna) and Jltheo's. The slight disagreement between Jl1 

and Jltheo obtained from available bond angles and reduced bond moments of 

substituent polar groups attached to parent molecules arises due to strong 

in~ernal hydrogen bonds present among the -OH groups of dipolar . liquid 

molecules. 

The ratio of the linear coefficients of the fitted individual equations of x";i -UJ 

and x'ij -UJ of some para substituted derivative polar liquid molecules in solvents 
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dioxane and benzene, are used to get their relaxation times •/ sunder 10 GHz 

electric field at various experimental temperatures in °C. x.';i and x.";i are the real 

and imaginary parts of the high frequency (hf) complex dielectric susceptibility 

Xu* as a function of weight fractions UJ's of polar solutes at each experimental 

temperature. The measured <1' s of solutes at different temperatures, by Eyring's 

rate process equations, yield thermodynamic energy parameters: enthalpy of 

activation I!Jl,, entropy of activation t'lS, and free energy of activation M, due to 

dielectric relaxation to study stability and physico-chemical properties of the 

systems. The parameter o from the slope of linear variation of In <1 T with 

In 77; provides the information of the solvent environment around the solute 

molecules and also gives I!Jl ";, the enthalpy of activation due to viscous flow of 

the solvent. lli is the coefficient of viscosity of the solvent used. The estimated 

Debye and Kalman factors <1T /77 and 'iT/778confirm Debye relaxation 

mechanism in such p-compounds. Debye-Pellat's equations are, therefore, used 

to obtain static as well as infinitely hf permittivities Eoii and &oii respectively to get 

static parameter X;i where Xii vs UJ equations are used to get static dipole 

moments .us' swhile the slopes fJ 's of x'u-w1 equations to yield hf ,u'1 s in terms 

of estimated •/s .They are, however, compared with the theoretical ,u,h,; s from 

the available bond moments of the substituted flexible polar groups attached to 

the parent molecules to show the existence of the inductive, mesomeric and 

often electrometric effects in them. All these facts are given in CHAPTER 7 

called "DIELECTRIC RELAXATION OF AROMATIC PARA SUBSTITUTED 

DERIVATIVE POLAR LIQUIDS FROM DISPERSION AND ABSORBTION 

PHENOMENA UNDER GHz ELECTRIC FIELD" 

The CHAPTER 8 titled "STRUCTURAL AND PHYSICO-CHEMICAL 

PROPERTIES OF POL YSUBSTITUTED BENZENES IN BENZENE FROM 

RELAXATION PHENOMENA" in which a brief report on the physico-chemical 

properties and structural aspects of some polysubstituted benzenes in benzene 
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at different experimental temperatures under 10 GHz electric field is made to 

estimate relaxation times 'tj's , dipole moments lli and thermodynamic energy 

parameters like enthalpy llH, , entropy llS, and free energy of activation llF, due 

to dielectric relaxation with formulations derived from orientational susceptibilities 

xu's. •/s of the polar solutes obtained from the slope of the linear equation of x"u 

and x'u are, how~ver , compared with those obtained from the ratio of the linear 

coefficients of individual variations of x"ii and x'ii with weight fractions wjs of the 

solute. 'tj 's from the later method are used to get thermodynamic energy 

parameters from the Eyring's rate process equation to shed more light on the 

physico-chemical properties of the polar liquid molecules concerned.· The 

estimated 1-1/s in terms of linear coefficients Ws of x'ii - w; curves and 

dimensionless parameters b's involved with measured 'tj 's are finally compared 

with theoretical dipole moments ~-!thea's obtained from vector addition of available 

bond angles and bond moments of substituted polar groups. The estimated lltheo 

gives valuable information regarding structures of the molecules.The slight 

disagreement between high frequency 1-1/s and lltheo's provides an interesting 

insight on the inductive, mesomeric and electromeric effects of the substituted 

polar groups attached to the parent molecules. 

Finally, the CHAPTER 9 of "THE STRUCTURAL ASPECTS 

AND PHYSICO CHEMICAL PROPERTIES OF BINARY POLAR LIQUIDS IN 

NONPOLAR SOLVENT UNDER A GIGAHERTZ ELECTRIC FIELD" contains 

the mixtures of two polar liquids N,N-dimethylformamide DMFQ) and N,N

dimethylsulphoxide DMSO(k) in a nonpolar solvent benzene CsHs(i) are studied 

in terms of the ternary(ijk) high frequency (hf) orientational susceptibilities Xiik's at 

different experimental temperatures in °C to arrive at the structural and 

associational aspects of those polar liquids. The estimation of binary relaxation 

time -rik and dipole moment llik and several thermodynamic energy parameters like 

the enthalpy of activation (llH,)jk, the entropy of activation (llS,)ik· the free energy 

of activation(llF,)jk of the binary solutes are ,however, obtained in order to reach 
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the conclusion. The dimensionless parameter 8 = (t-.H,) ik I t-.HT]; estimated from 

the slope of the linear equation of lmikT against lnT]; where 111 is the coefficient of 

viscosity of the solvent used, provides one with the information of the solute

solute and solute-solvent molecular associations among the molecules 

concerned. Almost constant values of Debye factor "'ikT I TJ; unlike Kalman 

factors "'ikT I TJ;B indicate the Debye relaxation mechanism obeyed by the 

solutions of binary associated molecules in C6H6. The measured hf binary dipole 

moment J.lik in terms of estimated binary relaxation time "'ik are compared with the 

theoretical dipole moments J.ltheo's obtained from the bond moments of the 

substitutent polar groups attached to the parent molecules only to support their 

conformations of associations. The disagreement between J.lik's and J.lthea's 

indicates the inductive, mesomeric and electromeric effects of the substitutent 

polar groups in addition to their H-bonding in a gigahertz electric field. 

The theoretical formulations so far derived in S.l. units with 

internationally accepted symbols of dielectric terminologies and parameters are 

found out to be simple, straight forward and unique one to measure the dielectric 

relaxation parameters of several polar liquid molecules in non polar solvents 

under hf electric fields. All the curves satisfied by experimental points in many 

Figures of· different CHAPTERS show the correctness of the theoretical 

formulations so far presented within the frame work of Debye-Smyth and Hill 

model of dielectric theories. Although , there exists different models like 

Kirkwood, FrOhlich and Onsagar. But they are not so simple like the new direct 

method:·: so far suggested . The methods like thermally stimulated depolarization 

current density ( TSDC ) and isothermal frequency domain of AC spectroscopy ( 

IFDS ) may give a firm answer to the problem of dielectric relaxation with which 

the present author is involved. But the weak point of these methods are that they 

are comparatively very lengthy and often need tedious computer simulation 

technique. A sound theoretical formulations with the help of Newton - Raphson 

method may be developed for molecules of high molecular weights by 

considering their moments of inertia about the central axes. Future workers are, 

therefore, advised in this field of research of dielectrics and liquid crystals to deal 
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with this problem. Finally it can be concluded that the CHAPTERS 3,4,5,6,8 and 

9 published in the reputed Indian and foreign journals establish the correctness 

of the present theoretical formulations to predict the physico- chemical problems 

of some simple polar liquid molecules in non polar solvents under high frequency 

electric field. 
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Abstract : An Interesting method based On complex orientaUonal susceptibilities xijs to study the dielectric relaxation mechanism 
of some standard polor nitro compounds in nonpolar solvent benzene bas been prescribed and applied successfully to arrive at 

their structural and physico-chemical properties. The dielectric orientational swceptibilitics xij, the real and xij , the imaginary 

paft of xij are involved with the measured relative permlttlvltlcs Eij and eij of eij of Pant et at. to measure the relaxation time 

't'J of all .the polnr solutes from the ratio of the linear coefficients of Individual variations of xij and xij with weight fraction wJ's 

of the respective solute. They nrc further compared with tj'S obtained from the direct slope of the linear variations of xij and Xlj and 
Gopnla Krishna's method measured by Pant et al. _The tcm.perature variation of 'tJ1S from the fanner method helps one get the 
thermodynamic energy parameters I.e. enthalpy of activation M/1, entropy of actlvaUon AS,, and free energy of activation 6Ft of 
dielectric relaxation by using the rate process equation of Eyring et al., to throw much light on their structural and physicol-chemical 
proJJcrtics. The dimensionless parameter 0 (= /JHJMIT\t) which is the slope of the linear equation of In tjT = In a + 0 In f\i, where 
T\1 is the cucfiicient of viscosity of the solvent, is used to gel Debye and Kalman factors. They reflect the associative nature ·along 
with the npplicability of Dehyc-Smyth model of dielectric relaxution for such polar nitro molecules. The e.'ilimated dipole momenl<o 

pj's in terms of linear coefficient fl's of xij vs WJ like Xij = a + JlwJ + yw/ curves and dimensionless parameters b's involved 
with measured tj's arc finally compared with theorelical dipole moments lltheo's, obtained from available bond angles and bond 
moments of the substituent polar groups of the molecules n.o; well llS with J.IJ'S of Gopala Krishna's method used by Pant el at. 

to shed mote light on the conformations of the molecules, In addition to Inductive, mesomeric and electrom~ric effects. 

Keywords : Structural aspects, nitro compounds, Giga Hertz e;lcctric field. 

The dieloctric relaxation mechanism of polar liquid mole
cules in nonpolar solvents is of much importance as it pro
vides an usoful and essential tool to study their structural 
aspects and physico-chemical properties. The method is in
volved with estimation of several dielectric relaxation pa

rameters such. as relaxation time 'tj. dipole moments llj. 
lltheo and thermodynamic energy parameters. There exists 
several methods1·2 for estimation of relaxation parameters. 
but all these methods are not so simple like our present one 
based on susceptibility measurement. Their metliod1•2 con
sist of placing 9j against 9; measured at different fre
quencies of GHz range to get semicircular plot which cuts 
e.'-axis in the lower and higher points giving rise Eaij and 
£.;;respectively. Migahed et at.3 and Nandi et at.4 used the 
method of thermally stimulated depolarisation current den
sity (TSDC) in tenns of /if relative permiuivities to study 

the relaxation mechanism of some polar liquids and the 
physico-chemical properties of some proteins, polymers, 
micelles etc. Although several workers3·4 studied the relax
ation mechanism of polar liquid molecules in nonpolar sol

vent in terms of measured relative permittivities of Ejj, the 
real part and 9j , the imaginary part of high frequency (h!J 
comP.lex permittivity Eij. but no such investigation on polar 
nitro compounds by susceptibility measurement has yet 
been made. The method includes the estimation of real Xi; 
(= Ei;- £,;;) and imaginary Xij (= £ij ) parts of high fre
quency (h!J complex dimensionless dielectric orientational 
susceptibility xij at different experimental temperatures in 
°C under a GigaHertz electric field from the measured per
miUivities of 9; and 9j of Pant et at.5• Xi; 's are involved 
only with the molecular orientational polarisation and the 
evaluation of accurate relaxation parameters are made pos-
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Tobie 1. Mr.:asured 'Cj 's from rntio of slopes of individual variations ofxiJ and Xij with wj• relnxntion time tj from Murthy el al., reported 'tj all are in pi co 
secontl, conclation coefficient and %of error of Xij - wj and Xij - wj curves of Figs. 2 and 3, of aromatic polar nitro compounds in nonpolar solvent C,.Hfi at 

different experimental temperatures in "C under 9.58 GHz electric field frequency 

Sl. Systems Temp. Individual slope Slope Ratio Correlation %of Tj in ·q in Reponed 

no. ("C) of variation xU vs of coefr. (r) of ~rrors of psec ·psec 'tjin 

. Slope Slope xl slope of xij-lVj :md XiJ -WjtlRd (eq. (4)) (eq. (5)) psec of 

of xU. VS of xij (eq. (4)) ind. xij-WJ xij -Wj Pant et al.5 

Wj at vs Wj at variation curves curves 
»j-+0 Wj-+0 

t. 2,5-Dichloro- 20 ° 24.73 16.36 0.66 0.68 0.98 1.04 10.98 10.98 IO.DI 

nitrobenzcnr: 30 77.03 45.93 0.60 0.60 0.92 4.81 9.90 9.90 9.43 

40 78.54 46.01 0.59. 0.59 0.90 5.76 9.72 9.72 6.64 
·2. 3,5-Dichloro- 20 27.35 21.10 0.77 0.77 0.96 2.55 12.81 12.81 11.95 

nitrobenzene 30 131.44 88.76 0.68 0.68 0.91 5.05 11.21 11.21 8.20 
40 .39.69 20.04 0.50 0.50 0.99 0.71 8.38 8.38 7.48 

3. 2,5-Dibromo- 20 91.74 135.29 1.47 1.47 0.96 2.13 24.48 24.48 21.50 
nitrobcnzent! 30 3.40 4.63 1.36 1.36 0.99 0.87 •22.62 22.62 19.63 

40 29.92 39.28 1.31 1.31 0.98 1.15 21.79 21.79 19.19 
4. 2.4-Dinitro- 20 5.23 5.36 1.02 1.02 0.98 1.48 17.00 17.00 15.24 

chlorobunzcnc JO 25.42 23.24 0.91 0.91 0.89 6.45 15.18 15.17 14.32 
40 20.00 14.47 0.72 0.72 0.94 3.56 12.01 12.01 11.21 

5. 3,4-Dinilro- 20 1.29 1.37 1.06 1.06 0.97 1.78 17.60 17.60 15.83 
chlorobenzene 30 9.59 8.24 0.86 0.86 0.96 2.44 14.25 14.25 13.01 

40 0.23 0.16 0.71 0.71 0.96 2.52 11.82 11.82 10.12 

Toblcl. The coeffir;ients of a. p, yofxii -wjcurves ofFig. 3, dimensioniess pDlllJneters b's with 'tj ofeq. (8), measured dipole moment ~i· reported dipole 
moment ~j (Gopnla Krishna), theoretical dipole moments ~J in coulomb metre (C.m.) of some aromatic polar liquids in benzene at various experimental 

temperotures in 11C undcr9.58 GHzelectric field frequency 

Sl, Sy:nems Temp. Xii =a+i}wJ+"fWl 
no. (Molecular {''C) a p y 

wcighi,Mj) 

I. 2.5-Dichloro- 20 -284.43 24.727 -().)5 

nitrobenzene 30 -1223.1 77.025 -1.06 

(Mj = 0.1920 kg) 40 -1262.6 78.537 -1.07 

2. 3,5-Dichloro- 20 -404.56 27.352 -0.36 

nitrobenzene 30 -1978.7 131.44 -1.94 

(MJ = 0.1920 kg) 40 -448.35 39.688 -0.69 

3. 2,5-Dihromo- · 20. -1456.2 91.74 ~1.3 

nltrobem~ent:: 30 203.44 3.3988 -0.13 

(MJ = 0.281 0 kg) 40 -323.28 29.92 . -0.46 
4. 2,4-Dinitro- 20 37.556 5.2318 -0.15 

chlorohcnzene 30 -264.67 25.42 -0.47 

(MJ = 0.2025 kg) 40 -186.98 20.003 -0.36 

5. 3.4-Dinitro- 20 191.45 1.2885 0.019 

chlorobenzene 30 -147.89 9.5948 -0.01 

(Mj = 0.2025 kg) 40 199.23 0.2286 0.068 

sible. It is evident from Fig .. 1 that the variation of xij with 
Xii is strictly linear, the slope of which presented in Table 
I, is used to get ~/s of the polar solutes. Murthy et a/.6, 
however, showed earlier that a similar linear relationship 
exists between hFimaginary pari Kjj(wi) and. real part Kji 
(wj) of complex conductivity Kij (wj) from which ~i for 
polar molecules could be estimated. But for associaiive liq-

Dimensionless Men.(j,ured ~jX J030 in Jlj(lheo). x 
pan:uncler ~J x 10311 C.m. ICY 11 in 

b = 1/(1 + oo't;') (C.m.) (Pant et al.) C.m.from 
bond moments 

0.696 26.18 15.19 

0.738 45.99 15.44 14.17 

0.745 47.33 14.82 

0.627 29.01 8.87 

0.687 62.27 16.41 14.17 

0.797 32.52 t7.06 

0.315 90.66 34.33 

0.350 16.97 30.99 14.17 

0.367 50.33 30.81 

0.488 14.77 17.74 

0.545 31.58 12.37 12.36 

0.656 26.12 12.59 

0.471 7.46 . 17.76 

0.576 18.87 12.37 25.18 

0.663 2.78 i4.69 

uids in the higher concentration the variation of Xi; and Xii 
is not always linear7, the ratio of the linear coefficients of 
individual polynomial· variation of both Xii and Xij with 
weight fractions wj's like Xii =ex+ ~wi + yw/ of solutions8 

as displayed in Figs. 7 and 3, may be a better choice• to 
estimate ~i·s of polar liquid compounds ~/s so estimated, 
are presented in Table 1 for comparison with ~/s (lith col-
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'l'ublcJ. Th~: tlu:nnodyu~mic cncrgy parameters: enthalpy ofuctivation AH1, entropy of activation fi.St and free energy of activation !:J.F1• mea:mrcd by our 
mcthml (:1j and n11:asurcd by Pant e1 ctl. (b), value of S from equation In 'tj T= In"+ SIn TJi,cnthalpy of activation AHTJidue to \'iscous now of solvent, Debye 

fm:tur wu.l K:1lm:m fm:torofsomc urom:ltic polar liquids in benzene at various experimental temperatures in "C under9.58 GHz electric field frequency 

Sl. Sysu:m Temp. Mit tJ..\'t 

1111. <"C) (kJ mor1
) (J mor1) 

• b • b 

I. 2.5-Dic.:hloro- 20 2.16 13.00 -0.0277 0.0101 

nitrohcnzcnc JO. ·2.16 13.00 -0.0274 O.!XI88 

40 2.16 13.00 -0.0277 0.0101 

2. 3.5-Dicllluro- 20 13.5B 15.44 0.0100 0.0169 

nilrubcn:t.cnc :m 13.5H 15.44 O.IXI93 0.01 B I 

40 13.58 15.44 0.0100 11.0169. 

3. 2,5-Dihmmu- 20 1.9.1 I.B6 -0.0352 -0.0343 

nilrohciu.cnc 30 1.93 1.86 -0.0350 -0.0341 

411 1.93 1.86 -0.0352 -0.0344 

4. 2.4-Dinilfn- 20 111.69 9.12 -0.0023 -0.01167 

chorobcnzcnl.! 30 10.69 9.12 -0.01128 -0.0075 

40 10.69 9.12 -0.0022 -0.0067 

5. 3.4-Dinitru- 20 12.67 14.50 0.0042 O.DII4 

t:hllrohcn:t.clll! 30 12.67 14.50 0.0043 0.0111 

40 12.67 14.50 O.CXJ42 0.0114 

0.24 

. Real part of hf susceptibility X'ii 

FiJ:. I. VAriation of imaginary part X;jot' /{/"oricntalion:U sUSL'Cptibility 

against rCa! purl Xijof /if orientation susceptibility of some polar 

nitro cmnpounds in nonpolm· solvcnl benzene at c.liffcrent lem· 
pcr:IIUI\!S in "c under 9.5846 GHz. electric field frequency of 
2.5-dichloronitrobcnzcnc [Ia al 20 

11
C (0), lb :n 30 11C ( t ), Jc 

at 40 "c (011. 3.5-dichloronitrobcnzcnc [lin nt 20 11C (•l. lib 
:u .lO "C (d), lie u1 40 "C lA)], 2,5-tJibromonitroben:r.enc [lllu 
... o ''C t ,)J. lllh :u· 3U "c (•l. lllc at 40 ''C (x)], 2.4-
Jinitrm:hluruhcuzt•nl! !IVa ul 20 "C (>ll), IVb at 30 "c (-). IVc 
:u 41J "C l+>J, 3.4-diuilmchlorobcnzcnc [Vu 31 20 11C (.6.), Yb 
at .\O ''c <UJ. Vc m 4n "c <oJJ. 

umn) c"lculmcd by Pant et a/.5 by using Gopala Krishna's 
· methmP 11• The t!xcellent agreement of "t/s by both of our 
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AFt Value .L\Htli= De bye Kalman 

(kJ mol-1) orB (f>HdBI factor factor 

• b (kJ mol-1
) (tjT/Ti) x 10" (tjTlr{') 

10.28 10.05 0.36 5.99 5.22 4.61 X 10-K 

10.45 10.33 0.04 5.99 5.35 4.45 X JQ-K 

10.83 9.84 0.36 5.99 5.82 4.63x 10-11 

10.65 10.49 2.10 6.46 6.08 2.09 X 10-2 

10.77 9.97 2.10 6.46 6.05 2.30x 10-2 

10.45 10.15 2.10 6.46 5.02 2.07x 10-2 

12.24 11.92 0.31 6.15 11.62 7.26 X JO-K 

12.54 12.18 0.31 6.15 12.22 7.15x 10-11 

12.94 12.61 0.31 6.15 13.114 1.21 x w-l<i 
11.35 11.08 1.65 6.46 B.07 1.02x In-·' 

11.53 11.38 1.65 6.46 8.20 I. lOx 10-3 

11.39 11.21 1.65 6.46 7.19 1.01 X JO-) 

'11:43 I 1.17 2.00 6.33 8.36 1..11 x w-2 

11.37 11.14 2.00 6.33 7.69 1.39 X 10-2 

11.34 10.94 2.00 6.33 7.07 1.37 X 10"2 

0.30 

Weight fraction of solute("!) 

Fig. 2. Variation of inmginary pat1 xij or hf oricnlmional /iU/iL"'Cpti~ility 

ngainst weight fraction ll'j of some polar nitro compa~ntJs in 
nonpolar solvent benzene ut different tcmper.tlures in "C under 
9.5846 GHz electric ficltJ frequency of 2.5-c.lichloronitrobcnzcnc 
[In at 20 ('c (0), lb nt 30 "c ( • J. "lc at 40 11C (CJ)]. 3.5-
dichloronitrobcnzene [lla at 20 '

1
C <•>. lib at 30 "c (.6.), lie 3t 

40 "c (A)J. 2.5-dibromanilrobcn7.CI1C IIIIa at 20 
11
C (a), lllb at 

30 "C (•). lllc m 40" C (x)]. 2.4-tJinitrochlorobcnzcnc [IVa at 

20" C (•), IVb at 30 "c <->. lYe ''' 40 "c (+)1. 3.4-
tJinitrochlombenzcne {Vu ::al 20 ''c (£\), Vb ::al JO "C {0). Vc 
nl 40 "C (o)J. · 

prescribed methods in case of polar nitro compounds which 
includes the names of 2,5-dichloronitrobenzenc, 3,5-di
chloronilrobenzenc, 2.5-dibromoni<robenzene, 2.4-dinitro-
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0.3 ..--'------nr-r---· 
V«E-----1 

v--H 

lc 

0.02 0.04 0.06 

Weight fraction Of solute (ILl) 

Fig. J. Variulion of real part XiJ of /if orientationnl susceptibility against 
weight fraction wJ- of some polar nitro compounds in nonpolar 
solwnt benzene at different temperatures in "c under 9.5846 
GHZ electric field frcqcncy of 2.5-dichloronitrobenzene [Ia at 
20 11C (0).lb m 30 11C ( t ),lc at40 11C (0)],3.5-dichloronitrobc.mzenc 
[llit "' 20 "c <•t. lib at 30 "C (61 lie nt 40 "C (£)], 2,5-
dibromunilrobcnzcnc (lll:t :u 20 

11
C (o), lllb :u 30 "c (•). lllc 

ut 40 '
1
C (X)], 2.4"dinitrocJilorobcnzenc [IVa m 20 vC (•), IVb 

ut 30 "c (-). JVc ut 40 '1C (+)J, 3,4-dinitrochlurobt:nzene [Vu 
m 20 "C (6), Vb at 30 "c (0). Vc nt 40 "c (0)]. 

chlorobenzene. 3.4-dinitrochlorobenzene indicates that the 
data of Xij (wj) and Xij (wj) are of low weight fractions tV/S 
so that the polar-polar interactions are almost eliminated. 
The estimated ~i·s involved with dimensionless parameter 
b's are now used to obtain hfdipole moment l!j in terms of 
linear coefticients Ws of curves of Xi·- wj of Fig. 2 using 
Debye's relation 11 . The dimensionles.i parameter b's, linear 
coeflicients 13's and estimmed 1-Li's are placed in Table 2 to 
compare with >tJ 's by Gopala Krishna's method to measured 
by Pant el a/. 5 and theoretical dipole moments lltheo's of 
Fig. 4, evaluated by vector addition of available bond mo
metlls of the substituent polar groups of the nitro com
pounds as seen in Table 2. The disagreement between 
estimmed Jlj and J.l1h,u shows the probable exi~tence of in
ductive •. mesomeric and electromeric effects12 suffered by 
the polar groups under the electric field of GHz frequency. 
J.t/S thus measured when plotted against t •c shows convex 
and concave shapes as seen in Fig. 5, which reflects the 
stability or unstability of the polar-nonpolar liquid mixtures 
observed clscwhere13• The eq. (10) is a linear equation ln 
~l against liT of Fig. 6. The slope and intercept are used 
to anensua·e the required thennodynmnic energy parnmeters. 

· !1H,. !1S, anu 6F, as placed in Table 3. The parameters ·so 
estimated provides a deep insight into the physico-chemi
cal properties•• of the solute molecules in solvent benzene 
under GHz electric tield. TheDebye and Kalman factors as 
seen in Table 3 shows Debye relaxation mechanism 
obeyed by the molecules. 

Fig.4, 
©c:. 

j .... ~ 

=> , ..... 

=>~~ ~ 

Theoretical dipole momcnt-J.1.1he•1 (xi0311
) in coulomb metre (C.m.) 

from available bond angle ond bond moments of (I) 2.5-dichloro
nitrobenzcnc, (II) 3,5-dichloronitrobenzene, (Ill) 2,5-
dibromonitrobenzenc, (IV) 2,4-dinitrochlorobenzene, (V) 3,4-
dinitrochloro~nzcne. 

Theoretical formulations : 

If Eaij be subtracted from eji the susceptibility contains 

only the orientational polarisation 15 and thus the fast polari
sation is avoided unlike the eij. In absence of reliable mea

sured values of infinitely hf and lo.w frequency (/f) per
mittivities ealJ and Eoij• the following Debye-Pallate's equa
tions16 may safely be used from the measured values of the 

real ejj and imaginary ejj parts of the hf complex e;j of 

Pant et a/.5 

(I) 

and 

Eoij- Eaij 
(I)~· 

I + w\2 J 
Eij= (2) 

Xij and Xi) 's of functions of W/S are well displayed in Figs. 
3 and 2 respectively. Both Eli and Eij parts of eij are re
lated by 11 

, I " (3) £ij = Ewj + - Eij 
Ctl'rj 

In terms of real Xii and imaginary Xi) parts of /if complex 
susceptibility xij. one obtains 

XlJ = (OO~J) XlJ ot' dxij I dXii = Wtj (4} 
Murthy et a/. 6 showed earlier that a similar linear relation
ship exists between /If conductivity Kjj(•~l and KjjCwi) from 
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100,-----~-r----------,-, 

Ill 

e 0 75 

.5 

50 

25 

0~----~~--------~~ 
0 10 20 30 50 

Temperature (t) in 'C 

Fig. 5. Vuriution of dipole moment J.IJ against temperature t in "C of 
some polar nitro compounds in nonpolar solvent benzene under 
9.5846 GHz electric field frequency of (I} 2,5·dichloronitro
bcnzene (0), (II) 3,S·dichloronitrobenzcne (4), (Ill) 2,5· 
dibromonitrobenzene (.4), {JV) ·2,4-dinirrochlorot:enzene (o), (V) 
3,4-dinitrochloroll:nzcnc (•). 

which they estimated the relaxation time for polar mole
cules. The eqs. (4) is a straight line between Xi] and XiJ ob
served graphically in Fig. I, the slope of which .is used to 
get 'tj of a polar solute6 as seen in Table I. But for most of 
the nssocialive liquids, the vnrintion of Xij against Xij is not 
strictly linear•. For such associative polar-nonpolar liquid 
mixture Xii is related with wi by XIJ = a + ~wi + "fW/ the 
slope of eq. (4) can be represented by: 

(dxi: I dw·) w--+0 
~ J J -O>tj 

(dX;l dwJ)WJ-+0 
(5) 

The eq. (5) represents the ratio of linear coefficients of in
dividual variation of both Xij and XiJ with wi of a polar so
lute displayed graphically in Figs. 2 and 3 respectively, 'tj's 
estimated fmm eq. (5) are placed in Table I in order to 
compare them with 'tj's obtained by direct slope Xij- XiJof 
Fig. I nnd lhose of Gopala Krishnn's methodi0 measured 
by Pant eta/.~. · 

The imaginnry pan x;j of hfxij is related to wi of polar 
solute by 11 . · 

7. _ NPii!lJ ( Ol'tj ) . 2 . 6 
X•J - 27EoMjkoT I + ci? 'tJ (E,J + 2) w, ( ) 

which on differentiation with respect to wi and in the limit 
·of wi = 0 yields that 

(.<!xli) Np;f.Lf (. Cll'tj ) ( . + 2)2 
dWj "l~- 27EoMjknT li + ro2 'tJ E, 

(7) 

From eqs. (5) and (7) one obtains hf!IJ by 
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.21) ~-'--------, 

.5 

·10 

Ill 

-••·• L---~--~---·~---:' 
3.1 3.3 :u 3.5 

1fT X 103 

Fig. 6. Variation of in (tj7) .against liT of some pol<lr nilro compounds 
in nonpolar solvent benzene under 9.5846 GHz electric field 
frequency of (I) 2,5-dichloronitrobenzene (0), (II) 3,5-
dichloronitrobenzene (A), (Ill) 2,5-dibromonitrobenzene (A), (IV) 
2,4-dinitrochlorobenzene (o), (V) 3,4-dinitrochlorobenzene (•). 

[
27Eo M; ko 1]3] 

!li = Np; (£; + 2)2b 

v, 
(8) 

~ = Molecular weight of j-th liquid in Kilogram, E0 = per
mittivity of free space = 8.854 X I o-12 Farad metre- I. kn = 
Boltzmann constant = 1.38 x I0-23 J moi-1 K-1, T = tem
perature in absolute scale, ~ = (d XiJ /dwj-+0) = linear coef
ficient of XiJ - wj curves of Fig. 3 at wi-+0, N = Avogadro's 
number= 6.023 X 1023, p1 =density of solvent C6Ho, E; = 
dielectric relative permittivity of solvent C6H6, b = II( I + 
W't/). a dimensionless parameter involved with the esti
mated 'ti of eq. (5). 

Dielectric relaxation is a process of rotation of the polar 

molecules under /if electric field and it requires an activa

tion energy !J.F,, known as free energy of activation to over

come the energy barrier between two equilibrium positions. 

!J.F., is, however, related with estimated 'ti of eq. (5) by the 

relation14
• 

A 'tj = - exp (!J.FJKf) 
T 

As !J.F, = Ml,- T!J.S, so we have 

I 
, m, 1 

or, In ('tj7) = n A + R T 
where A' = Ae(-Mt/Rl 

(9) 

(10) 

(II) 

The eq. (10) is a linear equation of In 'tiT against liT of Fig. 
6. The slope and intercept are used to measure the required 
thermodynamic energy parameters of the molecules as pre
sented in Table 3 in agreement with those of Pant eta/. 5• 
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Results and discussion The symmetry and asymmetry of the molecules being a 
The ~;'s of aromatic polar nitro compounds in solvent physico-chemicai property can well be explained on the 

C6H6 at different experimental temperatures in "C under basis of ~i - t curves of Fig. 5. It is seen that unlike system 
9.58 Giga Hertz electric field are worked out from the ill all the systems show convex ~i-t curves having mini-
slope of the fitted linear eq. (4) between the variables mum ~;'s at lower and higher temperatures due to strong 
Xij and Xi; displayed graphically in Fig. 1 with the symbols symmetry attained

8 
at those temperatures. The system ill 

showing the experimental points. ~;'s so obtained are com
pared with t;'s estimated from the ratio of linear coeffi

cients of individual variations of both Xij and Xi; with w;'s 

shown gruphically in Figs. 2· and 3. ~;'s estimated by both 
the method are presented in Table I. The excellent agree
ment oft;' s by both the methods at once indicates the data 

xij and xi; are of low concentrations such that the polar

polar· interactions are almost eliminated9 at w;~O. The ~;'s 
by the latter method21 are more reliable. Gopala Krishna's 
method10 was employed by Pant etal.5 to get ~;'s. They are 
presented in Table.!. The close agreement between 1:/S of 
Pant et a/.5 and estimated ys of eqs. (4) and (5) at once re
tlects the basic soundness of our method to get ~i in the 
limit w; = 0. The correlation coefficient and % of error of 

both xij·- •v; and xi;- w; curves of Figs. 2 and 3 are given 

in Table I only to show how far they are correlated with 
w;'s. It is ~vident from Table I that 't;'s decrease with tem
perature. This._can be explained on the basis of the fact that 
at constant temperature, the relaxation time depends upon 
the energy difference between the activated and normal 
states. At higher temperature thermal agitation causes an 
increase in energy loss due to large number of collisions 
and thereby decreasing the relaxation time9•16• Dipole mo
ments ~;'s of the polar solutes as estimated from eq. (8) are 

· placed in Table 2 together with linear coefficients f3's of 

xij- '";.curves of Fig. 2 and dimensionless parameter b's 

involved with ~i ofeq. (5) as seen in Table 2 respectively. 
They are, however, compared with ~;'s of Pant et a/.5 and 
theoretical ~1h,;s obtained from ·vector addition of bond 

. 17 . 
moments of the substituted polar groups of the com-
pounds, as seen in the Table 2. The iheoretical dipole mo
ment and its orientation as a consequence of known struc
ture of the pertinent nitro-compound is displayed in Fig. 4. 
The resonance effect thus obtained by solvent benzene 
compound into an inductive effect-operated by the substitu
ent polar groups in the fing is expected to pby a prominent 

. role18 in the measured./!f"~;'s. The disagreement between /if 
~j'.s and ~,h,;s is· explained by the intluencc of /if electric 
field couplf:d with inductive and mesomeric moments on 
the tlexible pola~ groups. J.lth,;s with reference to Fig. 4 
gives a deep· insight into the structures of the molecules 
concerned. 

shows maximum ~;' s at lower and higher temperature due 
to asymmetric shape of the molecule. Physico-chemical 
properties of the systems can also be explained from the 
stand point of thermodynamics by estimating the energy pa
rameters llH,, t>S, and llF, from the intercept and slope of a 
fitted linear equation of In ~;T against !IT shown graphi
cally in Fig. 6 with the experimental points placed on them. 
They are placed in Table 3 together with those estimated by 
Pant et al. 5 by using Gopala Krishna's method10

• It is seen 
that except the first one the other systems are close to each 
other. Unlike systems II and V all the systems possess neg
ative llS,'s which suggests that configuration involved in 
dipolar rotation ·has an activated state which is more or-· 
dered than the normal state8

•
19 while the reverse is true for 

the rest two systems. llF,'s for all the systems are nearly 
same in magnitude, as the activation is accomplished by the 
rupture of bond of dipolar groups in the same degrees of 
freedom7

•
19

• Unllke 2,5-dichloronitrobenzene and 2,5-
dibromonitrobenzene all the systems possess ll > 0.50 as 
seen in Table 3 indicating solvent environment around the 
solute molecules15• Moreover, they show higher llHq;'s 
than that llH,'s as seen in Table 3. It is due to the fact that 
llHq; is involved with both transitional and rotational mo
tion of the molecules. Other systems possess lower values 
than that of llH, for high value of ll for those systems. 
Debye factor ~;TITJ and Kalman factor ~;TITJ0, being propor
tional to volume of the ·rotating unit are carefully estimated 
and are placed iti Table 3. Debye factors are all of the order 
of 106 and Kalman factors although of-different orders but 
fomid to have constant values fur all systems at each tem
perature, indicating ~t once the validity of Debye model of 
dielectric relaxation mechanism for such aromatic polar 
nitro compounds in C6H6 under GHz electric field9

·
13

. 

Conclusion : 

Our group21 have developed a new method based on the 
complex susceptibility xij in the'' limit w;=O to study the 

stnictural aspects and physico-chemical properties of the 
polar nitro liquid compounds 2,5-dichloronitrobenzene, 
3,5-dichloronitrobenzcne, 2,5-dibromonitrobenzene, 2,4-
dinitrochlorobenzene and 3,4-dinitrochlorobenzene in 
C6H6 under GHz electric field at different experimental 
temperatures. The excellent agreement of't;'s estimated by 
our methods of eqs. (4) and (5) at once establishes the ap-
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plicability of the method suggested to get ti's at wi-40 as it 
elimimues polnr-pplur interaction21 in a given solution. The 
correlation euetlidents r's and % of errors obtained by 
careful regression analysis between variables of curves of 

Figs. 2 and 3 show how far the variables x;j and X~j are cor

related with wi·s ro establish the statistical validity' 5 of eq. 
{5). The thcni10dymunic energy parameters such as D..Ht, 
llSt and 6./•'t worked out in terms of temperature variation 
of tj"s are useful and important tools to comment on the 
physico-chemical properties of dipolar liquid molecoles. 
The theoretical dipole moment J.ltheo's and its comparison 
with measured /if Jl/S of the eq. (8) explore new concept 
regarding structure.l:i of the molecules in addition to induc
tive, mesoml!ric and electromeric effects present in them. 
Almost the constant values oLDebye and Kalman factors 
and the curves satistied by experimental points in all the 
ligures reflect the validity of the theoretical formulations 
within the framework of Debye-Smyth model of dielectric 
relux~_ation. Th~ signiticam coritribution to study the struc
tural aspects and physico-chemical properties of the polar 
liquid molecules as sketched in Fig. 4 in nonpolar solvent 
under nearly I 0 GHz electric field are thus found to be im
portant to enhance scientific content of the existing knowl
edge of dielectric relaxation processes. 
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The two relaxation times T1 and 't'2 due to rotations of the flexible parts and the whole molecules of some aprotic polar 
liquids (j) likeN; N-dimethyl sulphoxide (DMSO); N, N-dimethyl formam ide (DMF), N, N-dimethyl acetamide (DMA) and 
N, N-dietbyl formamide (DEF) in benzene (i) are estimated from the measured real Xu' and imaginary X;{ pait of /if complex 
dielectric orientational susceptibility Xu • and low frequency susceptibility Xou at different weight fractions· Wj 's of solute at 
vatious experimental temperatures [Saha eta/., J Pllys. D: App/ Phys, 27 (1994) 5961. The relative contributions Ct and c, 
due to 'tt and ~2 are calculated from FrOhlich's equations and graphical technique. All the c's are positive from FrOhlich's 
equatipns while some c2's are negative from graphical method. The dipole moments J12 and J.L 1 in Coulomb-metre (C.m) 

·· : measured from the slOpe P's ofXi{-wj curves are compared with those of conductivity O';j measurements using 't's from the 
ratio of individual slope of (dX;(/dwj)uJ--70 and (dX;{/dwj)nj--7o, linear slope of Xi/':_ Xu' along with Gopalakrishna's method 
[Trans Faraday Soc, 53 (1957) 767]. The estimated J.l/s agree with the measured and reportcd"J,l"s to indicate that the flexi
ble part of the molecule is rotating under GHz electric field. The theoretical dipole moment ~tlhco's arc obtained in terms of 
available bond moments of the substituent polar groups auachcd to the parent molecules acting as pusher or puller of elec
trons due to inductive, mesomeric and electromeric effects in them under /if electric lield. The v:triation of Jll with tempera
ture suggests the elongation of bond moments. The energy parameters such as enthalpy of activation 6Ht, free energy of ac
tivation 6Ft and entropy of activation L.\St's arc obtained for DMSO only :tssmning dielectric reln:wtion as a n.ue process to 
know the molecular'dynamics. The vnriation of ln(-r17) against 1/Tof DMSO revc•lls that it obeys Eyring rate theory unlike 
ln(~27) against 1/Tcurve. 

Keywords: Dielectric relaxation, Aprotic polar liquids, Dipole moment 

IPC Code: GO!R27n6 

1 Introduction 
The relaxation behaviour of polar-nonpolar liquid 

mixtures under high frequency (/if) electric field is of 
much importance to study the molecular shapes, sizes 
3s well as associational behaviourt-J in them. Re
searchers in this field usually analyse the experimen
tal data obtained. through relaXation mechanisms in
volved on the basis of various models4

'
6 applicable to 

polar liquids. Dhull et af . and Sharma and Sharma8 

·had, however, measured the real E;jk', E;{ or E;k' and 
imaginary E;jk"• E;{' or E;k" parts of relative complex 
permittivities Eijk•, E1/ Of EiL::' ·of some interesting bi
nary or single polar liquids Gk, j or k) in a non-polar 
solvent under. X-band electric tield at different or 
fixed temperatures. The purpose ·of the work was to 
detect monomer (solute-solvent) or dimer (solute
solute) molecular associations and n1olecular dynam
ics of the systems in terms of estimated relaxation 
time 'tj and dipole moment Jli· 

' 

The measured' values of the i"elative pennittivities 
E;;'s of some aprolic polar liquids like N, N-dimelhyl 
sulphoxide (DMSO); N, N-dimethyl formamide 
(DMF); N, N-dimethyl acetamide (DMA) and 
N, N-diethyl formamide (DEF) in benzene under the 
most effective dispersive region of nearly 10 GHz 
electric field at 25, 30, 35 and 406C for DMSO; 
25°C for DMA and DMF and 30°C for DEF 
respectively. DMSO is a aprotic dipolar liquid of 
high penetraling power and wide applications in 
medicine and industry. It acts as good constituent of 
b. . b f . . t' tO t mary nuxturcs ccausc o 1ls assocm IVC na urc. 
Amidcs, on the other hand, arc the building blocks 
of proteins and enzymes and have wide bio
logical applications. The liquids usually show two 
relaxation times 't2 and 't 1 for the rotation of the whole 
molecules and the flexible parts attached to the parent 
molecules from lhc single frequency measurement 
techniquett,t 2. 
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(} 
' All these facts inspired us to study -r2 and -r1 and di
pole moments J.lz and J.l; of these liquids in terms of 
real Xu' ( =e;{ -E..;;) and imaginary xu" ( =E;{) parts of 
complex orientational susceptibility xu' (=eu'- e..u) in 
benzene at different temperatures. The low frequency 
susceptibility Xou (=Eo;;- E..;;) is, however, real. Xu' can 
be obtained by subtracting either 1 or E..;; from the 
measured E;;'s. If I is subtracted from the relative 

, permittivity e;{ and Eou one gets X;{ and Xou containing 
all· types of polarisation processes including fast po
larisations. When high frequency relative permittivity 
or the optical permittivity e~u be subtracted from eu' 
and E..u of the solution at a certain weight fraction w;' s 
of the solute the susceptibility Xu'. Xu" and Xou result 
due to orientational polarisation. only. Our earlier 
study9 was to calculate -r's imd J.l's in terms of either 
relative permittivities e;;'s or hf conductivities cr1j's. 

· E;;'s are involved with all types of polm:isations while 
cru's are related only to bound molecular charges of 
polar liquids. Now-a-days relaxation mechanisms are 
studied in terms 13 of X;;'s because measurements of 
J.L's'in terms of e1;'s or cr1;'s in.clude contributions due 
to all types of polarisations and bound molecular 
charges, respectively. Moreover, relaxation processes 

· are highly thermally activated to yield 't within the 
framework of Debye-Smith model of polar-nonpolar 
liquid mixture. 

The purpose of the present work is to assess the 
contribution of fast polarisation and bound molecular 
charges in the measurement of J.L's when compared 
with J.L's from Xu and cr;; measurements. The variation 
of J.L's with temperature provides knowledge of the 
state of the system through the measured energy pa
rameters. 

The detailed experimental technique involved in 
the measurement of dielectric relaxation parameters 
of solution has been described elsewhere14

• A Hewlett 
Packard Impedance Analyser (HP-4192A) measured 
the capacitance and conductance of the cell containing 
polar-nonpolar liquid mixtures,at different frequencies 
and temperatures for a fixed w; of solute. The real and 
imaginary parts of relative permittivities e1;' or sus
ceptibility xu' are obtained from complex impedances 
of'the cell measured within the range of frequencies 
from 5 Hz to 13 MHz. The .measured e1{s are then 
plotted in a Cole-Cole semicircular arc to get the val
ues of e;{, E;{', Eou and E..;; at nearly I 0 GHz electric 
field (Table !). Again Eou is measured at 1 kHz 
whereas high frequency permittivity E..;; (= n2

0 u) is 

-~ 

measured by Abbe's refractometer to compare the 
values obtained from Cole-Cole plot. The cell con
taining experimental liquid mixture is then kept in 
Mettler Hot Stage FP-52 chamber to regulate tem
perature. Multiply distilled C6H6 is used as a solvent 
in measurement after several times fractional distilla
tion to get the purest quality of sample. The measured 
data e1{ or X;;' 's are accurate withi;] ± 5%. 

Bergmann et al1s., however, proposed a graphical 
technique to get 't;, -r2 and c;, c2 for a pure polar liquid 
at different frequencies of the microwave electric 

. field. In ·order to avoid clumsiness of algebra and fast 
polarisation processes, the molecular orientational 
polarisations in terms of established symbols of X;;'s 
can be written ass 

. . . (I) 

... (2) 

assuming two separate broad Debye type, dispersions 
of wh,ich c1 + c2 = I. 

Saba et a/ 11
• and Sit et a/. 12 put forward an analyti

cal technique to measure 't;, -r2 and c;, cz of a polar
nonpolar liquid mixture in terms of measured xu'. x;{'. 
Xo;; at different w;'s of solute under a single frequency 
electric field and temperature, Eqs (!) and (2) are 
solved to get: 

, 
Xoij - Xij 

, 
X;i 

... (3) 

- .... 

Eq. (3) gives a straight line when (X,,;;-X;{)IX;;' is 
plotted against x;/'/xu' for different •v;'s of solute for a ) 
given angular frequency w (= 2nf ), f being the fre
quency of the applied electric field. The slope 
oo(-r1+t2) and intercept -o/1:11:2 of straight line of. 
Eq. (3) are obtained through linear regression analysis 
as shown in Fig. I. Relaxation times -r2 and 't 1 are cal
culated from the slopes and intercepts of Eq. (3) of 
Fig. 1 in terms of measured data of Table 1. They are 
then compared with measured -r;'s from the linear 
slope of the xu" against X;{ curve of Fig. :;! at different 
w;'s of !he form: 
d". 

Xij =Wt 

dx~ 
... (4) 

Both X;/" and xu' are functions of w;'s of solute. It is 
better to use the individual slopes Xu"-•v; and X;;'-IV; 

-1 
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Fig. 1-Linear plot of ('Xoir'X.i/)/Xi{ against 'Xi{/Xi{ for different 
wj's of DMSO, DEF, DMF and DMA in benzene (I) DMSO at 
25'C (-o-), (II) DMSO at 30'C (~~-). (Ill) DMSO at 35"C (-0-), 
(IV) DMSO at 40'C (·•·), (V) DEFat 30'C (-A.-), (VI) DMF at 
25'C (-Ell-) and (Vll) DMA at 25'C (·*·) 
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Fig: 2-Linear variation of imaginary pa.rt of die1ectric suscepti
bility X;( against real part of dielectric susceptibility xij for dif
ferent wj's of DMSO, DEF, DMF and DMA in benzene 
(!) DMSO at25'C (-o-), (II) DMSO at30'C (-~·),(III) DMSO at 
35'C (-0-), (IV) DMSO at40'C (·•·), (V) DEF at30'C (-A.-), 
(VI) DMF at :iS'C (-Ell:) and (Vll) DMA at 25'C (:•.) 

curves in Figs 3 and 4 at w1 ~ 0 to measure -r using 
the following equation: 

(dx~fdw1 ) 

( 

. )W}->0 =(I)'( "• (S) 
ctx;1jdw1 wj-.o · 

0.10 ~------------. 

0·~~000 0.002 0.004 0.006 0.008 0.010 
weight fraction"'' 

Fig. 3-Plot of iinagim1ry part of dielectric susceptibility Xi/' with 
weight fr:~.ction wj of DMSO, DEF, DMF and DMA in benzene 
(!) DMSO at 25'C (-o-), (II) DMSO at 30'C (-~·),(Ill) DMSO at 
35'C (-0-), (IV) DMSO at 40'C (·•·), (V) DEFat 30'C (-A.-), 
(VI) DMF at 25 'C (-Ell-) :ina (Vll) DMA at 25'C (·*·) 

-r' s from both the methods along with t' s from con
ductivity measurement technique using Eqs (25) and 
(26) are placed in Table 2 in order to compare with t 
measured by Gopalakrishna's method 16

• 

Eqs (I) and (2) arc solved for c1 and c2 to get: 

... (6) 

... (7) 

where Ut=OO 'tt and a2=oo t2, such that a2 > UJ. The 
values of X;/ IX.;; and x;/'IX..o are also obtained from 
following Frohlich's equations 17

: 

_X_~ = 1 __ 1_1n (_l_+_oo""
2

_,t2'::-
2 

) 

Xoij 2A lr + oo2tl2 

• 
NJ =..!.[tan -I (oot

2
)- tan -I (rot,) J 

Xoij A 

... (8) 

... (9) 

where A = Frohlich parameter= ln(t2 / t, ). The theo
retical values of relative contributions c1 and cz to
wards dielectric relaxation processes for -r 1 and t 2 are 
computed from Eqs (8) and (9). They arc presented in 
Table 3. The gruphical plots of x0'/x,.,;; and x0"tx .. u 
curves as a function of Wj are shown in Figs·s and 6, 
respectively. The experimental values of c1 and cz are 
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Table 1-Reai Xi{ and imaginary xi(, parts of thc·complex dielectric orientation susceptibility Xij* and static dielectric suscepti?ility Xolj 

which are real for various weight fractions n'j's of some aprotic polar liquids in benzenes nt different temperatures under hf electnc field 

System Temp. Weight fraction 
•c Wj 

I.DMSO 25 . 0.0022 
0.0043 
0.0047 
0.0069 . 
0.0086 

· ll.DMSO 30 0.0022 
0.0043 
0.0047 
0.0069 
0.0086 

Ill.DMSO 35 0.0022 
0.0043 
0.0047 
0.0069 
0.0086 

IV.DMSO 40 0.0022 
0.0043 
0.0047 
0.0069 
0.0086 

V.DEF 30 0.0023 
0.0042 
0.0079 

• 0.0095 

VI:DMF 25 0.0027 
0.0036 
0.0048 
0.0063 

Vll.DMA 25 0.0026 
0.0045 
0.0056 
0.0066 

also estimated from Eqs (1) and (2) with the measured 
values of (X;{/Xo;;) .. ; .... o and (X;/'IXo;;)wj->O of Figs 5 and 
6. These c1 and c2 are fitially compared with theoreti
cal ones in Table 3. 

The symmetric and asymmetric distribution pa
rameters y and 15 of the molecules under study are cal-. 
culated and placed in the last columns of the Table 3 
along with all the· c1 and c2's· in orde'r to see tluit the 
relaxation mechanisn1 for sucl1 liquids arc symmetric. 
The dipole moments ~t2 and ~lt due to rotation of the 
whole molecule as well as the flexible parts of the 

. molecules are determined from the slope f3 1 of X;{-w; 
curve of Fig. 4 at w;-? 0 in terms of eStimated -r 1 and 

. -r2 of Eq. (3) as placed in Table 4. ~t;'s are again cal
culated from the -r's of Eqs (4) and (25) of Murthy el 

'X.I/ x·!' OJ Xou 

0.0611 0.0280 0.0731 
0.0890 0.0420 0.1094 
0.0950 0.0460 0.1181 
0.1231 0.0616 0.1594 
0.1520 0.0798 0.1982 

0.0630 0.0274 0.074 
0.0915 0.0400 0.1095 
0.0980 0.0440 0.1220 
O.ll55 0.0526 0.1500 
0.1340 0.0648 0.1802 

0.0600 0.0234 0.0693 
0.0800 0.0330 0.108 
0.0825 0.0360 0.1135 
0.1104 0.0496 0.1564 
0.1260 0.0580 0.1830 

0.0499 0.0170 0.0648 
0.0774 0.0282'. 0.1054 
0.0784 0.0286 0.1094 
0.1083 0.0420 0.1541 
0.1155 0.0500 0.1775 

0.0850 0.0256 0.1137 
0.0899 0.0288 0.1335 
0.0997 0.0384 0.1822 
0.1033 0.0448 0.2053 

0.0742 0.0256 0.0948 
0.0872 0.0302 0.1162 
0.1045 0.0386 0.1423 
0.1291 0.0484 0.1855 

0.0818 0.0213 0.1201 
0.1046 0.0278 0.1559 
0.1198 0.0330 0.1851 
0.1370 0.0381 0.2083 

al. 18 and the ratio of the individual slopes of Eqs (5) 
and (26) from susceptibility and conductivity meas
urements using slope f3 1 of xu'-wi of Fig. 4 and f3z of 
cr;,-w; curve of Fig. 7. J.l.'S from both the measure
ments are entered in Table 4 along with estimated f!'s 
from Gopalakrishna' s method 16 quoted as reported 
ones in the Table 4. 

The variations of measured 112 and J.l.t for DMSO in 
benzene with temperature in oc arc given by the 
equations: 

J.l.z = -231.61 + 15.597 1- 0.2272 12 

~Lt = 19.825-0.626 I+ 0.0108 12 ... (10) 

J.l.z of the parent molecule attains a maximum value of 
36 C.m at 34.32"C with zero dipole moments at 21.72 

-/' 

~ 
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Table 2-Relaxation timeS 'tz and 't1 from the slope and intercept of strnigbt line Eq. (3), measured T; from different methods of suScepti-
bility and conductivity meaSurement technique, reported. T, symmetric and characteristic relaxation times T, and 'tcs for different aprotJc 
polar liquids under effective dispersive region of nearly 10 G~·Iz electric field 

System Temp Estimated -r1 and -r2, ~-· ~-· ~t ~· Rept• 'tj ~. ~" •c J J J 
s ps ps ps ps ps ps ps 

~. ~2 

I.DMSO 25 8.09 21.07 9.91 ·6.79 8.77 6.01 5.37 4.88 3.69 

II. DMSO. 30 7.51 52.02 9.07 6.34 8.04 5.86 4.96 4.82 3.05 

III. DMSO 35 6.50 59.68 9.08 9.03 7.47 8.95 4.70 4.21 

IV.DMSO 40 4.51 39.00 8.38 4.90 7.09 4.46 4.33 3.74 22.20 

V.DEF 30 3.89 76.41 16.86 1.06 6.64 0.58 2.42 4.16 15.66 

VI.DMF 25 4.60 56.24 6.73 6.69 5.87 5.58 5.09 3.02 8.47 

VII.DMA 25 2.20 56.61 3.05 6.53 4.96 3.11 6.53 3.90 81.95 

T/' =relaxation time from direct slope of Eq. (4); -rl = relaxatiori time from ratio of individual slope of Eq. (5); ;:{ =relaxation time 
from direct slope of Eq. (25); Tjd =relaxation time from ratio of individual slope of Eq. (26) and reported 't'j by using Gopalakrishna's16 

method · 

--" ~ 
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0 
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t: 

"' c. 
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v 
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o.~~o'=o-=-o~o,.._o:':o"'2....._,0,....o:':o,-4~o,... ..... oo-6~o-...... oo-s~-'o.o1 o 

weight fraction w. 
I 

Fig. 4-Plot of real part of dielectric susceptibility X.ij with weight 
frnction wj of DMSO, DEF, DMF and DMA in bcnzcn!.! (I) 
DMSO at 25'C (-o-), (II) DMSO at 30"C (-t.-}, (lll) DMSO at 
35'C (-0-), (IV) DMSO nt 40"C (-•-), (V) DEFat 30"C (-..1.-), 
(VI) DMF at 25"C (-Ell-) and (VII) DMA at 25"C (-*-) 

and 46.92'C, respectively due to monomer formation 
with C6H6 ring. 

The theoretical dipole moment Jlth.,.'s of the mole
cules are calculated from the available infrared spec
troscopic data of bond moments assuming the mole
cules are planar as sketched in Fig. 8. They are found 
to vary with the measured 11/ s. The difference, how-

0.5 .L_~-'-~--'--~-'-~--'--~~ 
0.000 0.002 0.004 0.006 0.006 0.010 

weight fraction wi 

Fig. 5-Variation of X;/l"t»j with wj's of DMSO, DEF, DMF and 
DMA in benzene (I) DMSO at 25°C (-o-), (II) DMSO at 30°C 
(-t.-}, (lll) DMSO nl 35"C (-rJ-}, (IV) DMSO nt 40"C (-•-), (V) 
DEFat 30'C (-..1.-), (VI) DMF nt 25'C (.(!).)and (VII) DMA at 
25"C (-•-) 

ever, indicates that the effect of inductive, mesomeric 
and electromeric moments of the substituent polar 
groups within lhe molecules along with temperature 
in the /if electric field is to be considered to have the 
conformation of the molecules under interest. 

The lhermodynamic energy parameters like en
thalpy of activation Ll.H, free energy of activation Ll.F, 
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Table 3-Friihlich's parameter A [=In (t2/t1)), theoretical and experimental values of 'X.;{ IX.;; and x.;{'IXo;; of FrOhlich Eqs (8) and (9) and 
from fitting equations of Figs 5 and 6 at Wj-)0, respectively, theoretical and experimental relative contributions c1 and c2 towards dielec

. tric dispersion due to 1: 1 and -r2, symmetric and asymmetric distribution parameters y and B for polar-nonpolar liquid mixtures of some 
aprotic polar liquids under effective dispersion region of nearly 10 GHz electric field 

System Temp A Theoretical values of Theoretical Experimental values of Experimental Estimated 
'C X;/f'Xoij and Y.:/IXo;j values of ca XiJ'Jxo;j and X{IXoij at values of c, and v::tlues ofy 

from Eqs (8) and (9) and c2 wi~O of Figs 5 and 6 c, and 8 
c, 

I.DMSO 25 0.957 0.629 0.466 0.485 

II.DMSO · 30 1.935 0.449 0.434 0.423 

·m:DMSO 35 2.217 0.454 0.419 0.425 

IV.DMSO 40 2.241 0.611 0.409 0.507 

V.DEF 30 2.978 0.476 0.378 0.443 

VJ.DMF 25 2.505 0.497 0.405 0.451 

VJI.DMA 25 3.248 0.601 0.357 0.531 

0.5 

"-I-

All 

""' Ill 
n 

IV 

• -VI 

.--'!-..~.. 
VII 

0.1 

0.0 . 
0.000 0.002 0.004 0.006 0.008 0.010 

weight fraction w. 
J 

Fig. 6-Variation of X.;{'IXoij with wj's of DMSO, DEF, DMF and 
DMA in benzene (I) DMSO at 25"C (-o-), (II) DMSO at 30"C 
(-6-), (IIJ) DMSO at 35"C (-D-), (IV) DMSO at 40"C (-•-), 
(V) DEFat 30"C (-.ol.-), {VI) DMF at 25"C (-$-)and (VII) DMA 
·at 25"C (-•-) 

and entropy of activation f..S, were obtained from the 
slope and intercept of linear· equation of ln(,;17) 
against liT for DMSO as given by the equation: 
ln('tz7) =- 4.8353 - 4.088xl03(1!7) 
ln(,;,7) =- 30.568 + 3.216xl03(1/7) (11) 

The variation of ln('t 1:zp or ln(,;2T) against !IT indi
cates that't1 obeys the Eyring rate process whereas ,;2 
does not. 

L":! .. , (.'! y ~ 

0.571 0.874 0.380 1.095 ·0.061 -0.07 2.00 

0.933 0.894 0.389 1.049 0.022 -0.08 2.37 

1.043 1.039 0.371 1.192 -0.076 -0.29 

0.794 0.797 0.266 0.803 0.228 0.21 0.36 

1.380 0.849 0.247 0.890 0.210 0.17 0.36 

1.086 0.855 0.262 0.921 0.065 0.13 0.61 

1.093 0.724 0.185 0.713 0.338 0.47 0.18 

2 Symmetric and Asymmetric Distribution 
Parameters y and o 
The polar-nonpolar liquid mixtures under study are 

non-rigid in nature exhibiting two relaxation times 1:2 

and ,;1 at a single frequency electric field 19
• The meas

ured values of x;{'IXo;; wheri plotted against Xii'/Xoii at 
w; --) 0 for different frequency C!l at a fixed experi
mental temperature for DMSO may either show Cole
Cole semicircular arc or Cole-Davidson skewed arc 
having symmetric and asymmetric distribution of re-
laxation behaviour according to following equations: 

• Xq 1 
(12) 

1 + (joo,;,)'-v 
... 

Xoij 

• 
x" (13) 

~ 
. .. 

Xoij (1 + jC!l'"Cc.,) 

where ,;, and "" are symmetric and characteristics re
laxation times related to symmetric and asymmetric 
distribution parameters y and o, respectively. On sepa
ration, the real and imaginary parts of Eq. (12), one 
gets: 

[( ')'' '] _ 2 t -t 1 Xq Xij Xoij X1i Y-- an --- • ---
1t Xoii Xii I X,u Xou 

.... (14) 

~ _ 1 [0( Xij I Xoij yrt . yrt J]'~Y "s -- 8 cos--sm-
C!l Xij I Xoij 2 2 

... (15) 
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Table 4-Slope {31 of Xl versus WJ and ~2 of O"ij versus WJ curves, measured dipole moments J.l-2 and f.L1 from susceptibility measurement 
technique, JlJ'S from Eqs (22) and (29). respectively, reported dipole moment, theoretical dipole moment J.lthco from available bond angles 
and bond moments expressed in Coulomb metre (C.m) and the values of Jla/Jl1hco for some aprotic polar liquids in benzene under effective 
dispersion region of nearly 10 GHz electric field 

Di2ole moments ~I (X Hi -30) in Coulomb.letre System mol wt Slope of Xq' ·WJ .J:L 
and C:SiJ- WJ curves From Eq (22) Ill' 1-'Jb J.l{ Ill' !li' J.llheo Jlaheo 

~. ~' l-'2 ,.,, 

I.DMSO at 25'C Mi= 10.943 6.280 14.69 10.30 10.75 10.03 11.10 10.48 12.65 15.18 0.67 
0.0/8 k~ 

Il.DMSO at 30'C Mi= 16.440 9.096 36.69 12.64 13.09 12.35 13.31 12.75 12.79 15.18 0.83 
0.078 kg 

III.DMSO at 35'CMi= 8.950 4.621 31.09 9.27 9.79 9.78 9.50 9.82 13.49 15.18 0.61 
0.078 kg 

IV .DMSO at 40'C Mi= 17.646 9.894 30.37 12.69 13.70 12.82 13.94 13.32 13.73 15.18 0.83 
0.078 kg 

V.DEF.at 30'CMi= 2.870 2.922 26.62 5.67 7.91 5.53 8.18 7.58 12.96 13.30 0.42 
0.101 kg 

VI.DMF at 25'CMi= 10.938 7.282 33.21 9.37 9.81 9.80 10.54 10.48 12.09 12.73 0.74 
0.073 kg 

VII.DMA at 25'C Mi= 5.147 2.792 24.97 6.83 7.07 6.89 7.00 6.81 11.26 13.37 0.51 
0.087 kg 

J.l/ =dipole moment by using 't from the direct slope of Eq. (4); ~lib= dipole moment by using t from the ratio of individual slopes of 
Eq. (5); ~c: =dipole moment by using t from the direct slope of Eq. (25); Jlid = dipole moment by using t from the ratio of individual 
slopes ofEq. (26); Jl{ =reported dipole moment using Gopalakrishna"s 16 't and Jlthoo =theoretical dipole moment from the available bond 
moments. 

On simplification of Eq. (13) further, one gets : 

1 log[(xijfx," )/cos(ljlo)J 
-log( cos ljJ) = -'=-'-.:..:._~'-----d 
¢ ~8 

(x~/x ··) 
tan( ~8) = '1 O'J uj-+0 

(xij /X.;i ) .. ; .... o 

where tancp = Ol'tcs 

... (16) 

... (17) 

A theoretical curve of (11~) log(coscp) with~ in de
grees was drawn5 to get the known values of ~ and 8 
in terms of measured parameter of 
[log{ (X'•/Xou)/cos(ljl8)} ]/(ljl8) of Eqs (16) and (17). All 
the t, tcs and li ~ are given in Tables 2 and 3, respec
tively. 

3 Dipole Moment lli from Susceptibility Measure
ment 
Debye equation20 of relative permittivities of a po

lar solute Gl dissolved in a non-polar solvent (i) in 
terms of complex dielectric orientational suscepti
bility x·ij of solution can be written as: 

x"· 1 
Xoii 1 + joo--c 

... (18) 

where X;{ (=E;{-E..;j) and xu" (=Ei{) are the real and 

imaginary parts of X*ij = X•{ -jxu"· j = H is a com

plex number Xoij (=E0 ij-E..ij) is the low frequency sus
ceptibility which is real. 

Again, the imaginary part of dielectric orientational 
susceptibility xu" as a function of Wj can be written 
according to Smith" as: 

xij NpijJl/ Wt ( )2 --"'-'-----=--=- E .. + 2 W . 
?7£ k TM. l + W2t 2 '1 1 
- o B J 

... (19) 

On differentiation of Eq. 1(19) w.r. t Wj at wi~ 0, 
one gets: 

NP··Jl·
2 

Wt 2 
'1 

1 (E. +2) ... (20) 
27E k TM. 1+w2t 2 

' , B J 

where k0 is the Boltzmann constant, N the Avogadro's 
Number E; the relative permittivity of the solute and Eo 
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is the absolute permittivitiy of free space = 8.854 X 
10"12 F.m·', all expressed in SI units. Comparing Eqs 
(4) and (20), one gets: 

( 'J 
dX-· Np.!J-.2 I · 2 
-'

1
- = ' 1 e +2 = 

dw 27E k TM. !+OJ2-r2 ( 
1 

) ~1 
. ) o B J · 

wr-iO 

(21) 

where ~1 is the slope of Xu' -wi curves at wi -7 0. 
From Eq. (21), one gets the dipole moment !J-i as: 

I 

-( 21c0k8TMj~l ]2 11--
J Np1(E1+2)

2
b 

... (22) 

where b = 11(1+002-r 2) is the dimensionless parameter 
involved with measured -r; of Table 2. All the !J-;'s are 
placed in Table 4. 

4 Dipole Moment 1!-J from hf Conductivity Meas
urement 
The hf complex conductivity cr·u of ·a polar-non

polar liquid mixture is given by: 

• .J "-'' (""') 0' ij = u ij + Ju ij = COCo Eij + JEij ... (23) 

the real cr';; and imaginary cr'';; parts of cr*u are related 
by: 

• 1 ' 
.aij = crooiJ +--CJij 

(f)T: j 
... (24) 

where croo;; is the constant conductivity at infinite dilu
tion i.e. at wi-70. The Eq. (24) on differentiation w.r.t. . 
cr';; yields: 

dcr~ 1 
.--, =--

dcr u ro-r i 
... (25) 

which provides a convenient method to obtain -r; of a 
polar molecule. It is, however, better to use the ratio 
of the slopes of variation of cr''u and cr';; with w; in 
order to avoid polar-polar interactions at w; -70 in a 
given solvent to get -r; from: · 

(dcr~ I dwi) . 1 wr-+0 
... (26) 

In /if region of GHz range, it is generally observed 
that cr''u i= cr;; the total hf conductivity22 of the solution. 

. . - l . 
Therefore, the Eq. (24) can be written as: 

1 ' cr .. =cr .. +--cr .. 
I) 001) (!)"( ' I) 

) 

1 
[ 

dcr~- J ~ =-- __ •J 
2 ro-r. dw. 

J } nj-}Q 

... (27) .. 

where ~2 is the slope of ( dcr1jdw; )w;_,0• The real part 
cr';; of a polar-nonpolar liquid mixture is given b/: 

N 2 2 
, Pu11i ro -ri ( )2 cr .. = r; .. +2 w. 
'
1 27 k8TM . I+ oo2-r2 

'
1 1 

) ) . 

( 
dcr~) 
dw. 

J "'i-+0 

' ' NP-11 -- ro·-r · 2 
, J J (-c-+?) 

27 k8TM · I+ ro2-r2 
' -

) ) 

... (28) 

Now comparing Eqs (27) and (28), one gets /if f~ 
from: 

... (29) 

where b =ll(l+ro2-r2 
) is involved with -r;'s from 

Eqs (25) and (26). !!-;' s thus obtained from Eq. (29) are 
placed in Table 4 along with Gopalakrishna' s IJ-i and 
!ltheo

7 
S. 

5 Results and Discussion 
The relaxation parameters in terms of real xu' 

(=c;;' -'Coo;;), imaginary X{ (=E;/') and low frequency 
susceptibility Xo;; (=c0 ;,-'Coou), which are real and ex
tracted from the measured relative permittivities Eu's 
for different w;'s of solute at 25, 30, 35 and 40°C for 
DMSO, 25°C for DMA and DMF and 30°C for DEF 
under nearly 10 GHz electric field as shown in 
Table I. The curves of (X.u-Xu')IX;{ against x;{'lxu' at 
different w;' s of solute are plotted from the measured 
data in Fig. I. All the curves show two relaxation 
times -r2 and -r1 due to rotation of the whole molecule 
and the flexible part attached to the parent ones as 
evident from Table 2. It indicates that the molecules 
are of non-rigid nature. Unlike -r2

1s, -r1's of DMSO at 
25, 30, 35 and 4o•c decrease gradually (Table 2). 
This indicates that -r 1' s obey the Debye relaxation 
mechanism. It is also evident from Table 2 and Fig. 1 
that the graphs of (X.;;-X;{ )I Xu' against X;;" IX;{ for 
different w;'s of DMSO shift towards the origin with 
the increase of temperature. -r2 's of all the liquids are 
much larger in magnitude than -r1• The parent mole-
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cule takes larger time to lag with the electric field fre
quency for its inertia in comparison to its flexible 
parts which are supported by the two relaxation model 

··of polar unit under nearly 10 GHz electric field23. 't;'s 
are· estimated and placed in Table 2 from Eqs (4) and 
(5) using linear slope of X{ against Xu' at different 
w;'s and the ratio of individual slopes of X{-ll) and 
X;;'-wi curves at lVj-70 of Figs 3 and 4, respectively. 
The. values of 't; from Eq. (4) are larger than from 
Eq. (5). Reported 1:'s and ~·s calculated from both the 
Gopalakrishna's method' as well as conductivity 
measurement technique using Eqs (25) and (26), re
spectively. The agreement is better from the 1:;'s due 
to ratio of the individual slopes .of X{-wi and X;;' -w; 
curves at Wj -7 0 of Figs 3 and 4 because the polar
polar interactions are almost avoided. They arc then 
compared with the reported 't, and 't" of the molecules 
assuming symmetric and asymmetric distribution of 
relaxation processes only to show that the molecules 
obey symmetric distribution. The curves X;/' against 
X;{ of Fig. 2 of the molecules are found to meet at a 
point in the region of 0 < Wj < 0.02 except D EF the 
data was measured at 30°C. The experimental curves 
of xu" -wi and X;{ -wi are not linear as shown in Figs 3 
and 4, respectively. Like X;{-wi curves all the curves 
of X{ -wi of Fig. 3 are parabolic in nature and in
crease with the w;' s of solute. The magnitude of X{ 
is, however, maximum in lower temperature region 
and decrease with the rise of temperature. This indi
cates the absorption of electric energy in the polar
non-polar mixture in the lower temperature region. 

The relative contributions c1 and c2 due to 1:1 and 't2 
could, however, be estimated from the xu' IXu;; and 
X{IXo;; of Frohlich's Eqs (8) and (9) and placed in 
Table 3 assuming a continuous distribution of 't be
tween limiting values of 't 1 and 1:2. c1 and c2 are also 
calculated in terms of fixed values of (X;{IXo;; )wj -7 0 
and (X{IXo;i ) w; -7 0 of lhc graphical plots of 
(X;{/Xo;;)-wj and (X{IXo;i)-wj curves of Figs 5 and 6 
respectively. All the curves are extrapolated to get the 
fixed values of (X;;'Ii,J and (X{IXo;;) at w;-70. They 
are substituted in the Bergmann's Eqs (6) and (7) to 
get c1 and c2 for the fixed values of 1:1 and 1:2, respec
tively. All the c's are placed in Table 3 for compari
son with Frohlich's method. Both c1 and c2 from 
Frohlich' s15 equations are all +ve for all the liquids. 
But c2 for DMSO at 25 and 35°C are -ve from the 
graphical method. The -ve value of c2 is physically 

1.4 ,...------------, 

1
6
1
ooo o.ooz o.oo4 o.oos o.oos o.q1o 

weight fraction 1\j 

Fig. ?-Variation of total hf conductivity cru with wj's of DMSO, 
DEF, DMF and DMA in benzene (I) DMSO at 25"C (·0·), 
(II) DMSO at 30"C (-!>-),(Ill) DMSO at 35"C (-D-), (IV) DMSO 
at 40"C ('•·), (V) DEFat 30"C (-..1.-), (VI) DMF at 25"C (-Gl-) 
and (Vll) DMA at 25•C\-•-) 

meaningless as they are considered to be the relative 
contributions towards dielectric relaxation processes. 
This may indicate that the rotation of whole molecule 
under /if electric field is not in accord with the flexible 
part probably due to inertia as observed elsewhere10

•
11

• 

The variation of X;{IXo;; and x;(/Xo;i with wi as shown 
in Figs 5 and 6 are expected to be concave and con· 
vex 10·11 respectively. All the curves of Figs 5 and 6 are, 
however, concave except systems VI (--<B-) of Fig. 6. 
This type of anomalous behaviour in the variation of 
xu' l;t..ou and x.;"IXou with w; invariably demands careful 
measurement of data in low concentration region. 

The dipole moments ).11 and ).12 are also calculated 
from the slo;>e ~ 1 of xu' -wi curve of Fig. 4 and esti
mated 1:1 and 1:2 as shown in Table 4. They are com
pared with pj's from 't/s of Eqs (4) and (5), respec
tively. J.l/S from Gopalakrishna's method 16 and con
ductivity Incasurcmcnt lechniquc9 arc also reported 
and placed in Table 4 for comparison among them. 
The total/if conductivity cr;; is plotted against w;'s of 
the polar-nonpolar liquid mixture as seen in Fig. 7 
only to show that all the curves are parabolic in nature 
exhibiting maximum conductivity at lower tempera
ture and higher concentration for DMSO. At Wj-70, 
the curves are found to yield different value of cr;; 
probably due to the term li(MjTJ in the Eq. (28) as 
seen in Fig. 7. The difference in estimated ].12 and [lt 

from conductivity and susceptibility measurements 
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suggests the involvement of bound molecular charges 
towards 11's of polar liquid. It is evident from Table 4 
that 111's of the polar liquids are found to be in excel
lent agreement with .the reported 11's. It, thus, reveals 
that a part of the molecule is rotating under 10 GHz 
electric field as observed earlier24

. The variation of f'• 
and 112 with temperature for DMSO is given by 
Eq. (10). The convex nature of 111-1 equation reveals 
the fact that the molecule DMSO attains higher 
asymmetry of larger 111 at a certain· temperature. It 
also shows zero dipole moments at two different tem
peratures indicating the symmetric nature of the 
molecule. The variation of 111 with temperature may 
occur due to elongation of bond moments. This fur
ther invites the extensive study of the relaXation phe
nomena of highly non-spherical dipolar molecules at 

different experimental temperatures and in different 
solvents. 

The theoretical dipole moment ll•hoo's of the polar 
molecules are calculated assuming the planar 
structure from the available bond moments of 
7.83x10"3° C.m., 5.17x10 "3° C.m. for polar groups 
Sf--CH3, 0¢=5 in DMSO 2.13xl0·30 C.m., 2.60xl0"30 

C.m., 1.23x10"3° C.m. of Nf--CH3, Nf--C2H5, CH3f--C 
in DMF, DEF and DMA respectively. The other bond 
moments are 1xl0-30 C.m., 1.5x10-3° C.m., 10.33x1o· 
3° C.m. for Cf--H, Cf--N and C~O in them. The bond 
moments are, however, reduced by a factor ).11/!11.,,0 to 
yield exact 11's as sketched in Fig. 8. The reduction or 
elongation in bond moments of the substituent polar 
groups may occur due to inductive, mesomeric and 
electromeric effects which in turn subsequently act as 
pusher or puller of electrons in them. The solvent 
C6H6 is a cyclic and planar compound and has three 
double bonds and six p-electrons on six C-atoms. The 
dipolar liquid molecules are aliphatic and planar ones. 
Hence, 7t-1t interaction or resonance effect combined 
with inductive effect commonly known as mesomeric 
effect in excited state called the electromeric effect 
may play the vital role in the estimation of ll'"'o's of 
Fig. 8. 

The thermodynamic energy parameters like en
thalpy of activation ~H, entropy of activation ~S, and 
free energy of activation ~F, of DMSO were calcu
lated from the slope and intercept of ln(-r17) against 
(1/7) of Eq. (11) on the basis of Eyrings theory con
sidering the .rotation of the polar molecule as a rate 
process. Unlike ln(-r27) against (1/7); In(-r17) against 
(117) ofDMSO is in accdrd with the Eyring's rate 

' 

'' 

(I) T'' 
o-~-c"J 

6 
, V) n f'"' 
11-c--~--'":11, 

6 
(VI) 0 Cll1 

II I 
H-c-~-CII1 

6 

J .5.2.5C.m ----J.-t6 C.m 5.:!5 C.m 

~ J~ C.n~ J I.O'J C.m 

u_4!~~. o~J(:.;;,-i':Wl.·.m 

7.6-1 C.m J J ~ . .58 C.m 

o.1.i"C,; JJic;;I.SiC.m 

(VII) o Cll 

Cliy._._il_i_' -CIIJ S.:!7C.m J __ J~m 6 0.6JC.m 0.77C.m 1.09C.m 

Fig. 8-Conformational structures of aprotic polar liquids in 
tenns of reduced bond length due to mesomeric and inductive 
moments in Coulomb metre (Cm)xl030of the substituent polar 
groups: (I) DMSO (II) DEF (Ill) DMF (IV) DMA 

theory20
• The value of ~H, for DMSO is 6.85 in KJ 

mole·' t.S, are -8.21, -8.15, -11.65, -11.48 in J mole·' 
K 1 and ~F, are 9.30, 9.32 , 10.43 and 10.45. at 25, 
30, 35 and 40°C, respectively in K). mole·'. It is ob
served that ~S-r nre -ve indicating the activated states 
are more ordered than the normal states especially for 
DMSO. 

6 Conclusions 
The study of relaxation phenomena of aprotic polar 

liquids of amides in C6H6 in terms of the modern es
tablished symbols of dielectic terminologies and pa
rameters of orientational susceptibilities Xii's meas
ured under a single frequency electric field is very 
encouraging and interesting. It seems to be more topi
cal, significant and useful contribution to predict the 
conformational structures and various molecular asso
ciations of the molecules at any given temperatures. 
The intercept and slope of derived linear Eq. (3) on 
the measured data of X;; of different w;'s are used to 
get -r2 and -r1• The prescribed methodology in SI units 
is superior because of the unified, coherent and ra
tionalised nature because xu's are directly linked only 
with orientational polarisation of the molecules. The 
significant Eqs (4) ;md (5) to obtain values or 't; and 
hence, values of ll; from Eq. (22) help the future re
searchers to shed more light on the relaxation phe
nomena of complicated non-spherical polar liqujds 
and liquid crystals. The present method to obtain val-
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ues of 't'j from Eq. (5) with the use of the ratio of the 
individual Slopes Of X;/' VerSUS Wj .and Xij' verSUS Wj 

curves at wi---70 is a significant improvement over the 
existing ones, as it eliminates polar-polar interaction 
almost completely in -r/s and ~/s. respectively. 

The values of 't'j and f.lj are usually claimed to be 
accurate within 10 and 5%, respectively. The tested 
correlation coefficients r's and % of errors of Eq. (3) 
demand that "C and ~ are more than accurate. The 
DMSO, DMF, DMA and DEF molecules absorb 
electric energy much more strongly under nearly 10 
GHz electric field , at which the variation of X;/' 
against frequency w seem to be large. This at once 
indicates the attention to get the double relaxation 
phenomena from Eq. (3 ). The sum of the experi men
tal and theoretical values of weighted contributions c1 

and c2 towards dielectric dispersions due to estimated 
1'2 and 1'1 differ signi ficantly to indicate more than two 
Debye type relaxations in such molecules becau .~e of 
their complexity. It can, fu rther, be observed that only 
a part of the molecule is rotating under nearly 10 GHz 
electric fi eld since ln(-r 1 D against liT obeys the Ey
ring's rate theory. The values of ·1-12 and ~ 1 due to -r2 

and -r1 are expected to be smaller when they arc meas
ured from suscepti bility measurement tcch;tique 
rather than the hf conductivity and permittivity meth
ods, where approximation of <J;j""<J~;i is usually made. 
The measurement of J.t's from hf conductivities <J;/s 
and hf permittivities Eij's is involved with the contri
butions of the bound molccul::lr charges and all types 
of polarisations including the fast one. The difference 
of ~L 1 and ~j from ~lhco may arise, either by elongat ion 
or reducti on of the bond moments of the substituted 
pol:lr groups by factor f.1. 1ht,11co !n agreement with the 
measured ~t 's to take in to account of the inductive, 
mesomeric and electromeric effects of the substi tuted 
polar groups in the molecules under invcst i~ation. 

Thus, the correlation between the conform:aional 
structures with the observed results enhances the sc i
entific content to add a new horizon of underst:111cl ing 
the exis ti ng knowledge of dielectric rclax:tt ion phe
nomena. 
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Abstract 

The straight line equation Cxoij- xfj)lx[i= w( T 1 + T2)(r.ij lxfj)- ol'f (t'2 for different weight fractions wj's of some dipolar long straight chain 
alcohols G) in n-heptane (i) is derived from the available relative pennittivities s:ij, Eij, Eoij and Eaij at 25 °C under 24 GHz electric field. The 
intercepts and slopes of the above equation are used to get relaxation times r 1 and -r2 of the rotation of the flexible part and the whole molecule 
itself.x[j (=eij-Eaij) and xij (=tij) are the real and imaginary parts ofhfdimensionless complex dielectric orientational susceptibility Xij* and Xoij 
(=Eoij -£aij) is the low frequency dielectric susceptibility which is real. 'tj's of such alcohols are also measured from the ratio of the slopes of the 
individual variations of ;dj and xij with Wj at wr-+0 and the direct slope of xij versus xij equations of Murthy et al. [M.B.R. Murthy, R.L. Patil and 
D.K. Deshpande, Indian J. Phys 63B (1989) 491]. These <;'s are finally compared with the reported <;'s ofGopalakrishna [K.V. Gopalakrishna, 
Trans Faraday Soc. 53 (1957) 767] and <1, <2 by double relaxation method to see that the flexible part of the molecule is only rotating under the 
most effective dispersive region of the 24 GHz electric field. The weighted contributions c1 and c2 towards dielectric relaxations for estithated't 1, 

1'2 are, however, obtained from Ff6hlich's theoretical fonnulations Of xij IXoij and xfj IXoij to compare them with those of graphical ones of (z(j/ 
Xoij)wJ-o and (xij IXoij)wi--+0. The latter ones are used to get the syiniTietric distribution parameter y to have the symmetric relaxation times 1'5 • The 
arbitrary curve of(l/rj>) log coscfJ against cfJ in degree together with (X!jiXoij)wi--+0 and (xijiXoij)wi--+0 experimentally obtained gives the asymmetric 
distribution parameter~ to get the characteristic relaxation time 'tcs· All these findings finally establish the symmetric relaxation behaviour for such 
compounds. The dipole moments J.ll and J.t2 for the flexible part and the whole molecule are detennined from -r 1 and -r2 and the linear coefficient p 
of xij versus Wj 's curves. All the measured Jlj 's are compared with the reported J.lj 's and J.ltheo 's derived from the bond angles and bond moments of 
the substituted polar groups of the compounds to arrive at the physico-chemical properties by the confonnations sketched in the paper. The slight 
disagreement of estimated Jlj'S and Jltheo's is, however, explained with the consideration of inductive and mesomeric moments in addition to strong 
hydrogen bonding of the flexible polar groups attached to the parent molecule. 
© 2005 Elsevier B.V. All rights reserved. 

1. Introduction 

The relaxation process of dipolar liquid or solid material 
(DRL or DRS) is very encouraging in the study of the physico
chemical molecular behaviour and structures through the 
different experimental techniques [1,2]. The methods consist 
of the measurements of high frequency (hf) conductivity [3], hf 
susceptibility [4], thennally stimulated depolarization current 
density (TSDC) [5], isothennal frequency domain of AC 
spectroscopy (IFDS) [6], etc. Although the latter two methods 
are very important as they provide one with the necessary 
infonnation of dielectric relaxations, these methods are very 
lengthy and often needs a tedious computer simulation work in 

• Corresponding author. 

0167-73221$- see front matter© 2005 Elsevier B.V. All rights reserved. 
doi: I 0.10 16/j.molliq.2005.05.008 

comparison to the fanner methods. The hf conductivity or 
susceptibility measurement techniques are much simpler, 
straightforward and unique one within the framework of the 
Debye model [7] to give the finn answer to the problem with 
which the present research group is usually dealing with. 

Straight chain alcohols behave ahnost like polymers in 
dispersion regions. The strong dipole of the -OH group 
rotates about the C=O bond without disturbing -CH3 and -
CH2 groups. They thus have the possibility to exhibit 
intramolecular as well as intennolecular rotations. Glasser et 
a!. [8] and Crossley et a!. [9], however, measured the real eij, 
imaginary &{J, parts of hf complex relative permittivity eij 
along with the static Eaij and optical Eaij of relative 
pennittivities of alcohols at 25 oc under different gigahertz 
electric field frequencies. As evident from Table I, the 
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Table I 
Measured relative pennittivities e!j. eij, &oii• &aij, real Xfi• imaginary xij parts ofhfcomplex susceptibility xij and.low frequency susceptibility Xou of some dipolar 
alcohols at 25 °C for different weight fractions Wj of solutes under 24 GHz electric field in solvent n-heptane 

Systems with mol. wt. (Mj) in kg 
(in 11-heptane) 

I. !-butanol (M;~0.074) 

II. 1-hexanol (Mj=O.I02) 

IU. 1-heptanol (M;~O.II6) 

IV. 1-decanol (M;~O.I58) 

V. 2-methy13-heptanol (Mj~O.I30) 

VI. 3-methyl-3-heptanol (M;~O.I30) 

VII. 4-methyl-3-heptanol (M;~O.I30) 

VIII. 5-methyl-3-heptanol (Mj~O.I30) 

IX. 4-octanol (Mj=O.i30) 

X. 2-octanol (M;~O.l30) 

Weight fraction 
Wj of solute 

0.0291 
0.0451 
0.0697 
0.1163 
0.1652 
0.2072 
0.0458 
0.0703 
0.1028 
0.1687 
0.2335 
0.2901 
0.0564 
0.0735 
0.1175 
0.1909 
0.2465 
0.2970 
0.0572 
0.0857 
0.1351 
0.2140 
0.2640 
0.3353 
0.0437 
0.1299 
0.2522 
0.4081 
0.0450 
0.1334 
0.2538 
OA085 
0.0466 
0.1326 
0.2590 
0.4124 
0.1228 
0.2489 
0.3898 
0.1201 
0.2445 
0.3838 
0.1236 
0.2479 
0.3844 

1.9570 
1.9810 
2.0110 
2.0600 
2.1050 
2.1440 
1.9680 
1.9840 
2.0010 
2.0370 
2.0880 
2.1340 
1.9680 
1.9750 
2.0070 
2.0760 
2.0970 
2.1260 
1.9650 
1.9790 
2.0030 
2.0360 
2.0640 
2.0970 
1.9600 
2.0220 
2.0950 
2.1690 
1.9650 
2.0280 
2.1030 
2.1680 
1.9640 
2.0250 
2.1040 
2.1800 
2.0080 
2.0750 
2.1480 
2.0000 
2.0670 
2.1400 
2.0010 
2.0680 
2.1410 

available relative permittivities &{J 's, if plotted against 
frequency 'j', will show the sharp peak [10] at 24 GHz 
electric field frequency. At this resonance frequency, the 
alcohol molecules in the solvent n-heptane absorb electric 
energy much more to give exact and reliable values of 
relative permittivities. This at once suggests that the 24 GHz 
electric field frequency is the most effective dispersive region 
of such normal and octyl alcohols and prompted the present 
workers to study the physico-chemical aspects of long straight 
chain alcohols in terms of the hf susceptibilities ;cij, xiJ and 
XoU as the data are available only at 25 °C. The data are, 
however, collected in Table! upto four decimal places. The hf 
dielectric susceptibilities could, on the other hand, be 

0.0079 
0.0147 
0.0236 
0.0425 
0.0644 
0.0818 
0.0131 
0.0190 
0.0296 
0.0425 
0.0569 
0.0748 
0.0147 
0.0182 
0.0265 
0.0482 
0.0567 
0.0693 
0.0120 
0.0223 
0.0273 
0.0449 
0.0513 
0.0637 
0.0156 
0.0361 
0.0565 
0.0809 
0.0137 
0.0393 
0.0674 
0.0928 
0.0146 
0.0375 
0.0616 
0.0849 
0.0296 
0.0511 
0.0676 
0.0265 
0.0449 
0.0659 
0.0245 
0.0513 
0.0680 

1.9710 
2.0000 
2.0500 
2.1750 
2.3810 
2.6210 
1.9880 
2.0150 
2.0640 
2.1960 
2.3600 
2.5800 
1.9850 
2.0080 
2.0660 
21950 
2.3150 
2.4640 
1.9760 
2.0030 
2.0500 
2.1470 
2.2200 
2.3460 
1.9710 
2.0590 
2.1720 
2.3300 
1.9740 
2.0690 
2.1800 
2.3340 
1.9760 
2.0650 
2.1850 
2.3520 
2.0480 
2.1680 
2.3150 
2.0400 
2.1480 
2.2820 
2.0490 
2.1950 
2.4100 

1.9280 
1.9450 
1.9580 
1.9780 
2.0000 
2.0200 
1.9440 
1.9520 
1.9700 
1.9890 
2.0020 
2.0180 
1.9320 
1.9450 
1.9570 
1.9890 
2.0020 
2.0080 
1.9400 
1.9520 
1.9640 
1.9900 
2.0080 
2.0300 
1.9300 
1.9660 
2.0070 
2.0540 
1.9340 
1.9660 
2.0040 
2.0570 
1.9360 
1.9690 
2.0110 
2.0650 
1.9560 
2.0040 
2.0400 
1.9480 
1.9970 
2.0310 
1.9540 
1.9960 
2.0360 

xfj 
(=efj- &aij) 

0.0290 
0.0360 
0.0530 
0.0820 
0.1050 
0.1240 
0.0240 
0.0320 
0.0310 
0.0480 
0.0860 
0.1160 
0.0360 
0.0300 
0.0500 
0.0870 
0.0950 
0.1180 
0.0250 
0.0270 
0.0390 
0.0460 
0.0560 
0.0670 
0.0300 
0.0560 
0.0880 
0.1150 
0.0310 
0.0620 
0.0990 
0.1110 
0.0280 
0.0560 
0.0930 
0.1150 
0.0520 
0.0710 
0.1080 
0.0520 
0.0700 
0.1090 
0.0470 
0.0720 
0.1050 

xli 
(""E\j) 

0.0079 
0.0147 
0.0236 
0.0425 
0.0644 
0.0818 
0.0131 
0.0190 
0.0296 
0.0425 
0.0569 
0.0748 
0.0147 
0.0182 
0.0265 
0.0482 
0.0567 
0.0693 
0.0120 
0.0223 
0.0273 
0.0449 
0.0513 
0.0637 
0.0156 
0.0361 
0.0565 
0.0809 
0.0137 
0.0393 
0.0674 
0.0928 
0.0146 
0.0375 
0.0616 
0.0849 
0.0296 
0.0511 
0.0676 
0.0265 
0.0449 
0.0659 
0.0245 
0.0513 
0.0680 

loij 

(=&o;j-Eaij) 

0.0430 
0.0550 
0.0920 
0.1970 
0.3810 
0.6010 
0.0440 
0.0630 
0.0940 
0.2070 
0.3580 
0.5620 
0.0530 
0.0630 
0.1090 
0.2060 
0.3130 
0.4560 
0.0360 
0.0510 
0.0860 
0.1570 
0.2120 
0.3160 
0.0410 
0.0930 
0.1650 
0.2760 
0.0400 
0.1030 
0.1760 
0.2770 
0,0400 
0.0960 
0.1740 
0.2870 
0.0920 
0.1640 
0.2750 
0.0920 
0.1510 
0.2510 
0.0950 
0.1990 
0.3740 

obtained by the subtraction of either I or the hf permittivity 
&aij from the real part sij and static Eoij relative pennittivities. 
If I is subtracted, the susceptibilities due to all opemting 
polarization processes result, while if &a;; is subtracted [11], 
the susceptibility due to only orientational polarization results. 
The imaginary part x{J is numerically equal to eij as shown in 
Table I. 

The commercially available alcohols were dried over 
anhydrous calcium sulphate and fractionally distilled . The 
portions were collected with their known boiling points before 
use. The solvent n-heptane was dried over sodium wire prior to 
its use to make solution. The real &ij and the imaginary eij parts 
of the hf complex relative permittivity e:) of the solutions were 



U.K. Mitra eta/. I Journal of Molecular Liquids 126 (2006) 53-61 55 

measured by an apparatus as described elsewhere [9,11] with a 
Boonton RX meter corrected by a hetrodyne beat method. The 
refractive index noij (where nbu=&aij) of the solutions was 
measured by a Pulfrich refractometer using the sodium D line 
[11]. This may introduce some errors in the desired results. The 
weight fractions w;'s are given by 

fiM: 
(J)·- J J 
1-

fiM; + jjMj 
(I) 

in terms of mole fractions jj's of all the alcohols are defined 
[12] as the weight of the solute per unit weight of the solution 
up to four decimal places in Table I. 

All the alcohols may be supposed to posses three 
relaxation times. They may be attributed to the rotation of 
-OH group, the orientational motion of the molecular species 
while the 3rd one is associated with the hydrogen bonded 
structures. All these long straight chain hydrogen bonded 
polymer type dipolar alcohol molecules have wide applica
tions in the fields of biological research, medicine and 
industry. Moreover, they can be used as good solvents to 
clean the desired parts of the instruments, in lubrication 
chemistry, viscosity modifiers, in the preparation of emulsi
fying agents, waxes etc. 

Bergmann et al. [13] proposed a graphical method to 
obtain r 1 and < 2 for a pure polar liquid. The respective 
weighted contributions c 1 and c2 towards dielectric relaxa
tions for r 1 and r 2 were also estimated. The single frequency 
measurement to get the double relaxation times is not a 
reliable one. Bhattacharyya et al. [14] subsequently attempted 
to get r 1, r 2 and c" c2 for a polar liquid from the relative 
permittivity measurements at least at two different frequencies 
in the GHz range. The graphical analysis made by Higassi et 
al. [ 15] on polar-nonpolar liquid mixtures suffers from a 
crude approximation. 

Saba et al. [16] and Sit et al. [17], however, advanced an 
analytical treatment to study the single frequency measure
ments of the double relaxation times r 1 and r 2 from the 
measured relative permittivities. The object of the present 
paper is to detect r 1 and r 2 and hence to measure J.t 1 and J.t2 

using x!;'s. The aspect of molecular orientational polarization 
is, however, achieved by Xij 's because &aij includes the filst 
polarization and it frequently appears as a subtracted term in 
Bergmann's equations [15]. Thus to avoid the clumsiness of 
algebra and to exclude the fast polarization; Bergmann's 
equations [13] are simplified by the established symbols of 
xij, x!J and Xoij of Table I in S.l. units, into the following 
forms: 

xij ct 

Xoii = I + w2rr 
(2) 

(3) 

assuming two broad Debye-type dispersions for which 
c1 +c2= 1. 

The Eqs. (2) and (3) are then solved to get: 

(4) 

which is a linear equation between the variables (Xoij- xij)/xij 
and x{J !xi; having the intercept -w2r 1r 2 and the slope 
w(r 1 +r2) as illustrated in Fig. I for all the alcohols. 

The intercepts and slopes of all the alcohols were then used 
to get r 1 and r 2 for the flexible part and the whole molecular 
species with known w(=2nj), wherefbeing the frequency of 
the applied electric field. as presented in Table 2. 

The real sij and imaginary sij parts of hf complex relative 
permittivity are related by 

' 1 If 
Eij = Eaij +-Eij 

CO'tj 
(5) 

as &ij- &aij and &{j are numerically equal to real and imaginary 
parts of hf complex dimensionless di-electric orientational 
susceptibility X~, respectively. So we get 

(6) 

which is clearly a straight line [18] between r.{J and xij; the 
slope wr;, can be used to get r; of a polar unit. But for 
associative liquids like normal and octyl alcohols under 
investigation the nature of variation of x(J with xij is not 
strictly linear as seen in Fig. 2. Non-linear variation of both 
X{j and x{J with weight fractions, wj's, of the solute are 
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;;;;> 
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0.00 ~------<'--"'--'-L-0....---~---....J 
0.00 0.25 0.50 

----->x" ij t x' ij 

0.75 1.00 

Fig. 1. Linear variation of U:oij- Xf)/.i:fj with xij/_;:ij for different long straight 
chain dipolar alcohols in n-heptane at 25 °C under 24 GHz electric field 
frequency: I. 1-bulanol (-0-), II. 1-hexanol (-a-), III. 1-heplanol (-l!o-), IV. 1-
decanol (-x-), V. 2-methyl-3-heptanol (-0-) , VI. 3-methyl-3-heptanol (-e-), 
VII. 4-mcthyl-3-heptanol (-+-),VIII. 5-mcthyl-3-heptanol (-+-),IX. 4-octanol 
(-D-), X. 2-ocianol (-A-). 
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Table 2 
The relaxation times t 1 and t" 2, from the slope and intercept of the straightline Eq. (4), correlation coefficient r's and% of error in regression technique, measured tj 
from the slope of xij vs xfj of Eq. (7) and the ratio of the individual slopes of xij vs. Wj and xij vs. Wj at Wr-+0 of Eq. (7), reported •• symmetric and characteristic 
relaxation times t 8 and res for different straight chain aliphatic alcohols in n-heptane under effective dispersive region of 24 GHz electric field at 25 °C 

System with Sl. No. Slope and intercept Estimated • 1 

of Eq. (4) and <2 in ps 

Slope Intercept To T2 

I. 1-bulanol (M;=0.074) 8.66 2.60 2.04 54.56 
II. 1-hexanol (Mj=0.102) 2.64 -0.47 -1.10 18.37 
Ill. 1-heplanol (M;=0.116) 7.99 2.83 2.46 50.49 
IV. 1-decanol (M1 ~0.I58) 5.43 2.48 3.29 32.22 
V. 2-methy13-heptanol (Mj=O.l30) 5.05 2.37 3.42 29.61 
VI. 3-methy13-heptanol (Mj=O.l30) 3.00 1.14 2.91 16.68 
VII. 4-methyl 3-heplanol (M;=O.l30) 4.39 1.97 3.31 25.38 
Vlll. 5-methyl3-hepoanol (M;=O.I30) 2.98 0.69 1.66 17.81 
IX. 4-octanol (M;=O.I30) 3.48 0.96 1.97 20.75 
X. 2-<0clanol (M1=0.130) 5.02 1.37 1.89 30.94 

presented graphically in Figs. 3 and 4, respectively. In such 
cases 

(7) 

is a better representation [19] of the slope of Eq. (6) to get 'i 
as it eliminates polar-polar interactions [20,21] in a given 
solution. <;'s from both Eqs. (6) and (7) are placed in Table 2 
to compare them with those obtained by the freshly calculated 
Gopalakrishna's [22] method. 

The weighted contributions c 1 and c2 towards dielectric 
relaxation in tenns of estimated 't 1 and '1" 2 are, however, worked 

Real part of dielectric succeptibility x' ii 

Fig. 2. Linear variation of imaginary part xlj of hf dielectric susceptibility 
against real part xrj for different long straight chain dipolar alcohols in n
heptane at 25 oc under 24 GHz electric field frequency: I. !-butanol ( -0-), II. 1-
hexanol (-•-), Ill. 1-hepoanol (-t.-), IV. 1-decanol (-x-), V. 2-melhyl-3-
heptanol (-0-), VI. 3-methyl-3-heptanol (-e-), VII. 4-methyl-3-heptanol (-+-), 
VIII. 5-methyl-3-heptanol (-•-), IX. 4-octanol (-D-), X. 2-octanol (-A-). 

Correlation %of Tj from (Murthy et al.) and Reported T, T~ 

coefficient error (ratio of individual slope) t"j in ps in ps in ps 

0.90 5.17 4.95 3.42 2.47 0.98 15.41 
0.34 24.28 4.05 3.78 2.25 2.09 6.77 
0.68 14.98 4.12 4.23 2.07 1.97 10.46 
0.82 9.23 7.63 10.20 2.39 1.91 0.50 
0.90 6.34 4.92 4.34 1.86 2.11 4.58 
0.96 2.33 6.06 4.30 2.26 1.65 5.29 
0.89 7.30 5.12 4.38 1.95 2.19 8.07 
0.57 26.36 4.23 7.59 1.63 1.59 8.37 
0.86 10.34 4.36 4.33 1.68 1.62 15.40 
0.63 23.30 4.82 15.91 1.93 2.33 37.08 

out from Ff6hlich's [23] theoretical equations and given in 
Table 3 in order to compare them with the experimental ones 
obtained in terms of the intercepts of the variations of xijiXoii 
and xi! iXoij with w;'s of Figs. 5 and 6. Both XI/Xoij and xi! iXoij 
at wi=O together with the curve of(ll</>) log cos</> against </> 0 as 
seen in Fig. 7 are used to get symmetric and asymmetric 
distribution parameters y and /! and hence symmetric and 
characteristic relaxation times '! 8 and '! cs· Both '! s and r cs are 
given in Table 2 and y, (j are presented in Table 3. 

The dipole moments Jlo and 112 by hf susceptibility 
measurement technique are, however, estimated from linear 
coefficient P's of xij vs. wi curves of Fig. 3 along with the 
dimensionless parameters b 1 and b2 involved with estimated < 1 
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0 0.1 0.2 0.3 0.4 0.5 

Weight fraction Wj 

Fig. 3. Variation of real part XfJ of hf dielectric susceptibility with weight 
fraction wi of some dipolar long straight chain alcohols in n-heptane at 25 °C 
under 24 GHz electric field frequency: I. !-butanol ( -¢-). II. 1-hexanol (-•-). III. 
1-heplanol (-l>-), IV. 1-decanol (-x-), V. 2-methyl-3-hepoanol (-0-), VI. 3-
methyl-3-heptanol (-e-), VII. 4-methyl-3-heptanol (-+-), VIII. 5-methyl-3-
heptanol (-+-),IX. 4-octanol (-D-), X. 2-octanol (-.&-). 
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Weight fraction Wj 

Fig. 4. Variation of imaginary part Xfj of hf dielectric susceptibility with weight 
fraction wj of some dipolar long straight chain alcohols in n-heptane at 25 °C 
under 24 GHz electric field frequency: I. !-butanol ( -0-), 11.1-hexanol ( -•-), III. 
1-heptanol (-L:.-), IV. I-decanol (-x-), V. 2-methyl-3-heptanol (-0-), VI. 3-
methyl-3-heptanol (-e-), VII. 4-methyl-3-heptanol (-+-), Vlii. 5-methy-3-
heptanol (-+-),IX. 4-octanol (-D-), X. 2-octanol (-A-). 

and t 2 of Table 2. The dipole moments 11 1 and 112 due to 
rotation oftbe flexible polar groups and end over end rotations 
of tbe whole molecule respectively are placed in Table 4 along 
witb l'thro 's and reported 11 's (Gopalakrishna) for comparison. 

2. Weighted contributions c 1 and c 2 for estimated T 1 and T 2 

Taking wr 1=a 1 and wt2 =a2 and solving Eqs. (2) and (3) 
yields 

(xipz - xij )( 1 +ai) c, = -""'---,='-'--..,.-''-
Xo;;(<Xz- a I) 

(8) 

Table 3 

IX 

0.6 VIII 

'0 
~ - 0.4 

-~ 

0.2 

0.0 -1---.--~-....l...--r----.;»~:..........) 

0.0 0.1 0.2 0.3 0.4 0.5 

Weight fraction Wj 

Fig. 5. Plot of X!/Xoij against weight fraction wj of some dipolar long straight 
chain alcohols inn-heptane at 25 °C under 24 GHz electric field frequency: I. !
butanol (-0-), II. 1-hexanol (-11-), Ill. 1-heptanol (-L>-), IV. 1-decanol (-x-), V. 2-
methyl-3-heptanol ( -0-), VI. 3-methyl-3-heptanol (-e-), VII. 4-methyl-3-heptanol 
(-+-), Vlll. 5-melhy-3-heptanol (-•-), IX. 4-octanol (-D-), X. 2-octanol (-4-). 

and 

(xiJ - xija,) (1 + ~) 
X.;;(az- "') 

(9) 

provided that a 2 >a 1• c 1 and c2 are estimated from known r 1 

and t 2 by the double relaxation method. c 1 and c2 can also be 
obtained with the known values of xl/Xoti and xij IXoij from 
Frohlich's following theoretical equations [23] with known t 1 

and <2 from Eqs. (2) and (3). 

xij =l--l-ln[l+w2<~] 
Xoij 2A I + ro2r 1 

(10) 

xij =_I_ [tan_, (wtz)- tan-' (wri)] 
Xoij A 

(11) 

FiOhlich's parameter A, theoretical and experimental values of xf!Xoij and xijlxog ofFiOhlich Eqs. ((10) and (II)) and from fitting curves of Figs. 5 and 6 at wr-+0, 
respectively, theoretical and experimental relative contributions c1 and c2 towards dielectric dispersion due to t" 1 and t"2 symmetric and asymmetric distribution 
parameters y and 0 for some straight chain aliphatic alcohols in solvent n-heptane under effective dispersive region of 24 GHz electric field at 25 °C 

Systems with Sl. No. A~In Theoretical values of Theoretical values Experimental values of Experimental values Estimated values 
(t"2/r 1) xfJXoij and x(j/Xoij from of c1 and c2 xf!Xoij and xijlxoij at wj-0 of c 1 and c2 ofyand~ 

Eqs. (10) and (II) of Figs. 5 and 6 

c, c, c, c, y 0 

I. !-butanol 3.286 0.366 0.350 0.370 2.069 0.799 0.195 0.884 -0.474 0.357 0.21 
II. 1-hexanol 0.740 0.348 0.598 1.412 0.128 0.55 
111. 1-heptanol 3.023 0.347 0.359 0.358 1.878 0.721 0.298 0.816 0.247 0.230 0.39 
IV. 1-decanol 2.281 0.341 0.396 0.364 1.283 0.870 0.404 1.100 -0.193 -0.079 2.49 
V. 2-methyl 3-heptanol 2.157 0.345 0.404 0.369 1.198 0.776 0.386 0.995 -0.107 0.041 0.76 
VI. 3-methyl 3-heptanol 1.746 0.474 0.446 0.435 0.837 0.814 0.319 1.000 -0.157 0.099 0.55 
VII. 4-methyl 3-heptanol 2.036 0.374 0.417 0.386 1.084 0.729 0.358 0.920 -0.051 0.121 0.51 
VIIl. 5-methyl 3-heptanol 2.371 0.564 0.409 0.486 0.906 0.782 0.287 0.794 0.302 0.189 0.39 
IX. 4-octanol 2.353 0.508 0.413 0.455 1.003 0.731 0.243 0.789 0.086 0.328 0.27 
X. 2-octanol 2.797 0.451 0.387 0.426 1.351 0.683 0.193 0.741 -0.023 0.477 0.20 



58 U.K. Mitra eta/. I Journal of Molecular Liquids 126 (2006) 53-61 

0.5 ..,---------------, 

VIII V 
VII X 

:::;> 
0.3 

0 

X -== 
-,..., 

0.2 

0.0 0.1 0.2 0.3 0.4 0.5 
Weight fraction U'J 

Fig. 6. Plot of x(j/Xoij against weight fraction wj of some dipolar long straight 
chain alcohols inn-heptane at 25 oc under 24 GHz electric field frequency: I. 
!-butanol (-0-), II. 1-hexanol (-•-),111. 1-heptanol (-~-).IV. 1-decanol (-x-), V. 
2-methyl-3-heptanol (-0-), VI. 3-methyl-3-heptanol (-e-), VII. 4-methyl-3-
heptanol (-+-), VIII. 5-methyl-3-heptanol (-+-), IX. 4-octanol (-D-), X. 2-
octanol (-A-). 

c 1 and c2 thus estimated are placed in Table 3 for comparison 
with those worked out from the intercept of the fitted 
polynomial plots of xi/Xo;; and xlj iX0 ;; against w; curves of 
Figs. 5 and 6. Fit6hlich's parameter A for each system is also 
placed in the same table. 

3. Formulations for symmetric and characteristic 
relaxation times and also symmetric and asymmetric 
distribution parameter 

The molecules under investigation appear to behave like 
nonrigid ones under 24 GHz electric field frequency having 
either synunetric or asynunetric relaxation behaviour charac
terized by either symmetric !'8 and characteristic res relaxation 
times involved with the following equations: 

X~ 
_j[_ 

Xoij 1 + (Jwt,) 1 
' 

xij 1 
Xo;; = ( 1 + jwtc.)~ 

(12) 

(13) 

separating the real and imaginary parts of the above equations 
and rearranging them in terms of intercepts viz. (dx{jdwj)w,~O 
and (dx" /dw;)w,~O of the graphically fitted plots of Figs. 5 and 
6 one gets y and t, as: 

Y =~tan-' [(1 _ xij ) x!!!Xo;; _ xi! ] 
1t Xoij Xij J Xoij Xoij 

(14) 

[ ] 

1/1-> 

t, = ~ { (xij/xo;;)/(xij /Xo;;) }~os(yn/2)- sin(yn/2) 

(15) 
Similarly, J and t" can be evaluated from Eq. (13): 

(16) 
(xij /xau)w.=o 

tan(¢~)= , ' 
(Xi/Xoij)Wj=O 

and 

tanc/J = W'tcs (17) 

since ¢ can not be estimated directly, a theoretical curve 
between (11¢) log cos¢ against¢ in degrees has been drawn in 
Fig. 7. The value of (1/¢) log cos¢ can be estimated from the 
following relation 

[l/x ••] (1/¢)1ogcos¢ =log c~s¢
0

~ /¢~. (18) 

The koown value of ( 11¢) log cos¢ is used to get ¢ from the 
curve. With the koown ¢, Eqs. (16) and (17) were used to 
obtain ~ and t". Estimated t, and r" are placed in Table 2 to 
compare with r;'s obtained by ratio of slopes of individual 
variations of x(j and x(J with wj, rj's by the method of Murthy 
et al. [18], reported r; (Gopalakrishna) and t 1 and r 2 by the 
double relaxation method. Also y and ~ are shown in Table 3. 

4. Theoretical formulations to obtain hf dipole moment J.'J 

The imaginary part x{j of hf complex X;j is [4,20,24] 

Np··"? 
II IJI"] x·· = 
'' 27 e0 M;ks T 

W'tj 2 

( )
(e;;+2)w; 

1 +ahJ 
(19) 

which on differentiation with respect to w; and at w;~O yields 
that 

W'tj 2 

(
dx!!) -'-" 
dw· 

J UJ=O ( ) 
(e; + 2) w; 

1 + w2t? 
J 

-e-

"' 0 
u 
Cl 

.Q 
-e--~ 
' ' ' ' • ' • ' ' ' ' ' v 

~ 0 -------------> 
0 25 50 75 100 

0.00 

-0.25 

-0.50 

-0.75 

-1.00 '--------------' 

Fig. 7. Variation of(l/tjl) log(costjl) against tjl"). 

(20) 
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Table 4 
Linear coefficient p of x!J vs. Wj curves of Fig. 3, dimensionless parameters b1, b2 from t 1 and t 2 of Eq. (4), correlation coefficient and% of error of xfj-Wj 

estimated dipole moment I'., p2 from Eq. (22), computed dipole moment Jli from "j of Eq. (7), reported dipole moment (Gopalakrishna 's method), all are expressed 
in C m for different straight chain alcohols in solvent n-heptane at 25 oc under 24 GHz electric field 

Systems with Sl. No. and 
mol. wt. Mj in kg mol- 1 

(in n-heptane) 

Linear coefficients Dimensionless Correlation % of Estimated dipole moments 
JlXI0

30 inCm 
Reported I' x I 030 

in Cm of xb vs. wJ curves parameters coefficients errors 
of Fig. 3 of xfj-Wj 

p 

I. !-butanol (M;~0.074) 0.719 0.911 0.014 0.997 
II. 1-hexanol (Mj~O.J02) 0.371 0.973 0.112 0.969 
III. 1-heptanol (M;~O.I 16) 0.392 0.879 0.017 0.987 
IV. 1-decanol (M;~0.158) 0.142 0.798 0.040 0.994 
V. 2-methyl 3-heptanol 0.359 0.785 0.047 0.998 

(M;~O.J30) 

VI. 3-methyl 3-heptanol 0.508 0.835 0.!33 0.985 
(Mj~O.J30) 

VII. 4-methyl 3-heptanol 0.429 0.796 0.062 0.996 
(M;~O.I30) 

VIII. 5-methyl 3-heptanol 0.211 0.939 0.119 0.967 
(M;~O.I30) 

IX. 4-octanol (M;~O.I30) 0.217 0.917 0.090 0.985 
X. 2-<>ctanol (Mj~O.J30) 0.143 0.923 0.043 0.977 

a Ghosh et al. [I 0]. 

From Eqs. (7) and (19) one obtains 

( wri ) (e; +2)2 
I +w2rf 

or 

W<jP 
W!j 2 

( ) 
(e; + 2) 

I+ w2rf 

or 

27e.M;ksTP 
[ ] 

1/2 

l'j = Np;(e; + 2)2b 

where 

e0 =Pennittivity of free space=8.854 x 10 12 F m 1 

Mj=Molecular weight of solute in kg mot-• 
k8 =Bohzmann constant=1.38x I0- 23 J k- 1 

T=Temperature in K 
P=(dxifdwj)w.-=Linear coefficient of x!rwi curve of Fig. 5 at wj-o 
N=Avogadro's number=6.023 x toll mol- 1 

p;=Density of solvent n-heptane=680.15 kg m-3 

&;=Dielectric relative pennittivity of the solvent= 1.917 
b= 11(1 +w2~)=a dimensionless parameter involved with estimated Tj. 

(21) 

(22) 

Whenj= I and 2 the dipole moments p 1 and JL2 associated 
with rotation of flexible polar groups and rotation of the whole 
molecules are evaluated in terms of b 1 and b2 involved with ~ 1 

and r 2 and are placed in Table 4 to compare them with l'th='s 
and reported p's (Gopalakrishna). 

PI PJ 

by double from the ratio 
relaxation of individual 
method slopes 

0.00003 3.02 24.25 3.26 
0.00037 2.47 7.25 2.81 
0.00015 2.84 20.49 3.16 
0.00007 2.10 9.43 3.47 
0.00003 3.05 12.53 3.24 

0.00023 3.52 8.81 3.85 

0.00006 3.31 I 1.83 3.55 

0.00056 2.14 6.01 3.17 

0.00025 2.20 7.00 2.52 
0.00038 1.78 8.25 4.49 

5. Results and discussion 

Gopalakrishna's 
method 

3.58 
3.35 
3.59 
3.55 
1.33 

1.18 

3.42 

3.54 

3.48 
3.24 

3.74 
3.49 
3.73 
3.68 
!.86 

2.11 

!.95 

!.39 

1.11 
1.45 

The least squares fitted straight line equations: (Xoii- xij)/ 
xij=w(r, +r2lxa /xij-w2r 1r 2 have been shown graphically in 
Fig. I for some normal and octyl alcohols with the symbols 
showing the experimental points in the solvent n-heptane at 25 
oc under 24 GHz electric field frequency. The real xij and 
imaginary parts xa of hf complex dimensionless dielectric 
orientational susceptibility xij and static or low frequency real 
dielectric susceptibility Xoij have been derived from the 
measured relative permitivities [8,9] e(;, e[f, &oij and &aij· They 
are carefully collected in Table I. The slopes and intercepts of 
Eq. (4) used to get~, and r 2 are placed in the 2nd and 3rd 
columns of Table 2 along with the estimated r 1 and r 2 in the 
4th and 5th columns. Correlation coefficients (r) and % of 
errors of curves of Fig. I have been calculated and are placed in 
the 6th and 7th columns of Table 2 only to show how far the 
variables (Xoii- xij)lxij and xa lxij are correlated with each 
other. It is seen that 'r' is vety low and corresponding % of 
errors is vety high for 5-methyl 3-heptanol and 2-octanol, 
which may be probably due to errors introduced in their 
permittivity Eu measurements. This fact is further confirmed by 
remarkable deviations of experimental points from the fitted 
linear curves as seen in Fig. I. 

In absence of reliable 'i values, the slopes of the linear 
curves [18] of Fig. 2 of the variables xa and X{i are utilized to 
get 'i· But for associative liquids like normal and octyl 
alcohols, the variation of x[J against xij is not strictly linear 
as seen in Fig. 2. Under such context, the ratio of the slopes of 
individual variations of both x(; and x[J with wj's is a better 
representation [20,21] of the method of Murthy et al. [18] as it 
eliminates polar-polar interactions in a given solution [4]. rj's 
estimated so far by this method are entered in the 9th column of 
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Table 2 along with r;'s due to the method of Murthy et a!. and 
reported ones as seen in the 8th and lOth columns. Nonlinear 
variation of both xij and x{J against wj's as seen in Figs. 3 and 4 
arises due to solute-solvent and solute-solute molecular 
associations which is supposed to be a physico-chemical 
property [21] of the solutes under consideration. Symmetric 
and characteristic relaxation times ts and 't'cs estimated from 
Eqs. (15) and (I 7), respectively, in terms of y and o are seen in 
the 11th and 12th column of Table 2. It is observed that in 
comparison to tcs' ts is the same order of magnitude of t'j's 
from Eq. (7) and reported (Gopalakrishna) ones. This fact at 
once establishes the very basic soundness of our method 
[20,21] employed to get hf r; and also the symmetric relaxation 
behaviour [I 9] obeyed by the molecules. Larger r 2 values arise 
for bigger size of rotating units r;TI~y due to solute-solvent 
and solute-solute molecular associations, supposed to be 

physico-chemical property of the solutes which is further 
supported by non linear variations of both xij and x{J with wj's 
as seen in Figs. 3 and 4. 

The theoretical weighted contributions c 1 and c2 towards 
die!etric relaxations from Eqs. (8) and (9) are, however, worked 
out with XI;!Xo;; andxiJ IXoij values of Eqs. (10) and (11) and 
also with estimated r 1 and r 2 of Table 2. They are placed in the 
5th and 6th columns of Table 3 in order to compare them with 
the experimental c 1 and c2 estimated in terms of Cxi/Xo;;lw,__. 
and CxiJ IXoij)w,__. of the graphically fitted plots of Figs. 5 and 6 
and are placed in the 9th and lOth columns. Theoretical c's for 
I hexanol could not be estimated as r 1 is found to be negative 
probably due to errors [19] in the measurement of Eij, tij, &oij 

and Enijo Both theoretical and experimental c 1 and c2 shows 
that c 1+c2 "' I, which confirms the validity ofEq. (4) to get r 1 

and r 2• It is seen that for some systems experimental c2 is 

COnformational Structuras of D1electropolar Alcohols 1 _ 

{Bond moment r 10
30 

COrJ/omb ·metre (c.m.J(given in ligures >) 

Fig. 8. Confonnational structures of dielectropolar alcohols (theoretical dipole moments f.Liheo from bond angles and reduced bond moments. 
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negative. This can, however, be explained on the basis of the 
fact that internal hydrogen bonding among -OH groups in 
dipolar alcohol molecules gives rise to inertia [25] of the 
flexible polar groups with respect to the whole molecule. 
Solute-solvent and solute-solute molecular interaction being 
a physicochemical aspect is also supported by slight deviations 
of experimental points from the curves of Figs. 5 and 6. 

The dipole moments Jll and Jl2 of the flexile polar groups 
and the whole molecules were estimated in terms of dimen
sionless parameters b 1 and b2 involved with estimated T 1 and 
r 2 and linear coefficient p of xij-wi curves of Fig. 3.They are 
entered in the 5th and 6th columns of Table 4 to compare them 
with Jl/S estimated with r;'s of Eq. (7), reported Jl 's due to 
Gopalakrishna [22] and theoretical Jl 's obtained with available 
bond angles and bond moments of the polar groups assuming 
the molecules to be planar ones, sketched here. Correlation 
coefficients r's and% of errors of xij-wj curves of Fig. 3 were 
made from by careful regression analysis of the measured data, 
are seen in the 5th and 6th columns of Table 4 only to suggest 
how far the variables xij-wi are correlated with each other. 
Almost all the xij-wi curves show a tendency to be closer 
within the range 0.00:::; wi:::; 0. I 0, which is due to equal 
polarity [4,25] of the molecules in addition to solute-solvent 
and solute-solute molecular interaction which is assumed to be 
physico-chemical behaviour [20,21] of the solutes in n
heptane. The close agreement of the estimated Jll and Jl2 with 
reported (Gopalakrishna) and theoretical Jl's establishes the 
very basic soundness of the present method to get hf Jl/S in 
addition to the fact that a part of the molecule is rotating under 
GHz electric field [19].11 is seen that estimated Jll and Jl;'s are 
lower than those of Jllheo's for normal alcohols while the 
reverse is true in octyl alcohols. It is probably due to the fact 
that strong hydrogen bonding among -OH groups in normal 
alcohols (!-butanol, 1-hexanol, 1-heptanol and 1-decanol) 
offers higher resistance due to -OH groups to rotate under 
hf electric field to give lower Jll and Jli values. In octyl alcohols 
hydrogen, on the otherhand, bonding between -OH groups is 
not so strong giving Jll 'sand Jl;'s higher than that of Jltheo's as 
they are screened by a large number of -CH3 and -CH2 

groups. The conformations are presented in Fig. 8 in excellent 
agreement of the measured values in order to account of the 
mesomeric and electromeric effects of the substituted polar 
groups in alcohols by multiplying available bond moments by a 
factor Jl,IJlthoo where Jls is the low frequency or static dipole 
moment estimated elsewhere [10]. 

6- Conclusion 

Theoretical formulations developed so far in SI units 
within the frame work of the Debye-Smyth model appear to 
be the simpler straightforward and topical ones to get the 
many interesting equations which are worked out in terms of 
X;;'s. They are useful to explain various physico-chemical 
aspects of several dipolar alcohol molecules in solvent n
heptane at 25 oc under 24 GHz (Q-band microwave) electric 
field frequency. The derived straight line Eq. (4) has 
significant contribution in the field of dielectric relaxation 

as it gives microscopic 't' 1 and macroscopic't'2 due to both 
rotations of the flexible polar groups and the whole molecule 
while Eq. (7) gives microscopic r only [20,21]. Both 
theoretical and graphical experimental c 1 and c2 confirm the 
validity ofEq. (4). As seen in Table 3 c 1+c2 "' I is due to the 
fact that under 24 GHz electric field the rotations of the 
straight chained molecules are influenced by the moment of 
inertia of the flexible groups attached to the parent ones. 
Eaij::::: 1-l.5nDi}· But Eaij:::::nDi} may introduce some errors in 
getting r 1 and r 2 and c1 and c2 also. Correlation coefficients 
r's and % of errors between several variables involved in the 
curves of Figs. I and 3 are worked out only to establish the 
statistical validity [20,21] of Eq. (4) and xij vs. wi equations. 
The close agreement of estimated relaxation parameters viz. 
T 's and Jl 's with the reported ones confirms the very basic 
soundness of the theoretical formulations so far developed. 
The physico-chemical properties of the systems are, however, 
inferred in terms of solute-solvent (monomer) and solute
solute ( dimer) associations as supported by slight deviations 
of measured parameters from their reported and standard 
values and also observed by deviation of experimental points 
from the fitted polynomial plots of several figures. 
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Abstract : Double relaxations of some normal aliphatic alcohols have been studied to get relaxation times 'Ct and 'tz due 
to rotation of flexible part a~d end over end rotation of the whole molecule from the intercept and slope of a linear 
equatloD of (Xou - x'u)fx'u against x"ulx'u for different weight fractions ""J's of solute in n-heptane at 25 oc under 
electric field frequencies of 24~33, ·9.25 and 3.00 GHz. Alcohols like 1-butanol, 1-hexanol, 1-heptanol and 1-decanol are 
long straight chain hydrogen bonded polymer type ~olecules having .QH groups which may bend twist or rotate internally 
about C-C bond under .. GHz electric field exhibiting characteristic ""· Estimated ""J obtained from ratio of slopes of 
Individual variation of x" u and x' u against w1 at wJ -+ 0 are compared with those of Mur~by el al., Gopalakrishna 
'(feported data) and ""l• "'2 by double relaxation method. Relative contributions c1 and c2 due to 'ti and 't2 towards dielectric 
relaxations estimated from FrOhlich's equations· ~re compared with the experimental ones obtained by graphical technique. 
Gr~phlcal variations of x'u.'Xou and x"u'Xou with wJ at w1=0 together with arbitrary curve of (1/cjl) log (cos tJI) against 
9 in degree have been utilised .to get symmetric y and asymmetric 8 distribution parameters. The symmetric relaxation 
time t 1 by y and Characteristic. relaxation time 'ta by 8 and + are computed to suggest symmetric relaxation behaviour 
of the molecules. Linear coefficient ~'s of x'u - w1 curves and dimensionless parameters b1 and b2 involved with estimated 
"t1 and t 2 are used to get dipole moments J.lt and 112 due to rotation of flexible part and the whole 'molecule which are 
cOmpared with reported Jl'S (Gopalakrish~a) and Jltbeo 's. The slight disagreement between llj and lltheo obtained from 
"available bond angles and reduced bond momenls or substituent polar groups attached to parent molecules arises due 
to st~onR; internal hydrogen bonds present among the ·011 groups or dipolar liquid molecules. 

Keywords : Relaxation, aliphatic alcohol, non-polar solvent. 

Relaxation mechanism _of polar molecules in non polar 
solvents under high frequency electric field is of special 
interest as it provides one with useful tool to study 
structural configuration and molecular associations in the 
formation of monomer1 and dimer2•3 through measured 
relaxation parameters like relaxation time ~ and dipole 
moment J.1 obtained by any conventional method4,5. The 
technique also gives valuable information regarding 
stability or unstability~ of the systems undergoing 
relaxation phenomena .. Also ~j obtained from the ratio of 
slopes of individual variations of x" ij - wj and x' iJ - wj 
are conveniently used to shed more light on structural 
and associational aspects 7 in addition to physico-chemical 
properties of the polar molecules. 

Glasser et al. 8 measured the real e' ij and imaginary 
e" ij parts of complex hf dielectric relative permittivity 

. e*ii together with static and hf relative permittivity eoij 

and e.,ij of some normal alcohols like !-butanol, 1-
hexanol, 1-heptanol and 1-decanol at various mole fractions 
under different electric field frequencies in n-heptane at 
25 °C. The purpose of their study was to observe triple 
relaxation phenomena in them under different concen
trations characterized by relaxation times t 1, t 2, t 3 which 
arise respectively due to hydrogen bonded structure, 
orientational motion of the molecules and rotation of 
-OH groups about C-C bond. The alcohols under study 
are of special importance for their wide applications in 
the fields of biological r~search, medicine and industry. 

But the modern trend is to study relaxation phenomena 
in polar-non polar liquid mixtures in terms of hf complex 
dimensionless dielectric orientational susceptibility x*u 
rather than permittivity e*u or conductivity cr*u· As all 
types of polarisations are associated with e*u,while cr*u 
includes within it transport of bound molecular charges, 
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so it is more reasonable to work with Xij 's as it is directly 
linked with orientational polarisation of the molecules. 
Moreover, the present study have been carried out in 
modern concept of internationally accepted symbols of 
dielectric terminology and parameter in SI units because 
of its unified, coherent and rationalized nature. Under 
such context we have derived a straight line equation 
interms of real x'u and imaginary x" ij parts of hf comi'Iex 
susceptibility x*;j together with low frequency real 
dielectric susceptibility Xoij to have t 1 and ~ of alcohol 
molecules inn-heptane at 25 °C under GHz electric field. 
The frequency 24.33 GHz has been found out to be the 
most effective dispersive region of the alcohol molecules. 
When X:lj of the molecules are plotted against frequency 
(/) they showed peak. in the neighbourhood of 24 GHz 

· . which is probably due to dielectric reorientation of polar 
molecules9• At this frequency the alcohol molecules absorb 
electrical energy much more strongly to show reliable t 1 
and t 2 from intercept and slope of the least squares fitted 
straight line equation of <Xoij - x';i)IX'ij against x'[/X'ij 
signifying the material property of the systems. 

The validity of straight line equations of Fig. I is 
tested by correlation coefficient (r) and % of errors. In 
absence of reliabl~ 'i 's of these normal alcohols the ratio 
of slopes of individual variations ofx'ij and X'ij with wi at 
wj ~ 0 as seen in Figs. 2 and 3 were utilised to get hf 'i 
to compare them with those of Murthy et az.IO of Fig. 4 
and Gopalakrishna's methodll. 

. The theoretical weighted contributions c1 and c2 
towards dielectric dispersions in terms of measured t j and 
t 2 were worked out from Frohlich's equations 2 to 
compare them with the experimental ones by graphical 

variation of x';/Xoii and x";/Xoij with .wi at wi ~ 0 of 
Figs. 5 and 6. The symmetric y and asymmetric o 

· distribution parameters were obtained from graphical 
extrapolation techniques of Figs. 5 and 6 in the limit 

· wj =0 and from variation of(!/$) log (cos <j>) against $0 

of Fig. 7 respectively. Symmetric relaxation time t, from 
y and characteristic relaxation time 'cs from 1l and, $, 
were ,however, estimated to conclude about symmetric 
relaxation behaviour of polar molecules. 

The dipole 11!0ment's i!t and 11z interms of b1 and b2 
involved with estimated t 1 and t 2 were worked out to 
present them in Table I to compare with reported fl/S 
(Gopalakrishna) and l'th obtained from bond angles and 
reduced bond moment~3 of substituent polar groups 
attached to parent molecules. The comparison however 
suggests that the flexible part of the molecules rotate 
internally under GHz electric fie!d14,IS. The slight 

2 

disagreement between experimental and theoretical f!'S 

:' eiestablishes the very existence of strong internal hydrogen 
bonding among -OH groups of long straight chain alcohol 
molecules. Physico-chemical aspects of different solute 

molecules in non polar solvent can be explained by non 
linear variation of both t2 and 1'2 against frequency (/) of 
the applied electric field as shown in Fig. 8. 

Experimental 

The dielectric constants e' ij and losses e" ij of the 
alcohols in n-heptane at different mole fractions of solutes 
were measured8 with a Boonton RX meter corrected }?1. a 
heterodyne beat method. Refractive indices (noij = ,Jeij) 
of the solution were estimated by a Pulfrich refractometer 
for sodium D-line. The alcohols !-butanol, 1-hexanol, 1-
heptanol and 1-decanol were obtained from various 
commercial sources dried for a period over "Drierite" 
(anhydrous calcium sulphate) and fractionally distilled at 
atmospheric pressure. Commercial n-heptane was dried 
over sodium wire prior to its use and its relative 
permittivity (ei = 1.917) was checked in agreement with 

literature value at 25 °C. 

Theoretical formulations to estimate double relaxation 
times t 1, t 2 and c1, c2 : 

The hf complex dielectric relative permittivity eij of 
polar-non polar liquid mixtures is associated will) a number 
of non-interacting Debye type dispersions in accordance 
with Budo's relation16 

(I) 

wherej = -f-1, is a complex number and ck is the relative 
contribution for the k-th type of relaxation process. 

But when eij consists of two Debye type dispersions 
Budo's relation reduces to Bergmann's equations17. e.,;j 
includes within it fast polarization and frequently appears 
as a subtracted term in Bergmann's equations. Thus to 
avoid the clumsiness of algebra and to use the modern 
concept of dielectric terminology and parameter one gets 

'-(' )"-" -( ) .X.ij- Eij-ECXJij,Xij-eij,Xoij- Eaij-Ecoij 

The Bergmann's equations thus becomes 

' I Xij 
-- = Ct 

+ro2t12 
+ c2 

+ro2t22 Xoij I I 
(2) 

X"iJ Olft rot2 
-- = Ct 

I +ro2t12 
+ c2 

+ro2tl Xoij I 
(3) 
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The relative weighted factors c1 and C2 are such that C1 4.oo .----------r77-7r77.7771 

-+ C2 = 1. x';i and X"ij are the real and imaginary parts 
of hf complex dielectric orientational susceptibility xij 
and Xoij is low frequency dielectric susceptibility which 
is real. The introduction of x's in Bergmann's equations 
are then concerned with the molecular orientational 
polarization aione. 

Putting ro~1 = a 1 and o>t2 = ~ eqs. (2) and (3) are 
solved to get 

(X';j·~- X"ij) {I + a 1
2) 

~= w 
Xoij (~-a,) 

and 

(X"ij- X'ij.al) (I + ~2) 
Xoij (~-a,) 

provided ~ - a 1 "' 0. 
As c1 + c2 = I, we have 

(5) 

<x' ij·~- x";j) (I + a,2) + (X"ij - X'ij.al) (I + ~2) = 1 

Xoij (~ - a,) Xoij (~ - a,) 

, + I 2 II II 2+ II+ II 2 or, X ij·~ X ij·~al -X ij- X ijal X ij X ij~ 
. , , 2 ( ) - X ij·al - X ij·al~ = Xoij ~ - a, 

or, x.'ij (~- a 1)- x'ij.a1~ (~- a 1) + X"ij (~2- a 12) 

= Xoij (~ - a,) 

or, X'ij- X'ij·al~ + x";j (~ + a,) = Xoij 
"(+"), , or, X ij a, ~ -X ij·al~ = Xoij- X ij 

, , 
Xoij - X ij X · ij 

or, , = (a1 + ~) -,-- a1~ 
X ij X ij 

substituting a 1 = "''' and ~ = ro"t2 we have 
, , 

Xoij - X ij X ij 
2 or, , = ro (•1 + "t2) -,-- ro ,,,2 (6) 

X ij X ij 
which is a straight line equation between the variables 
(Xoij- x.'ij)/x';i and x";/X';j with slope ro (•1 + •2) and 
intercept ro2•1•2, where ro = 2rrj, f being frequency of 
the applied electric field in GHz range. The above equation 
is, however, satisfied by experimentai points as seen in 
Fig. 1 for different weight fractions wj 's of solute at 25 
•c under electric field frequencies of 24.33, 9.25 and 
3.00 GHz. The eq. (6) has been used to estimate 't and 
• 2 in order to place them in Table 1. 

The theoreticai weighed contributions c1 and c2 were, 
then obtained from eqs. (4) and (5) with the variables 
x'I/Xoij and X"ij/Xoij of Frohlich's eqs. (7) and (8) in 

-;:. 
;:. 3.00 
~ 
' 
~ 

2.00 

I 1.00 

0.00 L-.J:iZ.< !:._~L..J.:......_ ______ __j 

0.00 0.30 0.60 0.90 1.20 

Fig. 1. Linear variation of ('XoiJ - X.'ii·)IX'ij with x"ulx'ij for alcohols 
inn-heptane a< 25 •c of (Ia) -butanol (0) at 24.33 GHz, (ib) 
!·butanol(+) at 9.25 GHz, (lc) !-butanol (D) at 3.00 GHz, 
(ila) l·hexanol (•) at 24.33 GHz, (lib) 1-hexanol (t.) at 9.25 
GHz, (lie) l·hexanol (A) at 3.00 GHz, (lila) 1-heptanol (0) 
at 24.33 GHz, (illb) l·heptanol (•) at 9.25 GHz, (IIIc) 1-
heptanol (X) at 3.00 GHz, (IVa) 1-decanol (+)at 24.33 
GHz, (IVb) 1-decanol (-) at 9.25 GHz. (IV c) 1-decanol (*) 
at 3.00 GHz. 

terms of known "t 1 and '2. 

x.'ij I (! + ro2,22) --=1---ln 2 2 
Xoij 2A 1 + ro "t 1 

(7) 

.J•I I 
lo.i] [ -1( ) -1( >] - =- tan ro•2 - tan "''' 

Xoij A 
(8) 

Theoretical formulations to estimate symmetric and 
characteristic relaxation times •s and •cs : 

The molecules under present investigation appear to 
behave like non-rigid ones having symmetric and 
asymmetric distribution parameters y and 8 involved with 
eqs. (9) and (I 0) 

xij I 
(9) --= 

+ Gro•sll-y Xoij 1 

xij 
(10) --= 

+ jro•csls 'Xoij (I 

3 
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Fig. 2. Variation of imaginary part ofhf susceptibility x"r with weight 
fraction wJ for alcohols in n-heptane at 25 oC of (Ia) 1-
butanol (0) at 24.33 GHz, (!b) !-butanol (+) at 9.25 GHz, 
(le) !-butanol (0) at 3.00 GHz, (IIa) 1-hexanol (•) at 24.33 
GHz, (!!b) 1-hexanol (~)at 9.25 GHz, (lie) 1-hexanol (.oL) at 
3.00 GHz, (lila) 1-heptanol (0) at 24.33 GHz, (!lib) 1-
heptanol (e) at 9.25 GHz, (!lie) 1-heptanol (x) at 3,00 GHz, 
(IVa) 1-decanol (+)at 24.33 GHz, (!Vb) 1-decanol (-)at 
9.25 GHz, (lYe) 1-decanol (•) at 3,00 GHz. 

The former one is associated with symmetric relaxation 
time ~. while the later one with characteristic relaxation 
times ~es· On separating the real and imaginary parts of 
eqs. (9) and (10) and rearranging them interms ofx'i/Xoij 
and x"i/Xoij at wr~O as seen in Figs. 5 and 6, they and 
~. were obtained as 

_ 2 1 -l[(l X'ij) X'ij X"ij] y-- an --- -----
1t Xoij X' 'ij 'Xoij 

(II) 

and 

[ ]

1/(1-y) 

~. =! (x'ii/X"ij)cos (~/2)-sin ('f11/2) (,12) 

Similarly li and ~cs can be had from eq. (10) as 

(X"i/Xoij)wj-+0 

<x' ii/Xoii)wi-+0 
tan ($1i) (13) 

and tan cj> = ""cs (14) 
As cj> can not be evaluated directly, an arbitrary theoretical 
curve between (1/cj>) log (cos $) against cj> in degree was 
drawn in Fig. 7 from which 

4 
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Fig. 3. Variation of imaginary part ofhf susceptibility x';i with weight 
fraction W· for alcohols in .n-heptane at 25 °C of (Ia) 1-
butanol (Oj at 24.33 GHz, (!b) !-butanol (+) at 9.25 GHz, 
(le) !-butanol (0) at 3.00 GHz, (IIa) 1-hexanol (•) at 24.33 
GHz, (lib) 1-hexanol (~)at 9.25 GHz, (lie) 1-hexanol (.oL) at 
3.00 GHz, (Ilia) 1-heptanol (0) at 24.33 GHz, (!lib) 1-
heptanol (•) at 9.25 GHz, (IIIe) 1-heptanol (X) at 3.00 GHz, 
(IVa) 1-decanol (+)at 24.33 GHz, (IYb) 1-decanol (-) at 
9.25 GHz, (lYe) 1-decanol (•) at 3.00 GHz. 

log {(x'i/Xoij)/(cos cj>li)} 
(1/cj>) log (cos <!>) = cj>li (15) 

can be known. The known value of (1/cj>) log (cos cj>), is 
used to know cj> from Fig. 7. With known <1> eqs. (13) and 
(14) _can be used to obtain li and ~cs respectively. 

Theoretical formulations to obtain relaxation time ~i 
and /if dipole moment Jlj : 

The real e'ij and imaginary e"ij parts of hf complex -;;r-
dielectric relative permittivity e*ij are related by 

e'ij = Eooij + (1/ro~)e"ij 
or, (e'ij- Eooij) + (1/ro~)e"ij 
or, X"ij = (1/ro~)X"ii 

or, (dx"ii/dx'ii) = ro~i (16) 

x"ij's are found to vary almost linearly10 with x'ij as seen 
in Fig. 4, the slope ro~i is used to obtain ~j-

But earlier investigation on some isomers of anisidines 
and toluidines IS and the present investigation on normal 
alcohols shows that variation of X"ij against x'ij as seen 
in Fig. 4 are strictly not linear. The ratio of slopes of 



~· 

Mitra et al. : Studies on physico-chemical properties with the relaxation phenomena etc. 

individual variations of x"ij and x'ij with wj's in Figs. 2 
and 3 is a better representation of eq. (16) to get "'i where 
polar-polar interactions are almost avoided15. Thus 

( dx" i/dwj)llj->0 
__ :._...:.....:..__ = Cll'tj (17) 

(dx'i/dwi)llj .... o 
Imaginary part X"ij of X*ij can be representedl8,19 as 

Np·· f.ij2 Cll'<· · 
x"·· = IJ /. J (E·· + 2)2W· (!8) 

IJ . 27 Er/J/aT (! + ro2,;2) IJ J 

which on differentiation with respect to wj and at wj ~ 0 
yields that 

Np·f.ij2 Cll'<· 
(dx" .. fdw-) · .n = 

1 
----=J'-;;2,-;

7
,-- {e1·+2)2 

'l J WJ~ 27 er/djkoT (I + ro r) 

(19) 

Now in comparison to earlier works presented 
elsewhere6•13 the approximation that Xij "'X"ij like crij "' 
cr"ij is not necessary to obtain llj from '<j where cr''ij is the 
imaginary part of complex hf conductivity and O'ij is the 
total hf conductivity of polar-nonpolar liquid mixture. 
From eqs. (17) and ( 19) one gets 

NPill·2 
{dx" .. /dw·> = J 

u J 27 e-""·k T O'"'J 8 

Cll'tj 2 

(·! 2 2) (ei+2) + (J) 't 

(20) 

which is directly interrelated with the measured ,;'s through 
b, where 

eo = Permittivity of free space = 8.854 X 10-12 
Farad metre-1, 

~ = Molecular weight of solute in kHogramme, 

k8 = Boltzmann constant = 1.38 x w-23 I mol-1 

K-1, 

T = Temperature in absolute scale, 

p = dX'i/dwj = Linear coefficient of X'ij- wj curves 
of Fig. 3 at wi~o. 

Table 1. The relaxation limes 'tt and 't2 from lhe slope and intercept of straight line eq. (6), estimated dipole moment J..l 1, J-12. from eq. (20). 
Computed dipole moment 1-lJ from 'tj of eq. (17), reported dipole moment (Gopalakrishna's method), all are expressed in Coulomb-metre for 

dtfferent sttaight chain alcohols in n-heptane at 20 °C under different GHz electric field 

System with Frequency Estimated 't 1 and 't2 Estimated dipole Reported J..l!heo a X toJO 
sl. no. and mol. (j) in psec moment J.l x toJ0 in J.l X 1030 in C.m. from 

weight in kg in GHz '• '2 Coulomb metre (C.m.) in C.m. by reduced bond 

111 112 11j Gopalakrishna's moments 

By double From 't'j of method 
relaxation ratio of 

method individual slope 

I. !-Butanol 24.33 2.04 54.56 3.02 24.25. 3.26 3.58 
(M; = 0.074) 9.25 3.72 101.78 2.56 14.99 2.69 3.80 3.74 

3.00 9.09 211.22 •' 3.14 12.72 3.23 4.30 
II. 1-Hexanol 24.33 2.54 27.46 0.79 3.18 8.25 3.35 

(M; = 0.102) 9.25 3.75 85.16 2.35 11.59 2.52 3.87 3.49 
3.00 9.17 204.07 3.16 12.39 3.17 4.27 

IU. 1-Heptanol 24.33 2.65 59.09 3.52 29.69 3.60 3.59 
(~ = 0.116) 9.25 3.29 82.96 !.57 7.59 2.86 3.60 3.73 

3.00 10.05 220.31 2.90 12.17 3.06 4.27 
IV. 1-Decanol 24.33 3.29 32.22 2.10 9.43 3.47 3.55 

(M; = 0.158) 9.25 5.60 83.06 2.49 11.67 2.82 3.83 3.68 
3.00 6.88 135.54 3.12 8.50 3.36 4.33 

"Ref. 19. 

-'>. 5 
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N =Avogadro's number = 6.023 x 1023 , 

Pi = Density of solvent n-heptane at 25 °C = 680.15 
kg m-3 , 

ti = Relative permittivity of lhe solvent n-heptane = 

1.917, 
b = 1/(l +ro2~) =a dimensionless parameter involved 

with estimated "t1 and "t2 of eq. (6) and "tj of eq. (17). 

Dipole moments 111 and 112 obtained with the knowledge 
of b1 and b2 involved with estimated "t 1 and "t2 by double 
relaxation method are entered in the 5th and 6th column 

of Table 1. They are, however, compared to llj with tj of 
eq. (17) and reported 11's (Gopala.krishna) and f.ltheo as 
seen in 7th, 8th and 9th columns. 

Results and discussion 

The least square fitted straight line equation of (Xoij -
X'i)IX'ij against X"i/X'ij for different weight fractions W/S 
of solute at 25 °C in n-heptane under different GHz electric 
field frequency are shown graphically in Fig. 1 together 
with experimental points placed on them. The real x'ij 
and imaginary x"ij parts of hf complex dimensionless 
dielectric orientational susceptibility x *ij and low frequency 
real dielectric susceptibility Xoij are, however , derived 

.;. 
~ 
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! 
!l 008 
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l! 
0 

a 
f 
f 004 

1 
0 01 02 03 

---... Real part of hf suscephbilrly x·. 

Fig. 4. Variation of imaginary part of hf susceptibility x";j with real 
part of hf susceptibility x';· of alcohols inn-heptane at2) oc 
of (Ia) !-butanol (0) at24.h GHz, (lb) !-butanol(+) at 9.25 
GHz, (lc) !-butanol (0) at 3.00 GHz, (IIa) 1-hexanol (• ) at 
24.33 GHz, (Ub) 1-hexanol (C.) at 9.25 GHz, (lie) 1-hexanol 

6 

~)at 3.00 GHz, (lila) 1-heptanol (0) at 24.33 GHz, (lllb) 
1-heptanol (• ) at 9.25 GHz, (!lie) 1-heptanol (x) at 3.00 
GHz, (IVa) 1-decanol (+)at 24.33 GHz, (lVb) 1-decanol (
)at 9.25 GHz, (!Vc) 1-decanol (*) at 3.00 GHz. 

from measured8 permittivities t'ij• e"ij· eoij and tex>ij · ~he 
linearity of all curves of Fig. 1 are confirmed by correlation 
coefficients r's and percentage of errors. The relaxation 
times "t 1 and t 2 estimated from eq. (6) are placed in the 
3rd and 4th columns of Table I. It is seen that both t 1 
and t2 are of low values at 24.33 GHz and tends to increase 
with the lower frequencies of 9.25 and 3.00 GHz electric 
fields. It may be explained on the basis of the fact lhat at 
higher frequencies the rate of hydrogen bond rupture is 
maximum in such long chain alcohols to reduce "t for 

each rotating unit20. 

In absence of reliable "tj of such molecules it was tried 
to calculate "t· from the least square fitted straight line 
equation of x'}ij against x' ij in Fig. 4 as claimed by Mu~thy 
et a/. 10. But the experimental points are found to dev1ate 
from linearity as seen in Fig. 4 which is probably due to 
various associational aspects of polar molecules in non 
polar solvent13. The individual plots ofx"ij and x'ij against -( 
w- of normal alcohols are not linear as seen in Figs. 2 and 
/which confirms the probable solute-solute (dimer) and 
solute-solvent (monomer) molecular associations. The 
reliability of both x"ij - wj and x'ij - wj variations are 
confirmed by correlation coefficients r's and % of errors. 
This fact at once inspired us to evaluate 'i from the ratio 
of slopes of individual variations of x"ij and x'ij wilh wj 

at wj~o. tj so obtained shows close agreement with t 1 

1.2 .----- - - --- - --- ·- -, 

I!" 
>-( -. 
>-( 
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0 0 . 1 0 . 2 0 3 0 4 

Weight fraction w 1 

Fig. 5 . Variation x';/Xoij with weight fraction wj for alcohols in , . 
heptane at 25 °C of (Ia} !-butanol (0) at 24.33 GHz, (lb) 1· 
butanol (+) at 9.25 GHz, (lc) !-butanol (0) at 3.00 GHz, 
(lla) 1-hexanol (• ) at 24.33 GHz, (lib) 1-hexanol (C.) at 9.25 
GHz, (lie) 1-hexanol (.A.) at 3.00 GHz, (lila) 1-heptanol (0) 
at 24.33 GHz, (IIIb) 1-heptanol (e ) at 9.25 GHz, (lllc) 1-
heptanol ( x) at 3.00 GHz, (IVa) 1-decanol ( +) at 24.33 
GHz, (IVb) 1-decanol (-) ar 9.25 GHz, (!Vc) 1-decanol (*) 
at 3.00 GHz. 
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from double relaxation and Gopalakrishna's method11 • 

This approach further confirms that polar-polar interactions 
are fully avoided6,15 in the later method. Thus hf dielectric 
susceptibility measurement yields the accurate microscopic 
~ due to orientational polarisation whereas double 
relaxation method gives both microscopic ~·s15.20. 

Higher values oh2 's results in bigger size of rotating 
unit (~jT/1Jl') which is due to solute-solvent (monomer) 
associations under GHz electric field. Distribution of ~·s 
between two limiting values ~ 1 and ~2 prompts one to 
estimate the symmetric and asymmetric distribution 
parameters y and 5 of such molecules from eqs. (II) and 
(13) 'with graphical extrapolation values of x'i/Xoij and 
x"i/Xoij at wj = 0 of Figs. 5 and 6. Values ofy so obtained 
is used to evaluate~. from eq. (12). The arbitrary curve 
of (!/~) log (cos ~) against ~ in degree is essential to 

· know ~ for known value of (II~) log (cos ~) from eq. 
(15). Known ~ from Fig. 7 was however used to evaluate 
5 and ~cs from eqs. (13) and (14). The value ofy establishes 
the non-rigid behaviour of the molecules signifying the 
applicability ofDebye-Smyth model of dielectric relaxation 
to some extent in such normal alcohols in n-heptane under 
GHz electric field. 

Symmetric relaxation time ~. obtained from eq. (12) 
with known y agrees well with ~ 1 's by double relaxation 
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Variation X"iJ'Xoij with weight fraction wj for alcohols in n
heptane at 25 •c of (Ia) !-butanol (0) at 24.33 GHz, (lb) !
butanol (+) at 9.25 GHz, (lc) !-butanol (0) at 3.00 GHz. 
(!Ia) 1-hexanol (•) at 24.33 GHz, (lib) 1-hexanol (a) at 9.25 
GHz. (lie) 1-hexanol (.to.) at 3.00 GHz, (lila) 1-heptanol (0) 
at 24.33 GHz. (lllb) 1-heptanol <•> at 9.25 GHz, (lllc) 1-
heptanol (x) at 3.00 GHz, (IVa) 1-decanol ( +) at 24.33 
GHz, (!Vb) 1-decanol (-) at 9.25 GHz, (!Vc) 1-decanol (*) 
at 3.00 GHz. 

and ~j·s by Gopalakrishna's method except at 3.00 GHz 
electriC field frequency. 1bis discrepancy may be explained 
on the basis of the fact that at 10\~er frequency the rate of 
hydrogen bond rupture is small resulting in higher value 
of ~ for each rotating unit. High· value of ~cs eventually 
rules out the possibility of occurring asymmetric relaxation 
behaviour for the alcohols. Fig. 8 represents !he plot of 
bolh t 2 and 112 against frequency (j) of the applied electric 
field. It is evident from the plot that ~2 of the alcohols 
decreases with frequency. It is due to the fact that at 
higher frequency the rate of hydrogen bond rupture is 
maximum, reducing !hereby t 2 for each rotating unit20. 
For system II and IV !he variation of 112 against frequency 
is convex in nature having zero 112 .values at two 
frequencies due to strong symmetry attained by the 
molecules. !-Butanol (system I) and 1-heptanol (system 
Im shows minimum 1-'2 for their symmetry attained 
between 3.00 and 9.25 GHz electric field frequency. 
Beyond 9.25 GHz 112 increases wilhfshowing asymmetric 
nature of the molecules. All types of symmetries and 
asymmetries arises probably due to various types of 
molecular associations between solute and solvent 
molecules which are supposed to be physico-chemical 
behaviour of !he systemsi9_ 

The relative contributions c1 and c2 towards dielectric 
dispersions have been evaluated from eqs. (4) and (5) for 
fixed t 1 and t2 as predicted from eq. (6) and wilh estimated 
X'i/Xoij and X"ijiXoij from Frohlich's eqs. (7) and (8). 
The same are, however, obtained experimentally from 
the graphical variation of x'i/Xoij and x"i/Xoij with wi of 
Figs. 5 and 6 at wj = 0~ The Frohlich's parameter A is 
the temperature variation of the width of distribution oft 
and is equal to In (t21t1). Variation of x'ijlxoij and x"i/ 
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Xoij with wj as seen in Figs. 5 and 6 are concave and 
convex in nature which are in accordance with Bergmann's 
eqs. (2) and (3) as observed elsewherel4,21. The estimated 
~is greater than c1 for almost all the alcohols in Frohlich's 
method, while the reverse is true for graphical technique. 
Formation of internal hydrogen bonding among -OH 
groups in polar alcohol molecules gives rise to inertia 15,20 
of the flexible part with respect to whole molecule which 
results in ne&ative c2 satisfying the condition c1 + c2 "' I 
in graphical technique. For Frohlich method c1 + c2 > 
I, indicating the possibility of occurance of more than 
two relaxation processes8 in them. 

Dipole moments lit and 112 estimated from 
dimensionless parameters b1 and ~ for measured ~ 1 and 
~ and linear coefficient !} 's of;( ij - wi curves of Fig. 3 
are shown in the 5th and 5th columns of Table I. Values 
of r's and % of errors in terms of r's gives reliable !} to 
yield accurate lit and Ill· Almost all the curves of Fig. 3 
shows a tendency to become closer within the limit 0.00 
,; wi ,; 0.05 probably due to the same polarity of the 
molecules arising out of monomer and dimer 
formations 13• 15. 

The theoretical dipole moments lltheo were, however, 
obtained from bond angles and bond moments of a number 
of dipolar groups like H3~c. C~O and O~H of 1.23 
x 10·30, 3.33 x 10·30 and 1.30 x 10-JO Coulomb metre13 
and are entered in 9th column of Table I. The -OH group 

Frequeney (t} cf eledric field in gigahelz. -

30 
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Fig. 8. Variation of relaxation ;time and dipole moment against 
frequency (/) of the applied electric field for some alcohols in 
n-heptane at 25 •c (I) !-butanol (to), (II) 1-hexanol (.to.), (Ill) 
1-heptanol (0), (IV) 1-decanol (e). 
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in all the alcohols making an angle 105 °(. with the C-C 
bond plays an important role to yield theoretical dipole 
moment lltheo· In absence of reliable llj values 
Gopalakrishna's method were employed to get llj (reported 
data) to compare with llj 's estimated from the relation lit 
= Ill (c1/c2)112 assuming two relaxation processes are· 
equally probable in them. But the agreement is poor 
probably due to the fact that sum of c1 and c2 as estimated 
from Frohlich's method is not strictly equal to one. The 
close agreement between lit from double relaxation 
method, lllheo and reported 11's establishes the basic 
soundeness of the methodl9 for getting hf llj in addition 
to. the fact that a part of the molecule is rotating15 under 
GHz electric field. Slight disagreement between lltheo and 
Ill arises due to the formation of H bonds among the -OH 
groups in dipolar liquid molecules which results in solute
solute molecular association increasing thereby the value 
of lltheo's. 

Conclusion : 
The methodology so far developed in SI units with 

internationally accepted symbols of dielectric terminologies 
and parameters appears to be simple, straightforward and 
topical one to predict relaxation parameters as x' s are 
directly linked with molecular orientational polarisation. 
The significant and interesting equations to evaluate 
relaxation parameters gives deep insight into the solute
solute and solute-solvent molecular interactions in a 
solution. The simple straight line eq. (6) provides one 
with microscopic and macroscopic relaxation times. 
Evaluation of ~j from eq. (17) by ratio of slopes of 
individual variations of x";j and x';i against wj in the 
limit wj = 0 is a better representation of eq. (16) of 
Murthy et al. as it eliminates polar-polar interactions in a 
solution. The results obviously show that the former 
method in long straight chain hydrogen bonded associative 
alcohol molecules may be applicable to get the accurate 
~·s of the molecules only due to orientational polarization. 
Validity of the method so far advanced to evaluate hf ~i 
and llj is also supported by ~j and llj values estimated 
from freshly calculated Gopalakrishna's method. The close 
agreement between measured ~j and ~cs confirms the non
rigid behaviour of the molecules which at once invites 
the applicability of Debye-Smyth model of dielectric 
relaxation in such alcohol molecules. Molecular association 
is however confirmed by conformational structure in which 
internal H bonding plays the prominent role. Graphical 
variation of x';/Xoij and x";/Xoij with wj as seen in Figs. 
5 and 6 to estimate c1 and c2 are concave and convex in 
nature which are inaccordance with Bergmann's equations. 
Reliable ~I and ~2 obtained for alcohols at three electric 
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field frequencies indicate the fact that double relaxation 
is a material property of the system. Although Figs. I to 
6 appear to be crowdy, they provides a clear comparison 
between the results obtained for different systems. Some 
experimental points are found not to fall on the smooth 
curves of different figures probably due to various 
molecular associations between solute and solvent 
molecules which supports the physico-chemical behaviour 
of the systems. Concave and convex nature of curves of 
Fig. 8 shows that stability and instability of the alcohol 
molecules depends on frequency of the applied electric 
field ever shown. Thus the correlation between the 
conformational structures 19 with the observed results 
enhances the scientific content to add a new horizon of 
understanding to the existing knowledge of dielectric 
relaxation phenomena in addition to physico-chemical 
properties of the polar liquid molecules. 
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Abstract : A brief r eport on the physico-c hem ical p•·opc•·tic' a nd s t r uc tura l a~ IH'cl\ of wn•c pul~ 'uh ... titut ecl ht' lll l'IH'' 

in benzene a t diffe r ent ex pe rime nt a l temperatun•, under I 0 l. ll z electric field h made tu e\timatt• rcla\OIIi on timt'\ t/'· 
dipole momen ts J.lj a nd thcrmod) n::unic energy para meter<, lil..e e ntha lpy ll//t• cntrOp) ll.\t a nd free e ncrJ!) uf acti1 a tiun 

11Ft due to dielectric relaxation 11ith form ulati om tlcrilccl from uric n tatiutwl W\ccptihilitil'' x,J· ,. tJ'' ul the pnl.u ... ul 

ut es Obtai ned frO Ill the SlOpe o f the linear C!jU:Jt iOn of X"
1
J <lnd X' ;J arc, hnii CICr, compan•d \1 ith thn<,C nlllai n t•d frO Ill 

the rat io o f the linear coe rfici cnt~ of individ ua l var ia tion' of x" 1i a nd X' ij 11ith 11eight fraction~ w/s of th e solute. 'ti'' 

from the Iut er me th od a r c used tu ge t t he rrnod) namic c ncrj!y parameter ' l'rum the E.1 rin~:·~ rail' pnJn'" t' IJUaliun tu 

shed more light on th e physico-c hemical pro pc•·ties of the polar liq uid molecules conce rnrd. The c~timatcd Jij'S in lt•rm ' 

o f linear coefficient s Ws of x'1j -wJ equations a nd dimension less parameters b's itnoh cd 11ith mea,ured T/s arc litWII) 

com pared 11 ith theoretical dipo le momen ts liahou 's uhtaincd from vertnr addition of :11 ailahle bond an~:lc' a nd h11ncl 

mo ments o f subs titut e d polar groups. Th e estimated Ji1111,0 l!iHs valuahle infurma t iun rr~:artling <,tru t turc' ol lh •· 

m o lecu les. T h e s light disa g reem e nt between h igh frcqu c nc) J.l/S anti ~,., , ... ·, prm itlt'' :111 inlcrc...rinJ! in\ij!ht nn lin• 

inductile, mesome ric a nd clcctromcric effec ts of the ~uh\litut ed polar group~ attaclll'tl tu the parent moll·rulc\. 

Keywords : Dipole mom ent , r cla,.,ation time, s uscep tib ilit.l . 

Relaxation phenomena of polar liquid molecules in non
polar solvents under oscill at ing electric field in the Gil L 
range at uifferem experimental tcmpcratun:s arc of -.pc 
cial importance as they are useful tools to investigate 
their physico-chemical properties as well as structural 
and associational aspects 1.2. The method is based on evalu
ation of relaxation time •j• dipole momenlllj and thermo
dynamic energy parameters. Then: exists :.everal mcth
ods3·4 to get •/s and ll/S , but all these methods are not a~ 
simple as the present one in which a simultaneous deter
mination of llj and -rj is possible. Although several work
ers5-7 studied the relaxation mechanism of polar liquid 
molecules, but no such investigation on polysubstitutcu 
benzenes in terms of high frequency (hf) dielectric sus
ceptibilities Xij 's has yet been made . The formulations 
derived so far may be used to study proteins, micelles. 
polymers and many other complex fluids8 including liq
uid crystals as wel l. Even binary mixtures of polar liq
uids can give rise to slow relaxation9. The formulations 
are concerned with the real x'iJ ( = c'ij-cocij) and imagi
nary x'iJ ( = E"ij) pans of hf complex dimensionless di
electric orientational susceptibility X*ij· 

The re;ll c',, anu imaginar) c",J pans of high lrequenC) 
permiuivity r •,J of polysubstilllteu benn:nes ltkc I ,3-<.lt 
isopmpyl hcJlLCtlc. ,, methyl hen toy I l hlnridc :111d o 
chloroacetophenone in benLcne at urftercm werght frac
tions ~~j 's of solutes in the temperature range of 30 to 45 
°C under I 0 Gllz electric fi eld were mca~ured hy Paul et 

a/.10. The usefu l optica l relative permiuivities r ,
1
's to 

get com:c.:ntration \ ariation ol x',J \\ t.: l c: gc:ncr.tt c:d from 
Dehye-Pallet's equatton~ It. 

1230 

t:' ij 

and 

r" IJ 
COIJ- C"'IJ 

I + w2-r2 
J 

(I) 

with the available ' J 's previously determined hy conduc 
ti vi ty mea surements 1 ~. Paul er (1/_HJ usc.:u the 
Gopalakrishna 's method 13 to measure T/S from c,J 's tn 

which all the polarisations including the fast polarisation 
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exist. If 1 is subtracted from low frequency eoij and real 
e'u· the co.responding static susceptibilities Xoij and real 
X'ij: contain all the polarizations. When hf E«ij is sub
tracted from e'u or static Eoij one obtains susceptibilities 
x'u or Xoij respectively. involved with the orienta tiona! 
polarization alone to get accurate -rj's and J.lj's. 

Both the real e'1j and imaginary e"u parts of e*u are 
related by14 · 

E'ij = E' «ij + (11ro-rj) E"ij (3) 

which in terms of established symbols of X'ij and X"ij 
becomes 

x"ij = oo'tj x'ij (4) 

Eq. (4) exhibit linear relationship between X"ij and Xij as 
seen in Fig. 1. The slope ro-ri is used to get -rj of a polar 
solute15 . For most of the associative liquids studied else
where16, however, the variation ofx"ij against x'u isnot 
strictly linear as seen in Figs. 2 and 3. Hence the slope of 
eq.- (4) can be written as : 

(dX"u I dwjl.v·->O 

(dx'u 1 dwjlwi_,0 
(5) • 

containing "i 's of the present polar solutes. The "i 's esti
mated using eqs. (5) and (4) from both the methods are 
presented in Table 1. The excellent agreement between 

Fig. I. 

0.12 

0.08 

0.04 

0.00 =-------~----' 
0.00 0.40 0.80 1.20 

Real part (x';i) of hf succeptibility 

Variation of imaginary part X"ij against real part X'ij of the 
complex hf dielectric orientmional succeptibility X*ij of some 
polysubstituted benzcns in C6H6 under 10 GHz electric field at 
various experimental temperatures. m-Di-isopropylb_enzene : 
Ia (D) at30°, Ib(O) at 35°, Ic (.6.}at40°;ld (X) at 45°;p
melhylbenzylchloride : lla (D) at 30", lib (0) at 35". lie (8) 
at 40°, lid (x) at 45": o-chloroacetophenone: Ilia (D) a1 

30",11lb (O)at 35",111c (8) at 40",11ld (X) at45"C. 

Table 1. E~timated relaxation times 'tj 's, enthalpy t:J.HT:, entropy tlST: and free energy MT:of activation due to dielectric relaxation, dimension
less parameter y ( =tlH/tlHni) from slope of In -rJT vs In lli equation, enthalpy of activation Mlf\i due to viscous flow of the ·solvent, 

estimated hf dipole moment 1-lj and theoretical dipole moment f.ltheo in coulomb metre (c.m.) of som.e polysubstituted benzenes in solvent 

System with 
sl. no. and 
mol. we. 
(kg) 

(I) m-Di-

Temp. 
("C) 

30 

isopropy.l-benzene 35 

(M; = 0.162) 40 

45 

(II) p-Methyl- 30 

benzoyl chloride 35 

(A{_J = 0.156) 40 

45 

(Ill) o-Chloro- 30 

acetophenone 35 

(M; = 0.156) 40 

45 

JICS-6 

c6H6 at different experimental temperatures in °C under 10 GHz electric field frequency 

't'j in 'tj in I:JJit t:.St !lEt Value tlHTJi = Estimated f.ltheo X 1030 

psec psec (kJ mol-1) (1 mot·< K-t) (kJ mol-1) of B (Mf,~y) dipole c.m. from 
(eq. 4) from (kJ moi-1) moment bond 

8.80 

7.33 

5.46 

3.74 

i.n 
3.30 

3.23 

3.24 

4.20 

3.04 

1.26 

0.90 

eq. (5) I' X to"' angles and 

8.80 109.01 10.12 

7.33 108.09 9.86 

5.46 43.15 108.16 9.30 

3.76 109.01 8.49 

2.72 -59.09 7.16 

3.30 -60.26 7.82 

3.23 -10.74 -59.66 7.93 

3.24 -59.28 8.11 

4.20 255.12 8.26 

3.04 253.09 7.61 

1.26 85.56 255.84 5.48 

0.90 254.21 4.72 

6.96 6.20 

-1.61 6.67 

. 13.56 6.31 

c.m. with reduced bond 
't'j from eq. (5) moments 

12.70 

13.87 

13.99 

14.76 

9.63 

9.82 

9.95 

10.10 

6.83 

7.72 

7.05 

6.48. 

3.77 

8.80 

7.40 
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Fig. 2. Variation of imaginary pan ;(',j ofhf succeptibility with weight 
fraction w 's of some polysubstiruted benzens in C6116 under 
10 GHz electric field at various experimental temperatures. 
m-Di-isopropylbenzene : Ia (D ) at 30°, lb (0) at 35°, lc (6) 
at 40° . ld (X) at 45°; p-methylbenzylchloride : II a (D) at 
30°. lib (0} at 35°. lie (6) at 40°. lid ( x} at 45°; o
chloroacetophenone : lila (D) at 30°, Irrb (0} at 35°. lllc (<'>} 
at 40°. I lid ( x l at 45°C. 

1/s indicates that the polar-polar interact ions are almost 
eliminated in the limit of wj = 0 to give reliable 1

1 
by the 

latter method 17 . The correlation coefficients r's and rela
tive errors of bOlh the plots in Figs. 2 and 3 were ob
tained by regression analysis. They are within the range 
of 0. 93 tO 0. 99 and 0.0008 to 0.000 I respectively, hereby 
indicating how far both x"ij's and X'ij·s are correlated 
with llj's. It is evident from Table I that 1/S decrease 
with temperature. At constant temperarure 1j depends on 
the energy dtfference between the activated and normal 
states. At higher temperarures thermal agitation causes 
an inc rea. e in energy loss due to larger number of colli
sions and thereby decreases the values of 1/s. f or m
diisopropyl benzene the 1/s are greater in comparison 
tOp-methyl benzoyl chloride and o-chloro acetophenone 
probably due to bigger size of the molecules containing 
higher number of carbon atoms. For systems ll and Ill 
r
1 
·s do not var) much with temperarure because of the 

presence of the same number of C-atoms in both the mol
ecule!> . p-Meth) 1 benzoyl chloride shows reverse varia
tion of r1 with temperature. Inductive effect of CH3 group 
put the C =0 group of COC! to ex ist as dipolar structure 
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Fig. 3. Variation of imaginary pan ;('ij of hf succeptib1lit} with weight 
fraction w ·s of some polysubstituted benzens m C6H6 under 
10 GHz electric field at various experimental temperatures . 
m-Di-isopropylbenzene . Ia ( o) at 30°. lb (D) at 35°. lc (6) 
at 40°. ld (x} at 45 " : p-methylhent.ylchlonde lla ( O ) at 
30°. lib (D) at 35°. lie (6) at 40". lid ( x 1 at 45". o
chloroacetophenom: lila ( o) at 30' . I lib I D) at 35". lllc 
(M at 40°. llld ( x) at 45 °C. 

( > c+ -0-), therefore increase in temperature has no sig
nificant effect on 1

1 
of this system. 

Dielectric relaxation is a process of rOlation of polar 
molecule under hf electric field and it reqUires an activa
tion energy M'1 to overcome the potential energy barrier 
between two equilibrium positions. M'r is related to esti
mated 1 bv 19 

J • 

1 · = (A /1) et.F1/RT (6) 
J 

where t:..Fr = tlH1 - Tt:.S1 

From eqs. (6) and (7) it follows that 

In 1/ = In A' + (tili/R) ! I T 

where A' = A e-t.5r1R 

(7) 

(8) 

Eq. (8) is a straight line when In (1/) is plotted against 11 
T as seen in Fig. 4, the slope and intercept are used to get 
enthalpy of activation t:.H~ , entropy of activation t:Wr and 
free energy of activation M'1 due to dielectric relaxation 
as presented in Table I . The enthalpy of activation D.I-111 
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Fig. 4 . The linear plot of In ('tl) against liT of some polysub~t nutcd 
benzens m C6H6 under 10 Gllz electric field. (I) m- Di
l,oprop) !benzene (t.) us ing 1

1 
o f eq. t:!). (Ill p

methylbenz) !chloride ( x ) using -r
1 

of eq 12), (Il l) o
chloroacetophepone (0 ) using -r

1 
of eq. 1"2 l 

due to 'iscous !low of the olvent is ascertained from the 
~lope 8 ( = 6 H/ D.HTI 1) of the linear equation of In tl 
agai nst In ll i· where ll i is the coefficiem of viscosi ty of 
the solvent used. 

It is evidem from Table 1 and Fig. 4 that for system II 
the linear eq. (8) has negative slope to give negative M7t 

because for that system T/S increases with temperature . 
The systems I and lli shows positive 6 Sr's which suggest 
that the configuration involved in dipolar rotation has an 
activated state which is less ordered than the normal state20. 
Unlike p-methyl benzoyl chloride both systems I and I II 
show 8 > 0.50 (as seen in Table 1) indicating solvent 
environment around solute molecules to behave as solid 
phase rotators18.20. M7Ti i in Table I involved wi th trans
lational and rotational motions of the molecule is of lower 
value than those of 6 Hr's in which only the rotational 
motion occurs. The Debye factors tl/ l1i unl ike Kalman 
factors t/lll iy at all temperatu res are of constant orders 
to r each system. This at once reflects the validity of De bye 
model18 of dielectric relaxation for such compounds in 
benzenes under 10 GHz electric field . 

Theoretical fo rmulations : 

In order to obtain hf dipole moment llj · the Debye
Smyths relation21.22 in terms of hf Xi/S is used 

\\ here MJ = molecular weight of the solute in kg. 

Eij = relative permitt ivi ty of solution tij) 

Pij = density of solution (ij) 

k9 = Boltzmann constant 

(9) 

Eq. (9) on di ffcremiation \\ ith respect to 11 J and at llj ~ o 

in the limit ll'j = 0. because Pij ~ Pi· f 1J ~ Ei are the 
density, relative permitti' ity of solvent benzene. From 
eq~. (5) and (10) one obtains 

( I I ) 

''here b = I/( 1 + CJ}t~) is a di mensionless parameter 
a~ .. ociated wi th estimated t J of eq. (5). B is the linear 
C\1t: fficient of x';J- \I'j curves of Fig. 3. 

Experiment al 

The microwave radiations of frequency I 0 GHz, gen
erated by a Gunn oscillator fed by I 0 volt de power sup
ply were passed th ro ugh the iso lator,· tuner, 
frequencymeter, attenuator and a slotted line fi tted with a 
probe connected wi th a crystal detector and a VSWR 
meter. The other end of the sloued line was connected to 
a 6.4 em long silvered waveguide cell which was con
nected to a thermostat by a 90° bend to carry out the 
e.\perimental values of E'ij and E" ij at different tempera
tures10. 

The viscosity ll i and density Pi of benzene at various 
experimental temperatures were measured using an 
Cbbelohde viscometer and a pycnometer respectively. The 
analytical grade polysubstituted benzenes like 1,3-di-iso
propyl benzene, p-met hyl benzoy l chloride and o
ch1oroacetophenone as well as the solvent benzene were 
supplied by Central Drug Research Institute, Lucknow. 
They were furt her purified by repeated fractional disti lla
tions and the physical constants like densi ty, viscosi ty 
and relative permitlivity Ei of solvent C6H6 were checked 
in agreement with the literature valuesiO. The polar liq
uids we re kept over molecular sieve of mesh 4 A for 48 
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h with occasional shaking. They were then disti lled through 
a long vert ical fractionating column and the middle frac
tions were used for the present study. Benzene (B.D. H., 
Analar) was purified by refluxing over sodium meta l for 
6 h and then distilled through a long vertical fractionat
ing column. The middle fraction of the solvent was used 
tO make solutions of different W/S of the respective sol
utes at different experimental temperatures26. 

Results and discussion 

The J..IJ 's thus measured at all temperatures are entered 
in Table I. Almost all the x 'ij -wj curves have a tendency 
to come closer wi thin the range 0.00 < wj < 0.03 prob
ably due to almost same polarity of the molecules22 aris
ing out of solute-solvent or solute-solute molecular asso
ciation which may be supposed to be physico-chemical 
properties 14 of the systems. This can be inferred from the 
nonlinear variation of J..lj-1 curves of Fig. 5. Unlike the 
system I and II I o-chloroacetophenone (system Ill) shows 
minimum J..lj 's at lower and higher temperatures. In the 
vicinity of -COCH3 and Cl , the electronic factor may 
operate between the carbonyl oxygen and Cl atom at ortho 
position may be the reason for its anamolous behaviour 
towards J..li value as seen in Fig. 6. The minimun J..lj 1 S 

indicate the attainment of slight symmetry in the mol
ecu les at those temperatures 18. The monotonic increase 
of J..lj with temperature for p -methyl benzoyl chloride oc-

~ 
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Plot of measured dipole moment J.lj in Coulomb metre (using 
t J by our method i .e. eq. (5)1 wi th temperatures 1 in "C of 
some polysuhstituted bcnzens in C61-16 under 10 Gllz electric 
field . (I) 111-Di-isopropylbcnLcne (D ) us ing t J of t!(j. (2) . ( II) 
p-methylbenzylchlor ide (A) using t J of eq. (2), ( I ll) o
chloroacetophenone (0) using t j of eq. (2) . 
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Fig. 6. Conformational structures of different polysubstitutt:d ben
zenes w ith dipole moment J.ltheo x 1030 in Coulomb metre 
(c .m .). ( I) 111 - Di - i sopropy lhenzene. (II ) p-methyl
bcnzylchloride. ( Ill ) o-chloroacetophenone. 

curs for its increasing molecula r asymmetry at higher 
temperatures. The above nature of J..trt curves arises due 
to alignment of different types of bondings among the 
solute and solvent molecules which are either fo rmed or 
broken to some extem23·24. Thus the measured J..lj 's re
flects the stability or unstability of the molecu les. This is 
confirmed by different thermodynamic energy parameters 
in order to make a strong comment on their physico
chemical properties. 

Theoretical dipole moment 's J..lthco's, as seen in Fig. 
6. are, however, considered by vector addition of ?ond 
moments of substituted pola r groups of molecu les from 
the available infrared spcc.:troswpic data of hond moments 
assuming Lhc molecules to be planar ones. They arc plac.:ctl 
in Table I to compare them with the measured hf J..lj ·s . 
The molecules under sLUdy have polar groups and there 
is large probabili ty of int ramolecular group rotations and, 
therefore, these molecules may not he represented hy 
s imple Debye type dielectric dispe rsions. On the 
otherhandl Higasi 's equation 7 for single frequency in di
lute solutions or Higasi ' s frequency variation method 
could , however, be used to evaluate those group rota
tions for such molecules. But the molecules are very simple 
and the purpose of the paper is to see the applicabil ity nf 
Debye type dispersions in them in evaluating 'tj and ~t 1 
which are claimed to be accurate with 10% and 5% re
spectively. The molecules of polysuhsti tuted henzencs 
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referred to tables and figures are planar and have the 
property of cyclic delocalization of 1t electrons on each 
C-atom. Till: solvent benzene is a c.:yd ic anu plana r corn
pound with three double bon" s and six p-electrons on six 
carbon atoms of the benzene ring. Hence 1t-1t interaction 
or resonance effect combined with an inductive effect 
commonly known as mesomeric effect in excited state 
called the electromeric effect is expected to play the promi
nent role in ll/S. The slight disagreement between hf pJ 's 
and llrheo's of Fig. 6 is explained on the basis of the fact 
that the fl exible polar groups of the molecules are greatly 
influenced by hf electric field to yield the inductive, me
someric and electromeric effects in them to give higher 
llj values, especially for m-diisopropyl benzene. All these 
effects, are, however, incorporated in their structures hy 
multiplying the bond moments hy a fac tor ll/llrhco to make 
llrheo's closer to llj 's as sketched in Fig. 6. The electromeric 
effect caused by > C = 0 in the 2nd and 3rd molecules 
may be the reason to make ~tj's more closer to ~~rheo's25 . 

Conclusion : 

The theoretical formulat ions in terms of internation
ally accepted and established symbols of establ ished di
electric terminologies and paramerers in SI unirs are more 
topical, significant and simpler one to have deep insight 
into the physico-chemical, structural and associational 
aspects of polysubstituted benzenes in C6H6 at different 
temperatures under 10 GHz electric field. The conforma
tional struc tures so far sketched in Fig . 6 are also signifi
cant because they enhance the scientific coment of the 
existing knowledge of dielectric relaxation processes. The 
curves satisfied by experimental points in all the figu res 
reflect the validity of the theoretical formu lations hased 
on Debye model to estimate several physical parameters 
such as •/s , llj 'sand !J..Ht, M't• !J.St etc . which are more 
of archival values to study the temperature varia tion of 
physico-chemical properties of dipolar molecu les. The 
uncertain ity in the evaluated 'i and llj values arc of I 0 % 
and 5% errors which are claimed to be accurate. 
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The Structura l Aspects and Phy ico C hemical Properties of Binary Polar 

Liquids in Nonpolar Solvent under a G igahertz E lectric Field 

U.K. Mitra* , . Ghosh, . Acharyya and P. Ghosh 

The mixtures of two polar liquids ,N-dimethyl formamide DMFU) and N, -
dimethyl sulphoxide DMSO(k) in a nonpolar solvent benzene C6H6 (i) are studied in 

terms of the ternary(ijk) high frequency (hf) orientational susceptibilities x.,1~..'s at 
different experimental temperatures in °C to arrive at the structural and associational 

aspects of those polar liquids. The estimation of binary relaxation time •11.. and dipole 

moment llJI.. and several thermodynamic energy parameters like the enthalpy of 

activation (~H•)1k, the entropy of activation (~ •) Jk, the free energy of activation 

(~F•) j l.. of the binary solutes are ,however, obtained in order to reach the conclusion. 

The dimensionless parameter 8 = ( f-h ) Jk I ~H11 , estimated from the slope of the 

linear equation of lm11.. T against ln11, where 11 1 i the coefficient of viscosity o f the 
solvent used, provides one wi th the information of the solute-solute and solute
solvent molecular associations among the molecules concerned. Almost constant 

values of Debye factor •11.. T I 11 1 unlike Kalman factors •11.. T I 11 1
5 indicate the Debye 

relaxation mechanism obeyed by the solutions of binary associated molecules in C61 16. 

The measured hf binary dipole moment ~~~k in terms of estimated binary relaxation 

time •11.. are compared wi th the theoretical dipole moments !ltheo 's obtained from the 
bond moments of the substitutent polar groups attached to the parent molecules only 

to support their conformations of associations. The disagreement between J..I.Jk 's and 

lltheo's indicates the inductive, mesomeric and electromeric effects o f the substitutent 
polar groups in addi tion to their H-bonding in a gigahertz electric fi eld. 
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