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Preface 

The proposed thesis is aimed at to study the relaxation phenomena of some interesting 

dielectropolar liquid molecules in non-polar solvents under low and high frequency electric field at 

various experimental temperatures. 

The relaxation phenomena m liquids and solids represent one of the most difficult 

unresolved problems of physics today. The presence of all relaxation phenomena in liquids under 

study or even for solids are related to some form of disorder. There can be no relaxation in a 

perfectly ordered· system, because nothing can relax from perfection. Under the application of the 

alternating electric field in a dielectropolar liquid molecule each type of polarisations takes some 

time to respond the applied electric field. The lag in response to the alternation of the applied 

electric field is commonly known as dielectric relaxation. 

The dipolar liquid molecules in non-polar solvents under low and hf electric fields attracted 

the attention of a large number of workers for its wide applications in different fields. All the 

information are derived from the measured relaxation parameters like real &if~ imaginary &if" parts of 

complex relative permittivity &if*, static relative permittivity &oif and high frequency relative 

permittivity &cr;ij of a polar liquid molecule (j) dissolved in a non polar solvent (i) measured under 

any suitable experimental arrangement of the effective dispersive region of J-Band (~3 GHz), X

Band (~10 GHz) and K-Band (~24 GHz) electric fields. These data are analysed on the basis of 

various models like Debye, Kirkwood, Frohlich, Onsager etc. 

Out of the above models, Debye and Smyth model is very simple, straightforward and 

applicable to almost all rigid spherical polar liquid molecules in non-polar solvents. In such case one 

polar unit is assumed to be far apart from the others and remains in quasi-isolated state to eliminate 

polar-polar interactions almost completely. 

We have therefore, become selective to chose some apparently rigid aliphatic polar 

molecules like chloral and ethyltrichloroacetate in non polar aromatic solvent benzene and alicyclic 

aliphatic solvents n-hexane and n-heptane to study their conformations under three different 

frequencies in GHz range. Chloral and ethyltrichloroacetate in a variety of non polar solvents under 

single frequency electric field show the double relaxation phenomena due to rotation of the whole 

molecule as well as the flexible parts attached to the parent molecules exhibiting the non-rigid 

nature of the molecules. The static and hf 4ipole moments for the above systems were also 

estimated. This investigation also includes polar liquid molecules like trifluoroethanol, 

trifluoroacetic acid and oc~oyl chloride dissolved in benzene too. 

~'s and J.l:j'S of some polysubstituted benzenes like. meta-diisopropylbenzene, para-methyl 

benzoylchloride and ortho-chloroacetophenone in benz~ne at different experin1ental temperatures 
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under GHz electric field frequency were investigated to get new information about molecular 

environment of the polar molecules and shed more light on their structural conformations and 

associational behaviour. Various energy parameters like enthalpy of activation !!JI r, entropy of 

activation !!.S r and free energy of activation tJ.F r were proposed from the standpoint of dielectric 

relaxation of the polar molecules. The molecules are complicated in nature and one of them is para 

compound in which peculiar behaviours are quite expected. With these facts, we are very much 

tempted to make a rigorous study by our well-known conductivity measurement technique. 

The author also measured the relaxation parameters E:;J ~ E:ij" £ 0 ;_,- and E:aaij of some aprotic 

polar liquids like DMSO, DEF, DMF and DMA in benzene by HP 4192A impedance analyser at 

Dept. of Spectroscopy, lACS, Kolkata for different concentrations and at different experimental 

temperatures to test the theories newly developed. 

Relaxation mechanism have been studied for some methyl benzenes and ketones in benzene 

through high frequency conductivity measurement technique to get structural and associational 

aspect of the molecules. 

The recent trend is to study the relaxation mechanism of dielectropolar liquid molecules 

through hf dielectric orientation susceptibility Xi.i* rather than permittivity E:if* or conductivity o-!i*· 

The dimensionless XiJ* are directly linked with the orientation polarisation of the molecules while hf 

conductivity O"ij is concerned with the transport of bound molecular charge of the polar -nonpolar 

liquids and E:ij* includes all the polarisations. 

Relaxation phenomena in terms of dielectric orientation susceptibility measurement 

technique were studied for chloral and ethyltrichloroacetate in benzene, n-hexane and n-heptane and 

a number of disubstituted benzenes and anilines in benzene and carbon tetrachloride under hf 

electric field. The molecules are supposed to absorb electric energy much more strongly nearly 10 

GHz (~X -Band) electric field to show the interesting behaviour. of the molecule from relaxation 

phenomena. 

Double relaxation phenomena seems to be the material property of some dipolar liquids in 

non-polar solvents. It had been extensively studied by the author for a number of alcohols in n

heptane under three different hf electric fields. 

Thus the entire object of the thesis is to study the relaxation phenomena of polar liquid 

molecules in various non-polar solvents under high and low frequency electric field at a single or 

different temperatures in order to arrive at their conformational structures from the derived present 

formalisms on the basis of Debye and Smyth model. The correlation between the conformational 

structures of the compounds under investigation With the observed results enhances the scientific 

contents of the thesis as it adds a better understanding to the existing knowledge of dielectric 

relaxation phenomena so far achieved. 



CHAPTER 1 

GENERAL INTRODUCTION AND 
REVIEW OF THE PREVIOUS WORKS 
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1.1. Introduction: 

The aim of the dielectric investigation in this thesis is to provide the reader a very simplified 

and significant approach to grasp the dielectric relaxation phenomena in both pure polar liquid and 

polar liquid molecules in non-polar solvent under low and high frequency electric fields. In order to 

reach the goal, the central idea of the work is concentrated to measure both the macroscopic and 

microscopic entities like relative pennittivity & and dipole moment 11 respectively of the molecule. 

The electric dipole moment J1 is not only significant as a reflection of the electronic structure of the 

molecules. But it is of prime importance in our understanding of molecular interactions. It also 

partly controls the transition between solid, liquid and gaseous states of a substance. The electric 

behaviour of dielectric molecule has wide applications in different fields. Scientists are mainly 

interested to predict shape, size, structure, molecular interactions and change of phase of the polar 

molecules. Technologists, on the other hand, find its important applications in the field of electrical 

engineering. 

1.2. Dielectric Relaxation : 

Dielectric relaxation phenomena are related to some form of disorder present in the system 

under study. There can be no relaxation in a perfectly ordered system, because nothing can relax 

from perfection. In the case of polar liquid molecules, even if for a perfectly ordered spatial array of 

dipoles, their orientation distribution would need to be random for the isotropic behaviour in the 

electric field. 

If a dielectropolar substance is. placed under the application of the alternati~g electric field, 

the molecuie becomes polarised. There exist various types of polarisations. Each type of polarisation 

takes some .finite time to respond the applied alternating electric field. Thus there is a considerable 

lag in the attainment of the equilibrium. This lag in response to the alternation of the applied electric 

field is commonly known as dielectric relaxation. When the external electric field is removed, all 

types of polarisation including the orientation polarisation decay exponentially with time. The time 

in which the orientation polarisation is reduced to lie times the initial value is called the relaxation 

time r of a dielectropolar liquid molecule. In the case of static or low frequency electric field, all the 

polarisations are operative. When the frequency of the alternating electric field becomes high, all the 

polarisations are not able to attain the equilibrium before the applied electric field is reversed. The 

relaxation time r is an important molecular parameter, which is usually used to determine dipole 

moment Jl of a polar substance. 
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1.3. Relative Dielectric Permittivity : 

Permittivity is a parameter of a dielectric medium. It arises in the calculation of force 

exerted on each of the electric charges placed in a medium. If two charges are placed in a· 

homogeneous or isotropic dielectric medium, the forces on each of them is reduced by a 

dimensionless scalar factor &r called the relative dielectric permittivity which is the ratio of the 

capacitances of the condenser when two charged plates of opposite signs are filled up with dielectric 

medium and vacuum respectively. Thus &r is given by: 

em 
& =

r C 
" 

where C's are the capacitance of the condenser having dielectric medium and vacuum respectively. 

If the relative permittivity of the material is higher the greater is the p<)larisability of the molecule. 

So the polar molecule usually has higher permittivities than the non-polar one. 

1.4. Dielectric Polarisation : 

Under the application of the electric field E the centres of the positive and negative charges 

of each molecule of dielectric material are displaced in opposite directions. This sort of relative 

displacement of charges is called polarisation and the dielectric is said to be polarised. 

In a homogeneous or isotropic dielectric, the dielectric polarisation P per unit electric field 

of E is called the molecular polarisability a. The polarisability in a non-polar molecule arises from 

. two effects. The displacement of the electrons relative to the nucleus in each atom is called the 
' 

electronic polarisation and that of the atomic nuclei relative to one another is called the atomic 

polarisation. For a polar molecule the permanent dipole aligns along the applied electric ·field 

direction, although they have thermal motions, is called the orientation polarisation. 

Therefore the total polarisability ar of the molecule is: 

.... (1.1) 

where ae, aa and ao are the electronic, atomic and the orientation polarisa:bilities respectively. aa is 

called the distortion polarisability. Each of three types of polarisabilities is obviously a function of 

frequency of the applied electric· field. As the electric field alters and reverses its sign both their 

distortion and average orientation polarisations must change. When the frequency is higher, this 

affect the orientation pola~sation which takes some time of the order of 1 o-12 ·to 1 o-10 sec to reach the 

equilibrium in the cases of liquids and solids. In such frequency the distortion polarisation takes 

much less time than the orientation polarisation to reach equilibrium. 
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1.5. Clausius-Mossotti Equation and Lorentz-Lorentz Formula : 

When an electric field E is applied between two plates of the condenser, the field is 

modified to E1oc by a linear liquid dielectric. The total polarisation of the molecules is given by: 

..... (1.2) 

where 'n' is the number of molecules per unit volume of the dielectric medium and aa is the 

distortion polarisability of the non-polar dielectric. 

Hence, the dielectric displacement vector D is : 

fJ = s .E = .E + 4trP r 

For a simple cubic crystal or an isotropic liquid dielectri~ it can be shown that 

- - 4 -
Ezoc = E +-n:P 

3 

From Eqs.(l.4) and (1.5) one gets, 

& -1 4 
_r_=-1lllaa 
Er +2 3 

Multiplying both sides by molar volume.M/ pthe above Eq.(l.6) becomes 

Er -1M =±7rNaa 
Er +2 p 3 

..... ( 1.3) 

..... (1.4) 

..... ( 1.5) 

..... ( 1.6) 

..... ( 1.7) 

where N is the Avogadro's number. The Eq.(l.7) is known as the Clausius-Mossotti equation [1.1-

1.2]. 

The electronic polarisation occurs at frequencies corresponding to the electric transitions 

between different energy levels in the atom i.e, mostly at visible and ultra-violet frequencies. In such 

case the relative pennittivity Er is replaced by the square of the refractive index n~ measured at that 

frequency according to Maxwell's electromagnetic theory. The above relation now becomes: 

n~ -1M =i7rNa 
n}; +2 p 3 e 

..... ( 1.8) 

and is called Lorentz-Lorentz formula [1.3-1:4]. 
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1.6. Debye Equation Under Static Electric Field : 

For a non-polar molecule the molecular polarisability aa due to distortion polarisation does 

not depend on temperature while for a polar molecule the orientation polarisation of the molecule 

depends on temperature unlike distortion polarisation. The polar molecule also possesses a 

permanent dipole moment jt P which is randomly directed due to thermal agitation prevailing in the 

system such that net moment is zero. 

Under the application of the electric field the permanent dipoles are forced to orient along 

the field direction and equilibrium is set up to yield the resulting orientation polarisation P0 which 

is inversely proportional to the absolute temperature T K. It can be shown [1.5] that: 

where a 0 = J.l; j3k8 T is defined as the effective orientation polarisability. 

Thus the total polarisability in case of polar liquid molecule, is 

2 
J.lp 

ar=a +a+--
a e 3k T 

B 

..... ( 1.9) 

..... (1.10) 

where aa is the polarisability due to distortion polarisation. Hence the Clausius-Mossotti equation 

(1.7) becomes; 

..... (1.11) 

The Eq.(l.ll) is the well known Debye equation [1.6] for a polar molecule which relates a 

macroscopic quantity like relative permittivity at the L.H.S of the equation to the microscopic 

quantity like polarisability at the R.H.S. 

1.7. Onsager Equation: 

The failure of Debye equation (1.11) to assume that the field due to molecules in the 

spherical region is equal to zero led Onsager [1.7] to develop the following model. The molecule is 

treated as a point dipole at the centre of a spherical cavity of molecular dimension in a continuous 

medium. The radius 'a' ofthe cavity is defined by: 
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4 3 
-7f(J N 1 = 1 
3 

..... (1.12) 

where N1= no. of dipoles per unit volume. In case of spherical molecule Onsager neglected the short 

range dipolar interaction among the molecules unlike long range interaction. The internal field in the 

spherical cavity consists of the cavity field G and the reaction field R due to external applied 

electric field and the polarisation by the dipole respectively. The cavity field alone orients the 

molecule whereas the reaction field only increases their electric moment and always remains parallel 

to the dipole. A relation between relative permittivity and dipole moment of nearly non-spherical 

polar liquid molecule is obtained by Onsager (I. 7] in a continuous medium of static permittivity e0 

and refractive index nv by: 

..... ( 1.13) 

This theory gives a successful account of the general behaviour of pure polar liquid. The validity of 

Onsager's equation is limited by the assumption that molecules are point dipoles and embeded in a 

sphere of isotropic polarisable material. In general real molecules are non-spherical and have 

anisotropic polarisabilities. They have quadrupole and higher moments which may be neglected at 

macroscopic distances. To take such effects into account a theory would need to contain a 

prohitively large parameter. Later on a large number of workers [1.8-1.11] modified Debye and 

Onsager equations to obtain f.J of a highly non-spherical polar liquid molecules. 

1.8. Debye's Diffusive Model ofRel~ation Phenomena: 

On the basis of Einstein's theory of the Brownian motion Debye (1.6] supposed that the 

rotation of a polar molecule under an alternating electric field is constantly interrupted by collisions 

with the neighbouring molecules. The collisions among molecules may produce a resistive couple 

proportional to the angular frequency OJ of the dielectropolar molecule. This model is applicable 

only to liquid molecules and helped Debye to yield the frequency dependence of the permittivity of 

a polar molecule. 

• 2 
e -nv 1 
---=-=---
Eo-n~ 1 +}cor 

..... (1.14) 

where nv is the refractive index and macroscopic relaxation time r is related to microscopic 

relaxation time r'by : 

..... (1.15) 
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1.9. Kirkwood Model of Relaxation Phenomena: 

Kirkwood [1.12], however, imagined a specimen of the material containing a number of 

dipoles each of moment J.l confined in a spherical volume. When such volume is situated in a 

uniform external electric field the moment of the specimen can be separated into two parts: 

(i) The molecule somewhere within the specimen is fixed but the others take up all 

possible configurations and 

(ii) The moment induced in a homogenous specimen of the fixed molecule, and the 

molecule itself plus local ordering of the molecules immediately round it. 

The Kirkwood's equation for a dipolar liquid is given by: 

(&0 -1)(2&0 +1) = 4'/!N(a+ gp
2 J 

3&0 V 3kBT 
..... (1.16) 

where the correlation parameter g is a measure of the local ordering in the material. 

1.10. Frohlich's Model: 

Frohlich, on the other hand, assumes a spherical region of microscopic dimensions in an 

infinite continuous medium. The spherical region is not assumed to be an exact sphere but modified 

slightly. Then the equation for non polarisable dipole is deduced by Frolilich (1.13]: 

(&
0 

-1)(2&
0 

+ 1) 47rN (m.m) 
3&0 V 3kBT 

..... (1.17) 

where < mm > is the weighted average of electric dipole moment m . 

1.11. The Barrier Model of Dielectric Relaxation: 

The molecules are assumed to change the orientations of a polar molecule by a series of 

small steps. This model is applicable to polar-nonpolar liquid mixture. A molecule in solid, may, 

interact with its neighbors, creating a number of " equilibrium positions". This corresponds to a 

minimum potential energy separated by potential barriers. This type of process was first considered 

by Debye [1.6]. 

1.12. Bauer's Theoretical Model of Dielectric Relaxation: 

Bauer's [1.14] model of dielectric relaxation is closely similar to Eyring's [1.15] reaction 

rate tl1eory. It explicitly refers to dipole rotation. The orientational coordinate ( 0, t/i) of a dipole in a 

system can be represented by a point on a unit sphere. The unit sphere can be divided into two 
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domains separated by a potential barrier of height H. The minimum potential energies of dipoles in 

two domains are 0 and U respectively. 

1.13. Real and Imaginary Parts of The Relative Permittivity : 

Under static electric field there is no absorption of electric energy by the dielectric material 

and the dielectric displacement vector i5 is simply related to the applied electric field E by the 

relation iJ = eE . 
When the dielectric material is placed between the plates under an alternating electric field 

like E = E 
0 

cos aJt there· is always a dissipation of energy due to absorption of electromagnetic 

waves. This is called "dielectric loss" over a broad band of frequencies. Molecular forces impeding 

the dipole rotation dominate if the direction of the applied electric field changes sufficiently fast. 

The dipoles become unable to follow the changes and the orientation of permanent dipoles no longer 

contributes to the dielectric relaxation at such frequencies. A phase difference between D and E 
develops, and energy is drawn from the electrical sources by the material which is due to 

(i) electrical conduction 

(ii) the relaxation effect due to permanent dipoles and 

(iii) the resonance effect due to rotation or vibration of atoms, ions, or electrons of the 

dielectric material. 

Thus it is useful to describe the relationship between E and D by 

E = E ejtd and D = i5 ej(mt-S) 
0 0 

where 0 is the phase difference and OJ= 2 rif, f being the frequency of the applied electric field. j = 

complex number =v-1. 
The dielectric response of a system is described by the complex representation of the 

relative permittivity &~ ( aJ) at frequency ( w): 

e * (w) = ~ = ~o (cos£5- }sino) 
E Eo 

e*(w) =e'(w)-e"(w) ..... (1.18) 

where e'( OJ) and e'r w) are the real and imaginary parts of the complex relative permittivity e*( w). 

In the low frequency, e'r w)~O, e'( w) -M0 • In the high frequency i.e infrared region e'( w) ---+&co 

Kramers and Kronig [1.16-1.17] developed the mutual transformation relation between the 

two parts, dispersion and absorption of the dielectric relaxation: 
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e'(f) - & = 2 ooJ f'&" (f) dif' . 
00 /'2 !2 ' 1! 0 -

. .... (1.19) 

The frequency f must have been supplemented by a further frequency variable f over which 

integration is made. 

1.14. Debye Equations Under High Frequency Electric Field: 

The rotation of a dipolar molecule due to an applied alternating electric tield is constantly 

interrupted by collisions with the neighbours. These collisions may be described by a resistive 

couple proportional to the angular velocity of the molecule. The dipole moment 11 of the molecule 

on which the orienting couple acts is given in terms of complex relative permittivitiy &~ [1.6] 

..... ( 1.20) 

In the low frequency range Debye expression for the static permittivity is: 

..... ( 1.21 ) 

In the high frequency limit, i.e in the far infra red or visible region (&00 = n'5) all types of 

distortion polarisation make full contribution except dipolar polarisation which is zero. In this 

regton,: 

&00 -1M 47!N 
=--ad 

&00 +2 p 3 
..... ( 1.22) 

On substitution ofEqs.(l.21) and (1.22) in Eq.(l.20) it can be written as 

&*-1 & -1 (& -1 - 00 + __....::0 __ 

& * +2 &00 + 2 &0 + 2 
& -1) 1 &: + 2 l + jwr' ..... ( 1.23) 

The Eq.(l.23) can be rearranged to give 

• & -&a) 1 
---=-=--- ..... ( 1.24) 
&0-&a) 1+jOJ'! 

Separating real and imaginary parts one can obtain 

..... ( 1.25) 

..... ( 1.26) 
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&o +2 1 
where x = (fff = (1)'f 0 

&oo +2 

Eqso(l.25) and (1.26) are known as Debye equations under hf electric field. 

1.15. Murphy-Morgan Conductivity Relation : 

Under the application of an alternating electric field E=Eodmt the conductivity of a 

dielectropolar liquid due to displacement current is: 

Again 

1 dq 
a=--

E dt 

V D 
D = 41771 = E + 4rcP and E =-=- we have ., d & ' 

dq =_I_ dD = _!__ dV =I (say) 
dt 4n dt 47Id dt 

ooo .. ( 1.27) 

where Vis the applied alternating potential V=V odmt. The expression for the displacement current I 

is given by: 

&* dV 
I=--

47lli dt 

I 

000 .. ( 1.28) 

Introducing c·=c'-j&" and V=Vodmt in Eqo(l.28), the current I can be written as according to 

Murphy and Morgan [1.18] : 

I = --+ j- E
0
e111i 

(
OJ&" OJ&') 0 

47! 47! 
000 00 ( 1.29) 

When eqo (1.29) is compared to Ohm's law i.e. I=a*Eadwt, one gets a* where u* is called the hf 

complex conductivity which is: 

a*= u' + ju" 000°00 ( 1.30) 

Thus, a-'= the real part of hf complex conductivity =OJ&"/47! and u'' = the imaginary part of hf 

complex conductivity =OJ&'147! 

However, it was assumed that the conduction current due to free molecular ions and 

electrons in pure liquids or polar-nonpolar liquid mixtures is neglected. 

The magnitude ofthe total hfconductivity ais given by: 

00000(1.31) 
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=to 

J 

-on ----.(i)'t: 

Figure 1.1: Variation of &//with OYr Figure 1.2: Variation of &'with OYr 

1.16. Macroscopic and Microscopic Relaxation Time : 

The gradual increase of polarisation in a dielectric medium with time to its equilibrium 

value under the alternating electric field is described by the decay function f (t) where 

f(t) oc e-tlr 
ooo o• ( 1.32) 

The relaxation time r is independent of time but may depend on temperature. With a time 

dependant electric field E{t), a field E(u) which is applied during a time interval between u and 

u +du; the corresponding electric displacement D(t) is written as: 

t 

D(t)=&a,E(t)+ J E(u)f(t-u)du ooo •• ( 1.33) 
-a, 

On differentiating Eq.(l.33) with respect to time and multiplying both sides by rone gets: 

,dD(t) =&a,rdE(t) +if(o)E(t)- fE(u)f(t-u)du 
dt dt -<Xl 

Adding Eqs.(1.33) and (1.34) yields: 

d 
r d/D-sa,E)+(D-sa,E)=if(o)E 

In a static electric field D=coE 

Hence from Eq.(1.35) we get 

if(o) = &o -&w 

Therefore Eq.(l.35) becomes: 

d 
r dt (D-&a,E)+(D-ca,E) = (&0 -&a,)E 

In the alternating electric field Ecx:e·:iOJL_ The dielectric permittivity c* is complex. Hence 

dE = -icoE D = c· E. 
dt ' . 

Introducing this in Eq.(1.37) we get, 

dD =-iOJ&E 
dt 

oOO 00 ( 1.34) 

oOO •• ( 1.35) 

ooo 00 ( 1.36) 

000 •• ( 1.37) 

000 •• ( 1.38) 
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E -E 
c*=c + o oo 

· oo 1+jarr 
..... ( 1.39) 

Separating the real and imaginary parts one gets 

c'-c 1 
__ _:00~ = ---
Eo-Eoo l+m2r 2 ..... (1.40) 

..... ( 1.41) 

Although the polarisation may show a characteristic exponential decay with characteristic 

time r, it does not follow that the orientation of an individual dipole decays with the same 

characteristic time. It is clear from (1.41) that c:"has a maximum value for mr =I and approaches 

zero both for small and large values of mr as shown in Fig.l.l. The variation of c' with arr is shown 

in Fig.1.2. The Eqs.(l.40) and (1.41) differ from Debye Eqs.{l.25) and (1.26) which contain the 

quantity rtc:o+2)/(c:ro+2) instead of 'r. Comparing the two equations a relation between 

macroscopic relaxation time rand the microscopic relaxation time r'is obtained by: 

..... ( 1.42) 

On eliminating the parameter arr and rearranging Eqs.(l.40) and ( 1.41) one gets : 

(&·- &. :&~ r +&"2 =( &. ;&~ r 
A plot of c:" is drawn against c' 

representing the semicircle of radius ( C:0 -

Ero)1 2 and the center lying on the abscissa 

at a distance ( E0 + C:co)/ 2 from the origin as 

illustrated in Fig.1.3. This semi-circular 

arc intersecting the abscissa at c'=c:ro and 

c:'=Eo, is known as Debye semi-circle 

[1.6]. 

Powles [1.19] and Glarum [1.20], 

however, found a relation between r and 

t 

..... ( 1.43) 

(sa: +s0)/2 
--- -------~ (c:a:-&

0
)12 

~-------
; 

&' 
Figure 1.3: Variation of c:" with c:' for 
different angular frequency m 
(Debye semi-circle) 

r'by introducing a factor of approximately 3/2 given by ; 

3&0 , r= r 
2£0 +£00 

..... ( 1.44) 
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Another relation of macroscopic and microscopic relaxation time was given by O'Dwyer 

and Sack [1.21]: 

..... (1.45) 

1.17. Distribution of Relaxation Times : 

For a dielectropolar liquid mixtures or solutions, it is found that some dipoles relax with one 

characteristic rate, some with another. It is impossible to study the dielectric relaxation phenomena 

in terms of a single Debye equation or sum of two or three Debye terms. Cole-Cole [1.22] and 

Davidson-Cole [1.23-1.24] relations were found to be satisfied by experimental results. But the 

theoretical explanation behind them has not yet been given. For most of the liquids, the experimental 

curve deviates from the simple normal Debye curve. In addition to Debye semi-circular behaviour, a 

number of distributions of relaxation times were found for different liquid dielectrics. The circular 

arc of Cole-Cole [1.22] plot with center lying below the abscissa as shown in Fig.1.4 exhibits 

symmetric distribution of relaxation time. A skewed arc, on the other hand, proposed by Cole

Davidson [ 1.23-1.24] is obtained to indicate an asymmetric distribution of relaxation times as shown 

in Fig.1.5. 

Debye equation can thus be written for such a distribution of relaxation time : 

( )
a)G(r)dr 

&*=&a)+ &0 -&a) J . 
o 1 + j(J}T 

. .... ( 1.46) 

Here, G( r)<h is the distribution function for fraction of the molecules associated with relaxation 

times between rand r + dr such that the normalization condition for G( r) is: 

<:/) 

fG(r)dr = 1 ..... ( 1.47) 
0 

Separating the real and imaginary parts ofEq.(l.46) one gets : 

, a) G(r)dr 
& = &<:L) +(&0 -&<:L))J 2 2 

ol+m' 
..... ( 1.48) 

and 

, _ ( )roJ onG(r)dr 
& - Eo -Ero 2 2 . 

o l+m r 
..... ( 1.49) 

as Debye equations. 
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1.18. Cole-Cole Distribution: 

The dielectric dispersion and absorption of many systems can not be described by a single 

relaxation time. For a large number of liquid dielectrics the experimental curve deviates from Debye 

curve of Fig.1.3. The broader dispersion 

and lower maximum loss are shown in 

Fig.l.4. Cole-Cole (1.22], on the other 

hand, found that the plot of c" against c' ~ 
Y.) 

for a dielectric material at different 

frequencies in a complex plane having a 1 
distribution of relaxation time is generally 

a semi-circular arc intersecting the 

abscissa axis at two points Ero and &0 . The 

center of semi-circle lies below the 

&' 
Figure 1.4: Cole-Cole Plot. 

abscissa axis as found in Fig.l.4. The radius of the semi-circle makes an angle yw2 with c' axis 

where r is called the symmetric distribution parameter for 0 ~ r ~ 1. Cole and Cole modified the 

empirical formula ofDebye by: 

E -& 
c*=c + 0 

oo 
ro 1 U )l-r + OJ'['s 

where 'l's = symmetric relaxation time. 

1.19. Davidson--Cole Distribution: 

A skewed arc was, however, 

obtained by Davidson and Cole [1.23-1.24] 

by plotting c" against c' in order to analyse 

asymmetrical relaxation spectra for certain 

dielectric materials like glycerol as 

sketched in Fig.1.5. The arc is obtained 

from a series of continuous relaxation 

mechanism of decreasing importance 

extending to the high frequency side of the 

... ... 
V,J 

..... ( 1.50) 

I 
& 

Figure 1.5: Davidson- Cole plot 

main dispersion. The behaviour is represented by empirical relation: 

..... ( 1.51 ) 
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where o is asymmetric distribution parameter ( 0< o ~I ) related to characteristic relaxation time 

'res of the polar molecule. This 

behaviour seems to be applicable in 

representing the behaviour of 

substance at low temperature. These 

were well discussed by Powles m 

recent years [ 1.25]. A curve ts 

supposed to be made up of a number 

of Debye semi-circular arcs with 

multiple relaxation times. This is 

displayed in Fig.1.6 to understand the 

asymmetric relaxation behaviour. 

-to 

1 

Figure 1.6: Plot of£' against E for a number of 
Debye semicircular arc with multiple relaxation. 

1.20. Havriliak-Negami (liN) Distribution : 

Dielectric relaxation behaviour of some dipolar material!) is not often explained by either 

Cole-Cole or Davidson-Cole distribution. The most widely used distribution for the 

phenomenological description of dielectric experiments is the Havriliak-Negami distribution [1.26] 

that describes an asymmetric and broadened profile as compared to the Debye curve. The expression 

of the complex relative permittivity is now: 

..... ( 1.52) 

Eq.(1.52) reduces to Cole-Cole distribution when o=l and Davidson-Cole when y=O. Since H-N 

distribution is the generalization of Cole-Cole and Davidson-Cole distribution it can explain the 

relaxation phenomena of a wider variety of materials with different values of yand o parameters. 

1.21. Kohlrausch-Williams-Watts (KWW) Distribution: 

Under certain circumstances, the dielectric parameters are describable in the time domain by 

the well known stretched exponential or Kohlrausch-Williams-Watts (J(WW) function [1.27 -1.28] 

in terms of macroscopic decay function ¢(t) by: 

t/J(t) = exp[ -(t/ T KWW )p] ..... ( 1.53) 

where 'rKWW is the effective relaxation time in time domain, p is the shape parameter of the time 

relaxation function such that 0< p ~ 1. In the frequency domain, the complex dielectric constant E* 

is written for a pure Debye process as a function of angular frequency OJ and temperature T. Hence 

\Sq~ijC) 

2 8 AUG 2003 
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the relationship between &*( OJ,t) and t/J(t,T) is given by one side Fourier or pure imaginary Laplace 

transformation of the form: 

&• (w,T)- & 00 _ ooJ( d¢) ( . )d --'----'--__:.:_ - -- exp -1 mt t 
&'

0 
-&

00 0 dt 

..... ( 1.54) 

where£ is the Laplace transformation of -dt/J(t)ldt. 

Eq.(l.54) gives the single exponential Debye like distribution for f3 = 1. KWW distribution 

has been widely used to describe the relaxation behaviour of glass forming liquids and complex 

polymeric systems. 

1.22. Distribution Function of Relaxation Times : 

The experimental results can satisfactorily be explained by Gaussian probability distribution 

function made by Wagner [1.29] and Yager [1.30] and is given by: 

b 
G('r )d -r = .J; exp( -b 2 y 2 )dy ..... ( 1.55) 

Here b is the breadth of the distribution andy is defined as: 

where To is the most probable relaxation time 

In long chain polar molecules, like alcohols and polymers there are many possibilities of 

internal rotations, bending and twisting about the bond axis of the molecule each with a 

corresponding characteristic relaxation time. Kirkwood and Fuoss [1.31], on the other hand, defined 

a distribution function G( -r) in averaging to the macroscopic conditions of distribution of relaxation 

times for long chain polymeric dielectric molecules. 

1 
G(-r)=----

2coshy+2 

wherey =ln('lf-ro)-

..... ( 1.56) 

The experimental results were not in accord with this formula. So Fuoss and Kirkwood 

[1.32] further suggested that the empirical relation should represent the experimental data: 

c• ~c:,sech[Pin :..J forO<~ <I ..... ( 1.57) 
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where p is a distribution parameter and ~ is the angular frequency corresponding to the maximum 

value &m "of£'~ The corresponding distribution function is given by: 

G(~) = p cos{p7l"/2)cosh(py) 

7l" cos 2 (p7l" /2) +sinh 2 (J3y) 

where y =log( ai ~). 

Another distribution function of Cole-Cole [1.22] is given by: 

G(~) = smpr [cosh {(1- y)ln(~ I ~0 ) }-cos 'Y7l" J1 

27l" 

The distribution function F(y) based on Havriliak-Nigami [1.26] function is: 

F(y) = (~ )y<t-r)o (sin£50)&2(1-r) + 2y1-r cos7!(1-y) + t)- ~ 

In this expression,y =71~0 and 

B = arctan[--sin_7l"_('--l---"-y-'-)-] 
y 1-r +cos 7!(1- y) 

..... ( 1.58) 

..... ( 1.59) 

..... ( 1.60) 

..... ( 1.61) 

Frohlich [1.13] derived the distribution function for a molecular mechanism which leads to a 

distribution of relaxation time between two limiting values ~I and r2 such that ~2>r1. The 

distribution function is: 

= 0 ..... ( 1.62) 

Davidson and Cole [ 1.23-1.24] also gave another distribution function : 

G(~) = sinfi1!(-~-Jp for 0< r< ~o 
~7[ ~0- ~ 

=0 ..... ( 1.63) 

Similar to that of Frohlich, Higasi et a/ [1.33] gave another distribution function y( ~) for a 

number of n-alkyl bromides at different temperatures which may be represented by : 

1 
y(~)=-

A~ 

= 0 ..... ( 1.64) 

where ~I is the relaxation time of the rotational orientation of the CH2Br group about its bond to the 

rest of the molecule, while upper limit ~2 . is th~ relaxation time of the largest orienting unit, usually 

the molecule as a whole. 
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Matsumoto and Higasi [ 1.34] also suggested a more general distribution function y( T) in 

order to explain the dielectric properties of some non rigid alkyl halides at lower temperature from 

the same principle which describes the dielectric properties of the same substance at higher 

temperature like: 

1 
y(T)=

A Tn 

= 0 

and O<n<oc. 

1.23. Debye Equation in Solution: 

..... ( 1.65) 

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

molecules and eventually polar-polar interaction occurs. In order to avoid the polar-polar interaction 

it is better to study the relaxation phenomena of dipolar liquiqs dissolved in non-polar solvents. In 

such case one polar unit is assumed to be far apart from the others and remains in the quasi-isolated 

state to eliminate polar-polar interactions almost completely. 

Let a polar liquid (J) is dissolved in a non-polar solvent (z). Let a; and Uj are the 

polarisabilities of solvent and solute of molecular weights M; and Mi respectively. If the relative 

permittivitiy of the liquid mixture is &if then Debye equation [1.6] for polar-nonpolar liquid mixture 

IS: 

2 
47iNa; + 47dV _&__f. 

3 3 3k8T 1 
..... (1.66) 

Here/; and.£ are the mole fractions of the solvent and solute defined by f;=n/(n;+nj);.IJ=nj(n;+nj), 

where n; and ni are the number of molecules per unit volume of the respective liquids and a;=Uj 

Eq.(1.66) is written as : 

£ .. -1 c -1 4-AT 11 
2 

lJ V.. = _"_i -V. + _,_uv_,.-_s_J. 
&if+2 IJ &;+2 

1 
3 3k8 T 1 

..... ( 1.67) 

Vi and ViJ are the specific volumes of the solvent and solution respectively. 
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In case of neutral dielectrics & if = n'bif' where nvif is the refractive index. The equation can 

be written as: 

2 1 2 nvif - _ n0 ; -l 
2 vif- 2 vi 

nm1 +2 n0 i +2 
..... ( 1.68) 

Eqs.(l.67) and (1.68) can, however, be used to measure the dipole moment of any dipolar liquid 

treated as a solute in a solution. 

From Eqs.(l.67) and (1.68) one gets : 

[
&ij-1 nv/-IJ (&;-1 n0/-1)~ 4tiN Jls

2 
/ 1 

Ey·+2- nv/+2 = &;+2- nv/+2 vi]. +-3-3kBTVij 
..... ( 1.69) 

Introducing molar concentration c1 ie c1=jj IV if and for extremely dilute solution (ViNij)-+ 1 

Eq.(l.69) is given by: 

..... ( 1.70) 

The Eq.(l.70) is a simple, straightforward and useful one to determine Jls of a dipolar liquid 

molecule at infinite dilution. It is the well-known Debye equation [1.6] for a polar-nonpolar liquid 

mixture. 

1.24. Extrapolation Technique and Guggenheim Equation : 

In order to measure Jls of a dipolar liquid molecule at infinite dilution a large number of 

workers used the extrapolation technique of different dielectric relaxation parameters. The methods 

suggested by Hedestrand [1.35], Cohen Henrique (1.36] and Le Fevre [1.37] had some inherent 

uncertainties in the calculation of (apif Jax 1} and (an0 .. jax
1
.) by graphical 

x1-+0 IJ x1~o 

extrapolation technique. 

Higasi [1.38] measured Jls of different polar-nonpolar liquid mixtures from the empirical 

formula: 

..... ( 1.71 ) 

where tu =&if-&i and the constant f3 depends upon the solvent used. Guggenheim [1.8], on the other 

hand, introduced a fictitious atomic polarisability to make the solution free from atomic polarisation. 

The simpler method suggested is to calculate J.ls in which the need for measuring densities of liquid 

mixtures was not necessary. The slope of the curve drawn through the experimental parameters of I:!. 
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where /). = 3(&u· -nbiJ)j (Eu· + 2)(nbu· + 2) against mole fraction Cj gave f.ls of a dielectropolar 

liquid molecule dissolved in a non-polar solvent. The quantity /). = [(Eu·- nbu.) -(&;- nb;)] was 

found from the extrapolated value of/). /cj at infinite dilution to calculate f.ls from the relation : 

..... ( 1.72) 

In the meantime many workers [1.39-1.41] suggested different modified formulations to 

calculate f.ls by smoothing the experimental data extrapolated to infinite dilution. Smith [1.39] 

following Guggenheim [1.8] subsequently introduced the idea of weight fraction Wj instead of Cj 

where, 

PiJ c. =--w. 
J M. J 

J 

. .... ( 1.73) 

Guggenheim [1.42], later on, accepted the view of extrapolation technique of other workers 

[1.39-1.41] to modify the Eq.(l.72) for f.ls: 

f.l 2 _ 9k8 T 3 Mj (~) 
s 41lN (E; + 2)2 Pi WJ wJ-Xl 

..... ( 1.74) 

where 

..... ( 1.75) 

Mj is the molecular weight of the dipolar liquid and p;is the density of the solvent. 

Palit and Banetjee [1.43] made ruurialysis of the error involved in the Guggenheiin-Smith 

approximate equation to find how far solution density measurement are necessary for calculation of 

f.ls of a polar molecule in a non-polar solvent. Botcher [1.44], however, calculated Ps for a large 

number of polar-nonpolar liquid mixture using different extrapolation techniques and found 

different f.Ls's. Later on, Krishna and Srivastava [1.45] used the following relation: 

..... ( 1.76) 

to calculate lls of some dielectropolar solute in liquid state. 

Srivastava and Charandas [1.46] found the constant p was different. for different polar 

liquids. A question, therefore, arises tegarding the validity of Higasi's method [1.38]. Prakash 

[1.47], however, showed that Eq.(l.76) is a special case ofDebye equation (1.70) when Eij is very 
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nearly equal to unity. Since &if ::1 is not true for any polar-nonpolar liquid mixture, Higasi's [1.38] 

method can not be regarded as a universal one to compute P.s at all concentrations of the polar liquid. 

The Eq.( 1. 72) was modified to calculate f.ls at wr~O. 

112 =21M jk8 T (OX if J 
s 4trNp- 8w. 

' J wi=O 

..... ( 1.77) 

Here, 

..... ( 1.78) 

Eq.(l.77) is the famous Guggenheim Eq.(1.74) when &; = n~;. Thus one can conclude that 

Guggenheim equation is a special case of Debye formula if & ; = n ~; . Therefore one should know 

the extrapolated values at wr~O from the measured relaxation ·parameters of different W/ s to 

estimate p/s of dipolar liquids. LeFevre and Smyth [1.41] and Guggenheim [1.42] obtained two 

different values of f.ls i,e 0.91 D and 0.83 D for trimethylamine in benzene at 25 °C using different 

extrapolation technique. Therefore in order to calculate f.ls accurately one should choose what type 

of extrapolation technique is needed to be used. 

Guha et a/ [1.48] and Ghosh and Acharyya [1.49] tried to develop the dielectric theory 

within the frame work ofDebye model [1.6] by introducing a new concept ofwj instead of Cjwhere 

Cj=pifwjfM.j and w;+wj= 1. But the density of solution Pif is a function ofwj 

_ P; 
pif -~ -rwj 

where y=(l-p; I pj), p;, and fJ.j are the densities of solvent and solute used. 

Here Eq .( 1. 70) can now be written as 

8 if -n~j = &; -n~; + 47rNJ.L;P; wj 

(eif+2)(n~if+2) (e;+2)(n~;+2) 21k8 1Nfj 1-rwj 

xij = a+bwj +cw} 

..... ( 1.79) 

..... ( 1.80) 

..... ( 1.81 ) 

where Xif and X; are the experimentally measured static or low frequency parameters and J.ls is the 

dipole moment of the polar liquid under static electric field. 
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The Eq.(l.81) is .highly converging in nature in the low concentration region of the polar

nonpolar liquid mixture and J.ls can easily be calculated from the derived equation 

= [21kB'JM jb)~ 
J.ls 4n:Npi 

..... ( 1.82) 

The theory mentioned above is applied for a large number of polar-nonpolar liquid mixtures [1.48-

1.50] in order to calculate J.ls· 

Suryavanshi and Mehrotra (1.51 ], on the other hand, suggested the least squares 

extrapolation technique to calculate J.l of a dipolar liquid from the Eq.(l.82) of Acharyya et al 

[1.48]. The results were in excellent agreement with the reported values. One may, therefore, 

conclude that the least squares extrapolation [1.44] is one of the accurate techniques to study the 

dielectric relaxation of polar-nonpolar liquid mixture. 

· 1.25~ Eyring's Rate Theory in Dielectric Relaxation: 

Eyring [1.15] treated dipole rotation in analogy with chemical rate process. He considered 

the chemical reaction of the type A+ B -JC. The reaction takes place in the following way: A and B 

first fonn an 'activated complex' AB. The activated complex must acquire a certain amount of 

electric energy to fonn it which will react 

to form C later. When this model is 

applied to dipole rotation in angular 

coordinates, the two states 'A+B' and 'C' 

are considered to have two different 

equilibrium of the orientations of the 

dipole while the activated state AB as the 

state in which the dipole has sufficient 

energy to pass from one equilibrium 

position to the other over a potential 

barrier as shown in Fig.1.7. Applying this 

A+B AB c 

Reaction Co-ordinate 

Figure 1. 7: Variation of activation energy 
eith reaction co-ordinate 

theory to the case of dipole rotation, Eyring identified that a dipole requires sufficient energy to pass 

over the potential barrier from one equilibrium position to the other with relaxation time z-by: 

h 
=-exp(-ASrfR)exp(MlrfRT) 

k8 T 
..... ( 1.83) 



where, 

M' r= molar free energy of activation 

llS r= molar entropy of activation 

M-1 r= molar enthalpy of activation 
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Eyring has also obtained an expression for the viscosity flow of a dipolar liquid in terms of 

reaction rates as: 

T/ = Nh exp(- MTJ I R )exp(Llli 
11

1 RT) 
v 

where Vis the molar volume of the liquid. Eyring thus arrives at the equation: 

rT oc qV 

only if the enthalpies of activation are the same for both the processes. 

..... ( 1.84) 

..... ( 1.85) 

Kauzmann [1.52] critically analysed Eyring's rate theory and gave a general theory of 

dielectric relaxation in terms of the frequency of discontinuous molecular reorientations called 

'jumps'. Assuming the relaxation process as a chemical reaction he defined the relaxation time 

r= l!1c0 such that in this time the polarisation will fall to lie th of its initial value. Here ko is the rate 

constant for the activation of dipoles and is known as the dielectric relaxation rate. The reaction rate 

ts: 

..... ( 1.86) 

The main importance of the above formulations is that one can know the thermodynamics of the 

normal arid the activated states from the observed reaction rate. 

1.26. Brief Review of Relaxation Phenomena : 

A large number of workers [1. i -1.4, 1.53-1.58] studied the relaxation phenomena of dipolar 

gases and liquids from dielectric polarisation. The observations are found in good agreement with 

the gas kinetic values except for substances having high dielectric constants [1.55-1.59] due to the 

presence of the substituent polar groups like -OH or -NH2 in them. The anomalous behaviour of 

dispersion for liquids having -OH or -NH2 groups was first observed by Drude . [1.56) under 

relatively longer wavelength electric fields. Debye [1.6] explained this anomalous dispersion due to 

dielectric relaxation under rf electric field of the polar molecules. The radii of molecules of some 

ketones and glycerine were found to be smaller than the gas kinetic values as measured by 

Mizushima [1.60-1.61] based on Debye theory. The dipole moment p for methyl, ethyl and amyl 

alcohols in benzene were measured by Stranathan [1.62] and found to be temperature independent in 

accordance with Debye theory. Rocard [1.63] modified Debye's theory by considering the influence 
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of moment of inertia of the molecules on the relaxation process. Fischer and Frank [1.64], however, 

measured e" under 4.3 metre wavelength electric field in order to estimate r of aromatic halides. 

The shorter rs were claimed for the rotation ofCHz-X group around their bond ring. But the theory 

could not explain the behaviour of alcohols for the strong interaction of -OH groups due to 

formation of hydrogen bonding. Budo [1.65] proposed the theory of dielectric relaxation considering 

the intra-molecular and inter -molecular rotations of the molecule. The analyses of dielectric 

relaxations of some non-spherical polar liquid molecules in non-polar solvent were made by Gross 

[1.66] to show the solvent effect under an isotropic electric field. 

Onsagar [1.67] ,Plumley [1.68] and Pao [1.69] interpreted the origin of ionic conduction in 

dielectric liquids even in the purest hydrocarbons like hexane. Ryhel [1.70] and Eck [1.71] showed 

that ionic conduction occurs due to existence of ionic clusters in the liquids. Whiffen and Thompson 

[1.72] obtained relaxation time, dipole moment and different energy parameters of toluene, o

xylene, p-cymene chloroform etc. in non-polar solvent from -70 °C to +80 °C to predict the 

limitations of different rate processes in solutions. Jackson and Powles [1.73] estimated r of polar 

molecules in benzene and paraffin only to show their dependence on the viscosity of solvents. The 

relaxation phenomena of polar liquid molecules under rf electric field were studied by Schallamach 

[1.74] in order to facilitate the rearrangement under single relaxation process. Macke and Reuter 

[1.75] measured relative permittivities of normal alcohols and phenols in benzene, carbon 

tetrachloride and cyclohexane at different temperatures to infer the molecular associations. The 

absorption of high frequency electric energy in dipolar aliphatic chlorides and alcohols were 

performed by Kremmling [1.76]. It was found difficult to sort out the effects of molecular 

association due to H-bond formation to change the shape of molecules. Further, the internal rotation, 

multiple relaxation times etc. could, however, be predicted. 

Curties et al [1.77] observed that t's were different in different solutions of pure polar or 

polar-nonpolar liquid mixtures of almost same viscosity. Methyl and ethyl alcoholic solutions of 

electrolytes have been studied by Lane and Saxton [1.78] who clearly established that the presence 

of ions reduces the permittivities of the media more markedly than that of water. Smyth eta/ [1.79] 

made a systematic studies on relaxation phenomena of some flexible polar molecules (alkyl halides) 

in liquid state in which dipole can reorient and play a significant role in the observed relaxation 

time. Jaffe and Lemay [1.80] concluded that dielectric liquids gave conduction current under 

breakdown voltage. The presence of positive ions is noticed by Green [1.81] in dielectric liquids due 

to dissociation of impurity molecules by external cosmic rays. Poley [1.82] estimated T from 

measured e' and e" for mono substituted benzene. The increase of T occurs with molecular size. 

Miiller [1.83], however, calculated the low molecular radii in comparison to other methods. 

Dielectric measurements of relaxation parameters on pure normal propyl to decay} alcohols were 
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·carried out by Garg and Smyth [1.84] to show three different T 's which are associated with 

polymeric cluster formation by the strong H-bonding between OR-groups. The intermediate T's 

were attributed to the rotation of free aloohol molecules. 

Simultaneous determination of T and Jl of polar-nonpolar liquid miA1ures was made by 

Gopalakrishna [1.85]. The advantage of this method is to know only the density ofthe pure solvent. 

Different molecular associations in saturated dielectric liquids were studied by Schellman [1.86]. 

Srivastava and Vershri [1.87] explained the variation of&' with concentration and temperature for 

binary polar mixtures of methyl and butyl alcohols with water. 

Bergmann et al [1.88] gave a graphical method in complex plane to estimate T1 (smaller) and 

T2(larger) that interpreted the intramolecular and molecular rotations of polar molecule respectively. 

Higasi et al [1.33] analysed the experimental data of liquid n-alkyl bromide in terms of distribution 

of T 's between two limiting T values. 

The T's of alkyl cyanides and alkythiols increase with the size of the molecules as observed 

by Krishnaji and Mansingh [1.89] from the dielectric relaxation measurement. Froster [1.90] 

explained the conduction in aliphatic hydrocarbons by the presence of impurities of trace polar or 

trapped electrons at the electrode surfaces. Experimental evidences showed electronic conduction in 

unsaturated hydrocarbons. Dielectric relaxation studies of ionic solutes in non-hydroxylic solutions 

[1.91-1.92] over a wide range of frequency established the simultaneous presence of conduction and 

dipole dispersion. Sinha et al [1.93-1.94] predicted the temperature dependence ofT and Jl of polar 

molecule in non-polar solvent. The dependence of T· on T is, however predicted. Temperature 

dependence of conductivity for organic liquids were studied by Adamezewski and Jachym [1.95]. 

Jayprakash [1.96] estimated T of some spherical polar molecules in non-polar solvents in excellent 

agreement with Gopalakrishna [1.85]. Bhattacharyya et al [1.97] modified Bergmann equations 

[1.88] in order to obtain molecular and intra-molecular T2 and T1 of phenetole, aniline and 

orthochloro aniline. Non-rigid molecules having two T's and average T could, however, be obtained 

by Higasi et al [1.98] based on single frequency measurement technique. A crude estimation of -r1 

and -r2 can be had with a suitable equation derived from Debye model. 

Lohneysen and Nageral [1.99] found the existence of natural charge earners in liquids of 

two kinds of mobilities. The direct evidence of ionic conduction in polar dielectrics was found by 

Gaspared and Gosse [1.100] when the electrodes were membraned by teflon. The s' and &"of 

aliphatic alcohols in non-polar solvents at different concentrations under hf electric field were 

measured by various workers [1.101-1.103]. Other group of workers [1.104-1.113] measured 

.relative· perinittivities &~ &'~ &0 and &<e=nD
2 of some substituted toiuidines, para-compounds, 
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diphenylene oxide, chloral, ethyltrichloroacetate, trifluoroethanol, trifluoroacetic acid and a large 

number of monosubstituted and disubstituted benzenes and anilines in different non-polar solvents at 

various W/s and fc under nearly 3 em. wavelength electric field to estimate T, J.l and 

thermodynamic energy parameters. The observed results were explained in terms of molecular 

associations of the polar liquid molecules. Rajyam et al (1.114] studied the dielectric dispersion of 

glycerol and diethylene glycol under rf, mw and uhf electric fields at 80°C and confirmed the 

Davidson-Cole type of dispersion. Mulechi et a/ (1.115] observed the self association of tertiary 

butyl alcohol and developed a method for simultaneous determination of three independent values of 

free energy of self association from experimental data. 

A number of workers [1.116-1.120] estimated r from the number density 'n' of free ions, 

radius 'a' of the rotating units for some straight chain alcohols, anilines, benzyl chlorides, acetone 

under if electric field at different temperatures. rs are observed to increase as the number ofC-atom 

of dipolar molecules increases. The relaxation parameters from the if conductivity CT has been used 

to study the structure of liquids. 

Dhull, Sharma and Gill (1.121-1.125] measured c'and c"ofNMA, DMF, DMA in benzene, 

dioxane and carbon tetrachloride in order to obtain the different relaxation parameters. Acharyya 

and Chatterjee [1.126] and Acharyya eta/ [1.127] estimated r, J.l and different energy parameters 

!1 H r , !JSr and !1 F r of some interesting polar liquid· molecules in benzene and carbon tetrachloride. 

Hf conductivity u in o-1.cm -I of a polar-nonpolar concentrated liquid mixture is liable to yield J.l of 

dimer formation. Low concentration region u in n-1.cm·1 gives J.l for monomer formation. The 

estimated J.ltheo 's from the available bond angles and bond moments reveal the structural 

conformations. c' and c" of n-butyl chloride, chlorobenzene and tertiary butyl alcohol in benzene 

were measured by Agarwal [1.128] at 32°C under 9.96 GHz electric field to estimate t: It is 

observed that r is influenced by structural conformation in the following manner 'Ciinear > 'l"planer > 

!"spherical· The experimental and theoretical r 's were found in agreement in case of thiophenone, 

acetone, benzophenone and their mixture in mw electric field over a wide range of temperature as 

observed by Madan [1.129]. Vyas and Vashisth [1.130] explained the variation of tant5 (==c'1c) 

curve against weight fraction Wj of solute in case of four aliphatic alcohols, their binary mixtures 

and the mixtures of alcohols with DMF and 2-fluoroaniline in benzene under 3 em. wavelength 

electric field. The alcohols +DMF mixtures showed complex formations at a very low concentration. 

The study of alcohol+2-fluoro aniline, however, indicates dissociation effects. Gandhi and Sharma 

[ 1.131] determined 'r0 , 'rt and Tz, distribution parameters of isobutyl-methacrylate and allyl-
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methacrylate and their mixtures in benzene. The observed results reveal the existence of intra

molecular and molecular rotations. 

Murthy et a/ [1.132] however, modified the work of Acharyya et a/ [1.126] and gave a new 

dimension in the theoretical formulation of dielectric relaxation in which simultaneous 

determination of T and JL of a polar-nonpolar liquid mixture can be obtained. Makosz [1.11] 

calculated JL of some ellipsoidal dipolar liquids in non-polar solvents at 25°C from the formula 

derived from Onsager's equation. Sharma and Sharma [1.133] and Sharma et al {1.134] measured 

&;/ and &ij" of dilute solution of DMSO and DMF+DMSO mixture in benzene and carbon 

tetrachloride in the temperature region of 25°C to 40°C under 9.17 4 GHz electric field. T, f.l, (). H, 

and !1S r of dielectric relaxation and ().. H, !1S 71 and ().. F 71 for viscous flow were obtained. 

A series of relaxation parameters were calculated by Saha and Acharyya [1.135-1.136] from 

the measured relative permittivities based on newly developed methodology. Higher and lower 

values of f.1 arise due to the monomer and dimer formations. Jltheo's from the available bond angles 

and bond moments of substituted polar groups attached to the parent molecules were estimated. The 

excellent agreement of f.ltheo's with measured hf f.1 's shed much light on the inductive, electromeric 

and mesomeric moments of polar groups. The concentration variation of the measured [1.1 08-1.112] 

&ij~ &ij'~ &oij and &ociJ = nD/ of a large number of disubstituted benzenes, anilines and 

monosubstituted anilines in benzene and carbon tetrachloride under hf electric field were analysed 

by Saha eta/ [1.137] and Sit eta/ [1.138-1.139] to estimate TJ, T2 and f.ll and f-12 due to the rotation 

of the flexible polar groups attached to the parent molecules and the whole molecules themselves. 

The dielectric relaxation phenomena of acetophenone, DMSO and their mixtures in benzene were 

done by Singh and Sharma [1.140] under 9.33 GHz electric field in the temperature range of20°C to 

40°C. Nonlinear behaviour of T reveals the presence of solute-solvent and solute-solute molecular 

associations. Jangid et a/ [1.141] made extensive study on four pure nicotinades. and their · 

quartarnary mixtures. The sufficient information about intra-molecular and inter-molecular rotations 

was obtained in terms of solute-solvent {monomer) and solute-solute (dimer) formations. 

Measurement of c~ c'~ and taflf5 of polar liquids in non-polar solvents under different GHz electric 

fieled were made by a number of workers. The results are well explained by the rotation of -OH 

group about the whole molecular rotation. The molecular shapes, sizes and structures by H-bonding, 

and various molecular associations were interpreted by the dipole-dipole interactions. 

Sengwa and Kaur [1.142] determined Kirkwood correlation factor 'g', average T0 , M',. of 

ortho-hydroxy benzaldehyde in benzene at different experimental temperatures under GHz electric 

field. Molecular associations hinder the intra-molecular rotations of -CHO and -OH groups in the 

compound to affect T. Temperature variation of dielectric relaxation of ethylene glycol-water 
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mixture was carried out by Saha and Ghosh [1.143] under 1 MHz electric field. High values of T 

were explained by the polymeric cluster formation of molecular association. Formation of H

bonding between two polar molecules in non-polar solvent was investigated by Dash et al (1.144] in 

some alcohols. Thakur and Sharma [1.145] measured the thermodynamic energy parameters due to 

dielectric relaxation and viscous flow for acetonitrile and DMF in benzene to explain the solute

solvent molecular association. 
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2.1. Introduction : 

The aim of this chapter is to suggest simple, straightfmward and significant theories on 

dielectric behaviour of polar liquid in suitable non-polar solvents to shed light on various molecular 

and intra-molecular aspects through relaxation phenomena. Several theories so far developed are 

based on Debye-Smyth model of polar-nonpolar liquid mixtures to get relaxation parameters like 

dipole moment J.L, energy parameters of dielectropolar liquid molecules. 

The entire formulations of the theories have been made m SI units because of its 

rationalised,· coherent and unified nature. The more recent trend to study the dielectric relaxation 

mechanism of a dielectropolar liquid molecule through high frequency dielectric orientation 

susceptibility %;_/ rather than hf complex permittivity e;/ or hf complex conductivity a;/ This 

chapter contains an elaborate discussion on various theories with a greater emphasis on orientational 

susceptibility measurement technique in comparison to the other existing theories so far derived by 

this research group. 

Besides experimentally determining such parameters, an important aim of a worker in the 

field of dielectric is to analyse the experimental information from the available models. He then tried 

to develop a unified theory to predict the new behaviour of dielectric materials. 

2.2. Relaxation Phenomena : 

As stated earlier in Chapter 1, the phenomenon of dielectric relaxation in liquids and solids 

(DRL and DRS) is one of the greatest unresolved problems of physics today [2.1-2.4]. The 

dielectropolar molecular liquid dissolved in a non-polar solvent absorbs electric energy of very 

longer wavelengths. The absorbtion often becomes maximum at some particular wavelength. In this 

case, the tendency of an applied electric field is to orient the molecular dipole along the field 

direction. The alignment is,. however, opposed by molecular inertia and thermal motion of the 

molecules. The viscous force of the medium, on the other hand, also imposes a lag between the 

alternation of the applied alternating high frequency (Jif) electric field and the rotation of the 

molecules. The consequent absorbtion of electric energy leads to an anomalous dispersion. The fall 

of relative permittivity with decreasing wavelength and the consequent absorbtion of electric energy 

by the dielectropolar molecule is of particular interest so far the power loss of dielectric concerned. 

The past few years have greatly advanced the available experimental information and the 

entire~esis work is devoted to a review of such information starting from the relative permittivity 

to dielectric susceptibility to interpret the relaxation phenomena (DRL) of polar-nonpolar liquid 

mixture. The p<)int, which needs to be kept in mind, is that all the relaxation phenomena are usually 

connected with the presence of some form of disorder in the system of polar liquid in a non-polar 
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solvent. There can be no relaxation in a perfectly ordered system, because nothing can relax from 

the perfection [2.5]. 

Debye, however, formulated a rigorous deterministic theoretical basis for such phenomena 

in terms of the properties of molecular dipoles and the 'relaxation time' required for the molecular 

rotation. The lag in response to the alternation of the applied electric field is commonly known as 

diel~tric relaxation and the time in which the orientation polarisation reduces to 1/e times the initial 

polarisation is called the relaxation time and usually denoted by ;·. The ; gives a measure of the rate 

of restoration of random order after removal of the applied electric field. The relaxation phenomena 

are nowadays concerned with the various devices obtaining the relaxation time ;'sand hence the hf 

dipole moments J.l./ s along with the static or low frequency J.ls· The correlation between the 

conformational structures of the dipolar liquids with the observed results enhances the scientific 

contents of this thesis in order to add a better understanding of the existing knowledge of dielectric 

relaxation phenomena. However, Frohlich, Onsager, Fuoss, Kirkwood, Eyring, Kauzmann, Bauer 

[2.6-2.12] and others had attempted to overcome the defects of the original theory ofDebye to study 

the relaxation mechanism. 

In addition to the novel approach to Thermally Stimulated Depolarisation Current Density 

(TSDCD) and Isothermal Frequency Domain AC Spectroscopy (IFDS) - a subject as old as the 

science of dielectrics, still the simpler Debye model mixed with Smyth and Frohlich appears to be 

more reliable till now to yield more information of relaxation of dipolar molecules of Debye like 

behaviour found in all the materials as presented in the thesis. 

2.3. Debye Equation in Solution ( Sl Unit ) : 

In SI unit, the dielectric displacement vector f> for a homogeneous, isotropic dielectric 

medium of absolute permittivity & in Farad.metre-1 can be written as: 

····· ( 2.1) 

where &r is .the dimensionless relative permittivity defined by & lEo and Eo is the absolute permittivity 

of free space= 8.854xl0-12 F.m-1
• 

If P is the total polarisation of the medium due to external electric field E , the displacement vector 

f> is: 

- - -D=&0 E+P ..... (22) 

From Eqs.(2.1) and (2.2) one gets: 

..... ( 2.3) 
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Again, 

- -
p =narEzoc ..... ( 2.4) 

where E1oc is local electric field within a dielectropolar liquid. 

Thtis the Clausius-Mossotti relation in SI unit for a non-polar liquid molecule is: 

..... (2.5) 

where N is the Avogadro's number, M is the molecular weight and pis the density of a dielectric 

material. 

Similarly for a polar molecule Debye equation is: 

..... (2.6) 

where CXti is the polarisability due to distortion polarisation and fip is the pennanent dipole moment 

of a dipolar molecule. 

The same Debye equation in case of a polar-nonpolar liquid mixture is: 

&if -1 MJ; +M1J1 N f ) 
_____::;--------=-~ = -- \aJ: +a 1j 1 
&if+ 2 pif 3so 

..... ( 2.7) 

The symbols have usual meanings as in Chapter 1. 

The Eq.(2.7) can be written in the simplified fonn with the help of Eqs.(1.67), (1.68) and (1.69) 

respectively 

..... ( 2.8) 

in SI unit in order to obtain the dipole moment fis of a dipolar liquid molecule. 

2.4. Static Dipole Moment Ps from Static Experimental Parameter Xij : 

Under static or low frequency electric field, Debye equation for polar-nonpolar liquid 

mixture can have the fonn: 

&a); -1 N fis Pif 

J 

2 

& <r>i + 2 + 3& 0 3k BT M j w j 
..... ( 2.9) 

Here, &oiJ, &cciJ and &0 ;, &~ are the static and infinite frequency relative permittivities of the solution 

and solvent respectively, w1 is the weight fraction of a polar solute and Jls is the static dipole 

moment in Coulomb metre (C.m). 
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Let a polar solute of weight Tfj· and volume rj is made to dissolve in a non-polar solvent of 

weight W; and volume V; to make a solution of density Pii 

Pif is given by : 

..... (2.10) 

where w; ( = W;l W;+ ffj) and Wj ( = Wj I W;+ ffj) are defined by the weight fractions of the solvent 

and solute of densities p; and P.i respectively such that w;+w.i=l. r =(1-p/fJ.j) is constant for a 

particular polar-nonpolar liquid mixture at a fiXed temperature [2.13-2.14). 

Thus Eq.(2.9) becomes : 

c .. -c .. c -c Np 11
2 

( f OIJ ""IJ _ oi ooi irs 1 l - + -rwj wj 
(C0 y· + 2)(cooii + 2) (C0 ; + 2)(C00; + 2) 27cc)1 jkBT 

..... ( 2.11) 

X if =X; +Rw.i +Rrw} + ........... . . .... (.2.12) 

The L.H.S. is defined as the static experimental parameter X if of the solution in terms of measured 

static and infinite frequency relative permittivities Coif and Cccij of the solution and 

R = N P;J.I; . X if for most of the polar-nonpolar liquid mixtures, often behave non-linearly 
27c0kB~j . 

with Wj. This at once indicates thatX9· is a polynomial function ofw.i like: 

xij =ao +alwj +a2w} ..... ( 2.13) 

neglecting the higher powers ofw.i in Eq.(2.12) as they contain the factors arising due to orientation 

effect, relative density effect, dipole-dipole interactions, associations etc. It is seen that a1 in 

Eq.(2.13) are free from all factors to yield a dipole moment for a quasi-isolated polar molecule. The 

experimental plots of X if with w.i for most of the solutions also support this statement. Equating the 

coefficients of the first power ofw.i from Eqs.(2.13) and (2.12) one gets f.1s of a polar liquid molecule 

in Coulomb.metre from: 

..... (2.14) 
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Here Eo= relative permittivity in free space. kB = Bol1zmann constant,Af.j =molecular weight of the 

solute. N =Avogadro's number and p; = density of the solvent used. This theory so far derived, is . 

tested in some int~estlng dipOlar liquids in non-polar solvents. The findings of the study is, 

however, presented in Chapters 3 and 9 respectively of this thesis. 

2.5. High Frequency Complex Conductivity O"ij * : 

The high frequency complex conductivity a* of a dielectropolar material under an 

alternating electric field E=Eae'iJJt appears in Ohm's law: 

I= u* E e1wt 
0 

..... (2.15) 

where I= the current density. 

In SI unit the dielectric displacement D is related to charge q by: 

D=q ..... ( 2.16) 

The hf complex relative permittivity Er *of a system is: 

..... (2.17) 

where 1/ and Eo are the absolute pennittivities of the medium and free space in· SI units respectively. 

Again, 

Hence the current density I is given by: 

I= dq = dD =!!_IE c'"E elwt) 
dt dt dt ~ 0 

r 
0 

Comparing Eqs.(2.15) and (2.19) one gets: 

For a polar-nonpolar liquid mixtures (ij) Eq.(2.20) can be written as: 

or, 

I · It • ( I • It) 
(Y .. + J<Y-- = j(j)E E-· -}E--IJ I] 01) l) 

Equating the real and imaginary parts, 

..... (2.18) 

..... (2.19) 

..... ( 2.20) 
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..... ( 2.21 ) 

where u;/ and uy" are the real and imaginary parts of hf complex conductivity ay·* expressed in 

n-1 m-1. 

2.6. Relaxation Time, Dipole Moment and Conductivity of Solution under High 

Frequency Electric Field : 

In hfregion, the total conductivity of a polar-nonpolar liquid mixture is [2.15]: 

..... ( 2.22) 

In high frequency electric field &;./ of a solution is usually very small and is nearly equal to optical 

dielectric constant of the solution. But still &iJ1»&iJ" where &y" is responsible for the absorption of 

electric energy by the dielectric medium to offer resistance to polarisation. 

&iJ' is again related to the &ij' by [2.16] 

..... ( 2.23) 

where &coij is the infinite frequency relative permittivity of the solution and ; is the relaxation time 

of the polar unit in a non-polar solvent. 

Multiplying both sides by OJ&o we have, 

..... ( 2.24) 

duij 
= 

d a 'v· (1)'[ 1 
..... ( 2.25) 

The slope of the linear curve of O"y'' -ay' [2.17] could provide a direct method to obtain ;'s. 

In the higher concentration, O"ij" does not vary linearly with O"ij
1 and the polar-polar 

interaction seems to occur. In order to avoid this effect it is better to use the ratio of the slopes ofthe 

individual variations of uJ' and O";/ with weight fractions w1 at wl~O instead of using direct slope 

(daij jdaij t ---.o ofEq.(2.25) 
J 
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Hence, ;could, however, be measured from [2.18] 

(
duij J =_I (duij J 
dw. OJ'(. dw. 

J wr...O J J wr-+0 

..... (2.26) 

Here, one polar molecule is supposed to be surrounded by a large number of non-polar solvent 

molecules. The polar unit thus remains in a quasi-isolated state. The polar-polar interactions are 

fully avoided when we use the Eq.(2.26) at wr~O. 

In hfregion ofGiga hertz range it is observed experimentally that CFt/'~CF;f. Hence Eq.(2.24) 

can be written as [2.19]: 

(
dCJ'ijJ . - =OJT.p 
dw. J 

J WJ--JoO 

..... ( 2.27) 

where pis the slope of the variation of CF;J with Wj in the limit WJ =0. 

The real part of hf conductivity CFif' at T K of a given solution ofwi is [2.20]: 

..... (2.28) 

On differentiation with respect to WJ at WJ --70. 

.. ... (2.29) 

Here, the density p;i and the relative permittivity ey· of the solution become Pi and &; of the solvent 

only in the limit wi =0. 

Comparing Eqs.(2.27) and (2.29) one gets the hf dipole moment J.l.j of a dielectropolar 

molecule in a given solvent: 

..... (2.30) 

where b = [11(1 + m2r])] is the dimensionless parameter involved with the measured !j by both the 

methods mentioned above. 

The formulations, so far derived in SI units, are applied in various dipolar liquids in non

polar solvents at different experimental temperatures to test -the validity of the formulations arrived 
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at on the part of the present group. The findings are thoroughly discussed in Chapters 4, 5, 6, and 7 

of this thesis. 

2. 7. Thermodynamic Energy Parameters from Eyring's Rate Theory : 

The rotation of a dipolar unit under hf electric field requires activation energy sufficient to 

overcome the energy barrier, between two equilibrium positions. In order to infer the molecular 

dynamics of a polar molecule in a non-polar solvent, one can write r from Eyring's [2.21-2.22] rate 

theory: 

..... (2.31) 

The free energy of activation LJF r is the difference between the free energies of the activated and 

non-activated states of the dipolar molecule. It is given by: 

..... ( 2.32) 

LfH rand &rare enthalpy and entropy of activation of the dielectric relaxation process respectively. 

Eq.(2.31) thus becomes: 

h 
r = k Texp(-M .. I R)exp(Mf .,) RT) 

B 

!ill 
ln(rT) =InA+--"' 

RT 

h 
where A = -exp( -M r I R) . 

kB 

..... ( 2.33) 

..... ( 2.34) 

Eq.(2.34) is satisfied by linear curve of lnrT against .]/T if Lffl-. and &rare independent of 

temperature. The thermodynamic energy parameters like &! r, L1F r and & .. of relaxation process 

can easily be measured from the slope and the intercept of the least squares fitted curve ofEq.(2.34). 

&! r gives the molecular energy involved with the relaxation process. &-., however, 

indicates the stability of the activated state. The negative value of LiS'-. often reveals that the 

· activated states are more ordered than the normal states. On the other hand, high value of L1S' r 

indicates that the activated states are not stable due to internal resistance suffered by larger dipolar 

rotation. 

The relaxation time r is related to the coefficient of viscosity TJ of the solvent at different 

experimental temperatures by 

ATJr 
T=-- ..... ( 2.35) 

T 
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In( tr) = In A + r 1n 17 ..... ( 2.36) 

The Eq.(2.36) is a linear plot between ln(r1) against ln17 and yean be detennined from the slope of. 

the linear curve. y value thus obtained, signifies that the solute molecule behaves as a solid phase 

rotator. The .&f Tl for viscous process could, however, be obtained from yand the relation All q=AH" 

lr The Kalman factor rT/rf at different experimental temperatures can be obtained with yin order 

to compare with the Debye factor tl'/1]. The comparison often provides the applicability of Debye 

model of relaxation behaviour for a large number of polysubstituted benzenes in benzene presented 

in Chapter 4 of this thesis [2.23]. 

2.8. Multiple Relaxation Phenomena : 

A non-rigid molecule possesses more than one r to exhibit the distribution of r between two 

limiting values of TJ and r2. The concept of existence of multiple r for a polar molecule was first put 

forward by Budo [2.24] in a compact form: 

c* -E c1-
___ ao-'- = L -----=--
Eo-Eao jl+ia>!j 

..... ( 2.37) 

The complex dielectric constant c* is expressed as the sum of a number of non-interacting Debye 

type dispersions as illustrated graphically in 

Fig.2.1. The term c1 is the weight factor of the 

jth type relaxation mechanism such that · 

LCj=l. 

Crossley eta/ [~.25] and Glasser eta/ 

[2.26] then proposed three relaxation 

phenomena in pure primary aliphatic alcohols 

and octanols. The lower value of T3 may be 

due to rotation of -OH group, the 

l 
e' 

Figure 2.1: Plot of Eifn against Eif' for two Debye 
semi-circle with double relaxation 

intermediate r2 due to orientation of the smaller molecular species while the longer TI is associated 

with hydrogen bonded structure respectively. However, the relative contribution in hf relaxation 

increases for alcohols when they are diluted with non-polar solvents. The conclusion was drawn 

from the systematic measurement of Eij', £;/', Eoi} and Eocij at different frequencies of electric field 

with increasing concentration of alcohols and octanols in n-heptane solution. 



2.9. Double Relaxation Phenomena : 

Bergmann et a[ [221] subSequently applied 

the concept of two Debye type dispersions on 

diphenyl ether, di~thyl ether, - anisole and o

dimethoxy benzene respectively from Ef, Ef', &0 and 

&oo measured under different angular frequencies 

oi s of the hf electric field in GHz range at 20°C to 

80°C. 

The Bergmann equations are: 

&' -& 1 1 
__ ...:.oo:_=CI 2 2 +C2 2 2 
& 0 -&00 l+w r 1 l+w r 2 
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N 

t 
0 

y 

Figure 2.2: Graphical plot of Z against Y for 
two independent Debye type dispersions. 

... -- (2.38) 

..... (2.39) 

c1 and c2 are the weighted contributions due to r1 and r2 such that c1+crl. 

The above Eqs.(2.38) and (2.39) can be put in the form: 

y = clYl + czYz 

Z = c1Z1 + c2Z2 

where 

..... ( 2.40) 

·-- .. ( 2.41 ) 

Bergmann et al [2.27] plotted the normalized experimental points on a complex plane as 

shown in Fig.2.2. A number of chords were then drawn through the experimental points to obtain a 

set of parameters in consistent with all the experimental points. A suitable point (Y ,Z) was then 

selected between the points (Y1,Z1) and (Y2h) of the normalized Debye semi-circle dividing the 

chord in the ratio bla=c/c2 to yield r1 and r2 [2.28]. The experimental values of&,&', &0 and &oo 

were measured at different angular frequencies of the electric field of GHz range at a given 

temperature in °C. 

Bhattacharyya et a/ [2.29] proposed the following equations for pure polar liquids of 

phenetole, aniline and o-chloro aniline molecules capaple of rotations under GHz electric field as: 
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..... ( 2.42) 

where, 

..... ( 2.43) 

The terms TJ, r2 and CJ, c2 carry usual meanings. The above equations were simplified further in to: 

E 0 -E' (E' -E",) 
11 = ( '1 + r 2) - 11 wrl r 2 

EOJ E 
.... ( 2.44) 

provided c 1 +c2 = 1 and E0 -::::. If -::::.Eoa and If' is small for a pure polar liquid. TJ, r2 and c 1, c2 could, 

however, be estimated from Eq.(2.44) if If, If', Eo and Eoa measured at least at two different angular 

frequencies OJJ and OJ) respectively. 

2.10. Double Relaxation Phenomena of a Polar-Nonpolar Liquid Mixture under Single 

Frequency Measurement of Relative Permittivities : 

Saha et a/ [2.30] and Sit et a/ [2.31], under such context derived a very simple, 

straightforward and significant formulation to get r2 and TJ from the real part Eif' and imaginary part 

Eif" of complex relative permittivity Eif •, static and hf relative permittivities Eoif and E«:ij of a polar 

solute (j) dissolved in a non-polar solvent (i) measured under a single GHz electric field at a given 

temperature. If a polar solute possesses two · distinct Debye type dispersions each with a 

characteristic relaxation time, Bergmann equations in case of polar-nonpolar liquid mixture become: 

..... ( 2.45) 

..... ( 2.46) 

provide c1+c2= I. Here, TJ, r2 and Cz, c2 carry usual meanings [2.30-2.31]. 

Let us substitute (Ey'-Eoaif)I(E0 ;,rE«:ij)=x, and &li(Eoi.J-Eoaif)=y with OJT=a in the Eqs.(2.45) and 

(2.46) one gets: 

..... ( 2.47) 

..... ( 2.48) 
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where a=l/(l+d) and b=a/(l+d). The suffice 1 and 2 with a and bare, however, related to TI 

and r2 respectively. From Eqs.(2.47) and (2.48) since a2~a1 it is derived that 

c! = 
(xa2 - y)(I + af) 

..... (2.49) 
a2 -ai 

(y -xa1)(l + ai) c 2 = _:_ _ ___::....-.;._-.....:::;_ ..... ( 2.50) 
a2 -ai 

Since c1+c2= 1, one gets from Eqs.(2.49) and (2.50) the straight line equation: 

..... (2.51) 

between ( Goi.J-Gij')/( Gif, -GaJi.i) and G;/' /( Gv' -ia:i1) having slope aX._ TJ + T2) and intercept -al TJ T2 

respectively. Here, the angular frequency m is ())=27ff and f is the frequency of the alternating 

electric field. The Eq.(2.51) is found to be satisfied by least squares fittings or Newton-Raphson 

method with GiJ!, Gi/', Coif and Ea:ij of a polar-nonpolar liquid mixture for different W/s under a single 

frequency electric field measurement at a given temperature in °C to yield the slope and intercept. 

They are fmally used to get T2 and TJ to represent molecular and intra-molecular rs of a polar liquid 

in non-polar solvent. The theory thus developed is beautifully used and discussed in Chapters 3 and 

6 ofthis thesis. 

2.11. High Frequency Dielectric Susceptibility : 

The hf dielectric orientation susceptibility ;(is related to P and E by: 

P=z*E ..... (2.52) 

From the approximation of PocE and Doc.E, we define the relative dielectric permittivity G* by 

..... ( 2.53) 

So, 

..... (2.54) 

Which is expressed in SI units 

"' 1 • G = +x 
• • 1 X =G- ..... (2.55) 

The dielectric susceptibility is given by the subtraction of either 1 or Goo from the high and low 

frequency relative pennittivities Gr' and Go [2.5]. If 1 is subtracted, the susceptibility due to all 

operating polarisation processes results. If Gw is subtracted from both Gr' and Go it is only due to 
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orientation polarisation process [2.32]. It should be distinguished between the fast or rapidly 

responding component of the polarisation &co representing the processes, which respond to external 

fields practically instantaneously on the time domain, and ·the frequency dependent component 

referred to the dielectric susceptibility. x*(ro)'s refers to delayed processes~ The fast component of 

polarisation &co is purely real since no energy loss can be involved in this rapid response. But x*(ro) 

has a finite imaginary component. It is, therefore, a pure complex number. 

The study of the dielectric relaxation becomes easier if the various processes are sufficiently 

well separated with respect to frequency ro of the applied electric field such that they do not overlap 

significantly. The dielectric behaviour of a homogeneous medium under hf electric field is then best 

represented in terms of the frequency dependent real and imaginary components of the complex 

dielectric orientation susceptibility x*(ro): 

x*(ro) = x'(ro)- jx"(ro) = &"'(ro) -&00 ..... (2.56) 

where j = H is a complex number. 

For a polar molecule (J) dissolved in a non-polar solvent (z), the hf susceptibility and hf 

permittivity are related by: 

..... ( 2.57) 

where xif and xi/ are the real and the imaginary parts of complex hf dielectric susceptibility xij* and . 

Xoif is the low frequency susceptibility, which 

is real. Here, &ccij is the limit at frequencies of 

sufficiently high for the particular polarisation 

mechanism in question to show negligible 

loss and dispersion. The hf complex z;/(ro) 

represents the dielectric response of the 

solution and it may be due to several 

independent mechanisms, which may overlap 

(J)'t=l 

X{( ro) 

(l)'t 

in any given frequency or time domain. Figure 2.3: Variation of Xif' and Xt;"with on 

The classical Debye relation of Xif's of a system of polar-nonpolar liquid mixture is: 

*( ) Xoij X.. ro = ---"--
y I+ jror 

..... (2.58) 
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where T is the temperature dependent relaxation time characterising the De bye process and OJT is the 

dimensionless parameter. Separating the real and the imaginary parts ofEq.(2.58) one gets: 

····· (2.59) 

II 

Xij OJT 

-X = 1 + OJ2.,..2 oij ~ 

..... ( 2.60) 

and their variations with respect to OJT are shown graphically in Fig.2.3. 

2.12. Double Relaxation Phenomena of Polar·Nonpolar Liquid Mixture from hf 

Susceptibility Measurement Technique : 

r1 and T2 due to rotation of the flexible parts as well as the whole molecule can be estimated 

from xy's measured under the single frequency electric field [2.33-2.34]. The equations of 

Bergmann et a/ [2.27] are concerned with molecular orientation polarisation processes. Thus in 

order to avoid the clumsiness of algebra and to exclude the fast polarisation process Bergmann 

equations in terms of established symbols of x;J, Xi;'' and ;(oij can be written as: 

I 

Xij 1 1 
-- = ci 2 2 + C2 2 2 
Xoif 1 +OJ Tl 1 +OJ r2 

..... ( 2.61) 

II 

X ij OJri OJT 2 
--=cl 2 2 +c2 
Xoi.i 1 +OJ T1 1 + OJ2r~ 

..... (2.62) 

Assuming that the molecule possesses two separate broad dispersions for which the relative weight 

factors c1 and c2 are such that CJ+cr=l. 

Let a1=0JT1, a2=0JT2, Xi.J! lzoi.J= x and ;(y·''l;coy= y Eqs.(2.61) and (2.62) take the form: 

..... ( 2.63) 

and, 

clal c2a2 
y= 2 + 2 

l+a1 l+a2 

..... (2.64) 

From Eqs.(2.63) and (2.64) one gets: 

..... ( 2.65) 
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Similarly; 

..... (2.66) 

Putting the values ofx,y and a's in Eqs.(2.65) and (2.66) one gets: 

..... ( 2.67) 

and 

..... ( 2.68) 

The experimental values of relative contributions c1 and c2 towards dielectric dispersions 

for a polar-nonpolar liquid mixture is also obtained by graphically established values of Xif'IXoiJ and 

x;J' I Xoif in the limit wrO from the above two 

Eqs.(2.67) and (2.68). The plots of XiJ' I Xoi.J and . 

Xv''IXoiJ against w/s of a given solute are 

obtained by least squares fitting technique with 

the experimental data placed upon them [2.34-

2.35]. The curves are usually convex and 

concave nature as illustrated in Chapters 7 and 8. 

The polar-nonpolar liquid mixtures under 

consideration are often of the complex type. A 

continuous distribution of r with two discrete 

values of r1 and r2 could, therefore, be expected. 

Thus Frohlich's equations [2.6] based on the 

single frequency distribution of r between two 

extreme values of TJ and T2 in terms of hf X~ iJ's 

l ...... 

Figure 2.4: Linear plot of (xo;rXiJYXiJ 1 against 
Xif'J'XiJ'for monosubstituted anilines 

can be obtained from Debye equation for a polar-nonpolar liquid mixture: 

.. 
Xij = j f(c~dr 
Xoif o (1 + J arc) 

..... ( 2.69) 
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where./{ T) is the Frohlich distribution function for t" such that: 

. .... (2.70) 

and A is the Frohlich parameter given by A =In( r 2 I r 1) . 

Separating the real and the imaginary parts of both sides of Eq.(2.69) the following equations are 

obtained: 

xij 1 r2 dr 
-=-J 2 2 
X oij · A r1 z-(1 + lV 1" ) 

xij 1 r2 oxh 
-=-J 2 2 
%oij A r1 (1 + lV T ) 

Let lnmr = z , 

The Eq.(2.71) is then transformed to: 

xij = _!_ lnr2 dz 

Xoii A lnmr1 1 + e 2
z 

l [lnmr21 + e2z - e2z ] 
=- J dz 

A lnm; 1 + e2
z 

A · 2z 1 gam, e + =u so, 

Similarly let £Vt"= z then from Eq.(2.72): 

xij 1 mr2 dz 
-=-J--2 
% oij A mr1 1 + Z 

..... (2.71) 

..... (2.72) 

..... (2.73) 

..... (2.74) 
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The above Eqs.(2.73) and (2.74) are the modified forms of Frohlich's equations for a distribution of 

r between two limiting values r1 and r2 in terms of hf %if-

The theoretical values of c 1 and c2 towards dielectric dispersion can be calculated from 

Eqs.(2.67); (2.68) and (2.73); (2.74) respectively with the estimated r1 and r2 in order to compare 

with the experimentally measured c 1 and c2 values. 

Now adding Eqs.(2.65) and (2.66) and since c1+cr=l, we have, 

(xa2 - y)(l + a 1
2

) + (y- xa1 )(1 + ai) == 
1 ..... (2.75) 

which, after simplification becomes: 

(~ -1) = ~ (a2 +a1)-a1a 2 

Putting the values ofx,y and a's the above equation is transformed into: 

----- ( 2.76) 

The Eq.(2.76) is a linear equation with the variables CxotrXvYXv_, plotted against Xv·"lxv' for 

different W/s of solute under a given angular frequency m ( = 2 if) of the electric field as illustrated 

in Fig.2.4 [2.35}. The intercept -olr1r2 and slope m(r1+r2) ofEq.(2.76) can be used to get r1 and 

r2 respectively. 

2.13. Dipole Moment from hfDielectric Susceptibility: 

Clausius-Mossotti equation in case of a polar-nonpolar liquid mixture under static or low 

frequency electric field is: 

E 0 ij-lM;.{;+Mjfj_N[ ) N/jp} 
---''----------0..--"-- -\a-/,- +a I. + ---
&09. + 2 Pv· 3Eo J ' J ; 3&o 3ksT 

and at infinitely hfregion (say sodium D light) the Lorentz equation is: 

&00v-1M;/;+Mf~· N f ) 
--"---·-----=---"- = --\aJ; +a 1-ff 
&ooij + 2 Pij 3&o 

Subtracting Eq.(2.78) from Eq.(2.77) and after simplification one gets: 

where Wj is the weight fraction of the polar unit = M jj I (M ;f;+M jj). 

..... (2.77) 

..... (2.78) 

..... (2.79) 
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Since in hf region it may be assumed that &oij :::::~ c~ :::::~ &ij where &ij is the relative pennittivity 

of the solution and f.J =J.l.j dipole ~oment measured under hf electric field, the Eq.(2.79) in terms of . 

dielectric orientation susceptibility becomes: 

NJi;piiFii 
X oiJ == 3c oM .ik BT w .i 

..... ( 2.80) 

Here Fy. the local field ofthe solution =(cv+2)2/9. 

The above Eq.(2.80) when compared with Eq.(2.60) takes the form 

Nf.J~p-F.. OJT. 
X~- = J lJ lJ J w . 

lJ 3cjvf.ik8 T 1 +m2 -rJ 1 
. .... ( 2.81 ) 

Differentiating Eq.(2.81) with respect to w.i in the limit wr~O, 

..... ( 2.82) 

Here, Pv~Pi and Fy~(c;+2)2/9 in the limit w1=0 where p; and &; are density and relative 

permittivity of the solvent respectively. 

From Eqs.(2.59) and (2.60) one gets: 
, 

Xv· I 
-=--, 
Xii OJT.i 

..... ( 2.83) 

or, 

..... (2.84) 

Eqs.(2.83) and (2.84) can conveniently be used to measure ;'s of any polar unit in a non-polar 

solvent. 

Now, pis the slope of the variation of Xii' with UJ· at w1~0. One gets hf f.1.i of the polar 

solute in a non-polar solvent from the following Eq.(2.85) by comparing Eqs.(2.82) and (2.84) 

( 27c~ -k8TPJ~ f.J - J 
.i- Np;(&;+2) 2 b 

..... ( 2.85) 

where b=l/(1+€#;.2) is a dimensionless parameter. The methodology so far achieved in getting ;'s 

and JJ/s has been used in Chapters 7, 8 and 10 of the thesis. 



52 

2.14.Substituent Polar Groups in a Dipolar Molecule under Low and h/Eiectric Field : 

The measured hf dipole moment f.l.j or static J.ls of a polar liquid molecule may be compared 

with the theoretical dipole moment f.Jtheo as obtained from the vector addition method of bond length 

and bond angles of the substituent polar groups attached to the parent molecule to get its 

conformational structure as displayed in different Chapters of the thesis. The bond length is the 

distance between the centres of two atomic nuclei when a co-valent bond links two atoms. Structural 

conformations of the whole molecule are studied in terms of atomic orbital, which often overlaps to 

form hybridised orbitals and this phenomenon is known as hybridisation. The bond due to overlap of 

two s-orbitals is called o:-bond whereas the sidewise overlap of two half filled p-orbitals having a 

nodal plane forms a Jr-bond. The bond angle, on the other hand, is the angle between the dipolar axis 

of the parent molecule and the bond axis of a flexible polar groups or atoms linked with the parent 

molecule. It depends on the nature of hybridisation due to size and the electro-negativity of the 

atoms or groups. 

The slight disagreement of f.JJ and f.Js with f.Jtheo is, however, observed for the presence of 

various effects suffered by the substituent polar groups under low and hf electric fields. The 

inductive, mesomeric and electromeric effects play the vital role to yield the conformational 

structure of a dipolar molecule. 

The difference in electro-negativity in the atoms of a molecule produces a displacement of 

electrons towards the more electronegative atoms to induce a certain degree of polarity on the atom. 

The more or less electronegative atoms acquire a small negative o or positive 8" charges. The 

inductive effect (I-effect) refers to the induced polarity in a molecule as a result of higher electro

negativity of one atom compared to another. Electron attracting groups are -NOz, -F, -Cl, -Br, -I, -

OH, -CJI5 etc which pull electrons away from C-atom (-I effect) while electron releasing groups 

are (CH3)3C-, (CH3)zCH-, CH3CH:z-, CHr etc push electrons towards the C-atom (+I effect). 

The mesomeric effect (M-effect) refers to the polarity produced in a molecule as a result of 

interaction between two Jr-bonds or a Jr-bond and lone pair of electrons. It is a permanent effect that 

is transmitted along the chain of C-atoms linked alternately by single and double bonds in a 

conjugated compound. Atoms or groups such as -N02; -C=N, >C=O etc pull electrons away from 

C-atom to produce -M effect whereas -Cl, -:-Br, -I, -NH2, -NR2, -OH, -OCH3 etc pushing electrons 

towards C-atom are said to have +M effect 

Electromeric effect, on the other hand, is a temporary effect It involves with the complete 

transfer of a shared pair of Jr-electrons to one or other atoms joined by double or triple bonds. 

Resonance, however, occurs in a polar molecule in which electrons may oscillate from one 

position to another. The molecule, as a result of this oscillation, may be said to have resonant 
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structure, each of which does not differ significantly so far the total energy is concerned. This effect 

involves with the delocalisation of electron cloud of a molecule by two or more structures differing 

only in the arrangement of electrons without shifting any atom. 

All these effects were taken into account to sketch conformation structures of different 

dipolar liquids like dimethylsulphoxide, N,N-diethylformamide, N,N-dimethylformamide, N,N

dimethylacetamide, polysubstituted-benzenes, methyl-benzenes, ketones, chloral, 

ethyltrichloroacetate, trifluoroethanol, trifluoroacetic acid, octanoyl-chloride, disubstituted-benzenes 

and some normal and isomeric octyl alcohols etc in agreement with the measured p}s and Ps's in 

the thesis. For all the compounds referred to above, due to their aromaticity the resonance effect 

combined with inductive effect known as mesomeric effect are important The ~led mesomeric 

moments have significant values. These are caused by the permanent polarisation of diff~rent 

substituent groups acting as pusher or puller of electrons towards or away from the electrons of C

atoms attached to the parent compound. The non-polar solvent C~ unlike CC4, n-heptane and n

hexane is also a cyclic and planar compound having three double bonds and six p-electrons on C-

atoms. Here 7!-7! interaction or mesomeric effect play the role in calculating f.ltheo· The reduction or 

elongation in bond moments evidently occur in almost all the polar liquids by a factor pJ J.ltheo or 

pj /-ltheo in order to conform to the .exact /is or f.J:J·· 

2.15. Chi-squares Fitting Technique: 

It is often found that the experimental data set may be involved with errors arising out of 

Gaussian, binomial, Poison etc known type of distributions. The hypothesis may be tested by 

comparing the experimental data of · the measured dielectric relative permittivities and 

susceptibilities as a· function ofw/s at a given experimental temperature in °C in disagreement of the 

assumed theoretical distribution. The parameters of this distribution will not be known from prior 

considerations. It will have to be estimated from the experimental data. It may be shown that if n 

parameters are to be determined by the method of maximum likelihood of the limiting distribution 

of the goodness of fit of chi-squares technique given by: 

Kn =f. (0; -E;)2 
i=l E; 

..... (2.86) 

where, 

0; =the experimentally measured value of the ith type 

E; =the theoretical value of the ith type. i = 1, 2, 3 ........... n 

This sort of technique has been employed in Chapter 8 to show the material property of the double 

relaxation phenomena of systems under consideration. 
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2.16. Material Property ofRelaxation Phenomena: 

From the prolonged studies on the relaxation mechanism of dipolar liquids by Raiganj 

[2.34-2.35] and other groups [2.36-2.37] all over the world, it is appearing that the relaxation 

phenomena may be the material property of the system under consideration. If any system of polar

nonpolar liquid mixture shows double relaxation times at one frequency w it will show the same 't) 

and T2 at all the ai s measurements, because '!' s are expected to be independent of w of the applied 

alternating electric field. The Eq.(2.73) can be written as: 

xij = _I_(zA -In 1 + w:T~ J 
Xoij 2A 1 +(f) T1 

=- ln--2 -In 2 
1 ( (1}2T2 1 + (1}2T2 J 

2A w2r'f . 1 + w2r 1
2 

=-1-(ln ri(l+w
2
r1

2)J 
2A r12(1 + w2ri) 

From Eqs.(2.74) and (2.87) one can write: 

xif = zltan -1 
( wT 2) - tan -1 

( wT1) J 
Xg~· r2(1 + l.V2T2) In 2 1 

T{-(1 +w2ri) 

l 
Figure 2.5: Variation of./{llJ!c) with lnlDA: for a 

fixed value of a? 

..... ( 2.87) 

..... ( 2.88) 

45.--------------------. 

a) 3.00GHz 
40 

..- 35 
8 
c 

b) 9.25GHz 

30 -------c) 24.33 GHz 

25~J-~~~-L~~~_L~ 

19 20 21 22 23 24 25 26 27 

----lnm
2 

Figure 2.6: Variation oflnm1 against lnl212 of 
3-methyl 3-heptanol under 3.00, 9.25 and 24.33 

GHz electric field. 
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Assuming r)= 11 WI and T:F 11 0}2 such that on= 1 but 0]2<CtJ1 Eq.(2.88), after simplification becomes 

[2.37]: 

..... ( 2.89) 

The Eq.(2.89) holds good for a number of OJJ, 0}2, ...... OJic i.e, 

where, 

..... (2.90) 

The term x7if/ xij of Eq.(2.90) is a function of Wj of a polar solute at a temperature T K 

and CtJ of the electric field. j{ OJJc) is, however, made constant for a fixed r1 and r2 of a system at a 

given OJ by introducing the least squares fitted extrapolated value of (xij I xij t,-+<>. Eq.(2.90) then 

becomes: 

..... (2.91) 

A curve of j{ ~) against lnOJJc can be obtained by varying · OJJc in order to get the arbitrary 

values ofln012 and lnw1 (OJ2<0JJ) for the samef{a.Jt) as sketched in Fig.2.5. Graphs oflnOJ1 vs lnlV] 

for different OJ as shown in Fig.2.6 are used to obtain the points of intersection which yields the 

values of '!2 and '!J of the polar molecular liquids. An attempt has been made in Chapter 10 of the 

thesis for a large number of alcohols which are supposed to behave as polymer type molecules due 

to their H-bonding to show the material property of the systems. 

All these theoretical formulations in Chapter 2, so far derived, have been used to test their 

validitY for a large number of dipolar liquids of different shapes, sizes and structures in all the 

subsequent chapters of this thesis to enhance the scientific contents of the relaxation phenomena 

under low and hf electric field. 
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CHAPTER 3 

DOUBLE RELAXATION TIMES, DIPOLE MOMENTS, 
ENERGY PARAMETERS-AND MOLECULAR STRUC

TURES OF SOME APROTIC POLAR MOLECULES 
FROM RELAXATION PHENOMENA 
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3.1. Introduction : 

The absorption of high frequency electric energy by aprotic polar liquids in nonpolar· 

solvents has attracted much attention [3.1-3.2]. Such liquids have wide biological applications and 

act as building blocks of proteins and enzymes because of their high values of dielectric constants. 

They showed weak molecular association of monomer or dimer formation under X-band (~10 GHz) 

electric field. Many workers [3.3-3.4] studied their structural and associational aspects in high 

frequency (j) electric field by using the concentration variation method of Gopalakrishna [3.5]. 

However no attempt has been made so far to observe their double relaxation phenomena in nearly 10 

GHz electric field, which seems to be the most effective dispsersive region (3.6] for them. 

We, therefore, measured real &;/and imaginary &if" parts of complex dielectric constant&;/ 

of liquids (j) like dimethylsulphoxide (DMSO) at 25°, 30°, 35° and 40°C; N,N-diethylforrnarnide 

(DEF) at 30°C; N,N-dirnethylformamide (DMF) and N,N-dimethylacetamide(DMA) at 25°C in 

benzene (i) at nearly 10 GHz electric field by a Hewlett Packard Impedance Analyser 4192A 

together with the static and infinite frequency dielectric constants &oiJ (at 1 KHz) and &rx:iJ (=nm/) by 

Abbe's refractometer within 1% accuracy [3.7-3.8]. The measured .data of Table 3.1 were used to 

detect their possible existence of double relaxation phenomena by the recently developed single 

frequency measurement (3.9-3.10] method. 

The relaxation times T2 and 'I:J due to end over end rotation for the whole molecule as well 

as its flexible part attached to the parent one were obtained from the slope and intercept of a derived 

linear equation of ( &0 y-&ij)l( &y' -&<d)) with &y1' I( &if' -&rx:iJ) as seen graphically in Fig.3 .1 for different 

weight fractions Wj of salutes [3 .9-3 .1 0]. The intercepts and slopes of the linear curves of Fig.3 .1 

together with % of errors in terms of correlation coefficients 'r' are placed in Table 3.2. 'f:'J in Table 

3.2 is very close to reported 1: [3.5]. The relative contributions c 1 and c2 towards dielectric relaxation 

due to 'I:J and T2 are calculated from the values of x=( &i.J! -&cx:ij)l( &oir&cci]) and y=&y·" /( &oy-&rx:iJ) at w.i 

~0 from their respective plots with w/s in Figs.3.2 and 3.3 respectively. The estimated values of c1 

and c2 together v.'ith those from Frohlich's equations [3.11-3.12] are presented in Table3.3 for 

comparison. 

The dipole moments P2 and PI of the whole and the flexible part attached to the parent 

molecule due to 1:2 and 1:1 in terms of slopes f3 of high frequency conductivities U;_; against W/s 

[3.13] of Fig.3.4 were estimated to present in Table 3.4. The variation of /J2 and PI ofDMSO with 

temperature and the estimated thermodynamic energy parameters from In( T21) and In( 1:'11) against 

liT respectively supports the rotation of flexible parts of molecule under GHz electric field. We 

have also calculated the static experimental parameter xij involved with &oij and nn/ at different 
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Table 3.1: Concentration variation of dielectric relaxation parameters like real part of 
dielectric constant ( &g ,, dielectric loss ( &ij 1, static dielectric constant ( &oij), optical dielectric 
constant ( &<dJ) of some aprotic polar liquids in benzene at different temperatures measured 
under high frequency electric field of nearly 10 Ghz. 

Temperature in Weight &g' &g" &0 ijatJ KHz 2 
&<dj=n Dij oc fraction w1 

DMSO in C~6 at 9.174 GHz 
0.0022 2.311 0.0280 2.3230 2.2499 
0.0043 2.342 0.0420 2.3624 2.2530 

25 0.0047 2.350 0.0460 2.3731 2.2550 
0.0069 2.381 0.0616 2.4173 2.2579 
0.0086 2.414 0.0798 2.4602 2.2620 

0.0022 2.310 0.0274 2.3210 2.2470 
0.0043 2.341 0.0400 2.3610 2.2515 

30 0.0047 2.348 0.0440 2.3720 2.2500 
0.0069 2.370 0.0526 2.4045 2.2545 
0.0086 2.390 0.0648 2.4362 2.2560 

0.0022 2.290 0.0234 2.2993 2.2300 
0.0043 2.312 0.0330 2.3400 2.2320 

35 0.0047 2.316 0.0360 2.3470 2.2335 
0.0069 2.350 0.0496 2.3960 2.2396 
0.0086 2.370 0.0580 2.4270 2.2440 

0.0022 2.270 0.0170 2.2849 2.2201 
0.0043 2.302 0.0282 2.3300 2.2246 

40 0.0047 2.304 0.0286 2.3350 2.2256 
0.0069 2.338 0.0420 2.3838 2.2297 
0.0086 2.350 0.0500 2.4120 2.2345 

DEF in C6~ at 9.695 GHz 
0.0023 2.2780 0.0256 2.3067 2.0939 

30 
0.0042 2.2900 0.0288 2.3336 2.1141 
0.0079 2.3140 0.0384 2.3965 2.1543 
0.0095 2.3260 0.0448 2.4208 2.1727 

DMF in C~6 at 9.987 GHz 
0.0027 2.324 0.0256 2.3446 2.2498 

25 
0.0036 2.339 0.0302 2.3680 2.2518 
0.0048 2.359 0.0386 2.3968 2.2545 
0.0063 2.387 0.0484 2.4434 2.2579 

DMA in C6f4 at 9.987 GHz 
0.0026 2.3250 0.0213 2.3633 2.2432 

25 
0.0045 2.3475 0.0278 2.3988 2.2429 
0.0056 2.3625 0.0330 2.4278 2.2427 
0.0066 2.3795 0.0381 2.4508 2.2425 

w/s of solutes [3.14] (Table 3.1). The slopes a!'s of Xy-Wj curves of Fig.3.5 were then used to 

calculate static dipole moment lls· All the J.ls' s together with the slopes of X y-Wj curves are placed in 

Table 3.5. The /ls's of Table 3.5 when compared with /l2 and fl. I of Table 3.4 shows that P.s agrees 

with J.lJ. The conformational structures of molecules in Fig.3.6 were obtained from /leal in terms of 

reduced bond moments by a factor p.J J.ltheo in order to take into account of the mesomeric and 

inductive effects of the substituent polar groups [3.14]. The theoretical dipole n;toment /ltheo's of 
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polar molecules are, however, derived from the available bond moments and bond angles of polar 

groups of the parent molecules. 

3.2. Experimental Set Up : 

temperature 9 microscope 
chamber analyser 

temperature 
G) 

Hewlcul>ackard 
regulator I II bridge 4192A II 

11 J 
sample/ ~ .,. polariser 

holder * light source 

. temperature 
Computer read out 

Figure A : Block diagram of the ex per~ mental setup used for dielectric measurements 

active area~ 

I I /I I , 

mylar 4"t ~ 
spacers X ] j r "Z ~= upper glass plate 

, 

Indium Tin Oxide 

Figrurc B: Inner surfaces of the lower and upper conducting glass plates. 

The Block diagmm for the measurement of dielectric relaxation solution (ij) data and 

experimental details [3.7] has been shown in the adjoining FigA. It consists of sample holder, 

temperature chamber, temperature controller and a Hewlett Packard Bridge 4192A. A cell (Fig.B) 

with a sample holder consists of two glass plates coated with conducting Indium Tin Oxide (ITO) in 

their inner surfaces. They are separated by Mylar spacer of 40 micro metre thicknesses and kept on 

temperature chamber Mettler Hot Stage FP 52. 
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The Hewlett Packard Impedance Analyser (HP 4192A) measures the complex impedance of 

the cell to evaluate capacitance and conductance values. Air capacitance Coofthe cell can be written 

. as: 

..... ( 3.1) 

where CL is the capacitance of the empty cell excluding stray capacitance Cs. When the cell is filled 

with the sample of known dielectric constant EiJ the measured capacitance will be: 

C = ei.JCL +C8 .... ,(32) 

The real part of the dielectric permittivity ofthe sample is given by: 

, (C -C8 ) 
E .. = __ ___::__ 

IJ (Co -Cs) 
... -- ( 3.3) 

The dielectric loss due to absorbtion .is 

G--
&~- = lJ 

lJ 27ifCo 
..... ( 3.4) 

where GiJ and fare conductance of the solutions and frequency of the electric field. 

The ITO electrode in GHz does not yield dielectric properties of the solution but rather 

those of the electrode materials because ITO is not sufficiently a good conductor and appropriate 

only upto a few MHz. The frequency range of the instrument HP 4192A was 5Hz to 13 MHz. sij 

and &y" for a given Wj of solute under a few MHz frequencies were carefully measured to construct 

the Cole-Cole semicircular arc. Both E<eif and &oif were then accurately obtained along with &;_/ and 

&i./' within_ 5% accuracies at nearly 10 GHz to report in Table 3.1. The frequencies as quoted in 

Table 3.1 were found out from (d&ij"ldj)=O in &iJ"=a+bf+cf2 at which&;_/ were again located. &trif 

and &oifwere also verified by Abbe's refractometer and HP 4192A at 1KHz within 1% accuracy. 

The solvent CJ:l6 (Spec.pure) and aprotic liquids like DMSO, DMF, DEF and DMA (E 

Merck, Bombay) were used after distillation. The solutions of different concentrations were made by 

mixing a certain weight of solute in a solvent of known weight. They were kept in dried and clean 

capsules for the measurement. 

3.3. Theoretical Formulations : 

3.3.1. Relaxation Times T2 and T1 : 

The dielectric relaxation parameters under GHz electric field for two mutually 

independent Debye type dispersions (3 .11] can be given by: 
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..... ( 3.5) 

..... (3.6) 

Here c 1 and c2 are the relative contributions towards dielectric relaxations due to TJ and r2 

respectively. 

Substituting (eiJ'-Eccif)l(e0 ;.r&ccif)=x, and &y"l(&o;.r&ccif)=y, Eqs.(3.5) and (3.6) become: 

..... (3.7) 

..... (3.8) 

where a=II(l+d), b=al(l+d) and mr=a The sutTtces I and 2 with a and bare related to 'T:J and 

1:2 respectively. Solving Eqs.(3.7) and (3.8) one gets: 

cl = 
(xa2 - y)(l+a~) 

..... (3.9) 
a2-ai 

..... (3.10) 

provided a:rat:t{) and a2>a1. Now, using c1+c2 = 1; one gets from Eqs.(3.9) and (3.10) 

which is a straight line of 

( &o;.re;./)1( &y' -sa:ff) against 

e;./'l(cv-'-&ccif) with intercept

al TJ r2 and slope a( TJ + r2). 

Here ar=angular frequency of 

the applied electric field of 

frequency j in GHz. The 

Eq .(3 .11) is fitted with the 

red '" d measu &y· , &ij , &oij an Eccif 

of Table 3.1 for each aprotic 

polar liquid in CJI6 for 

different W/ s at a given 

tempemture T K. The slope 

and intercept were used to 

..... (3.11) 

0.270 0.5/. 

£(I (€i{-£aij) 

Figure 3.1: Variation of ( &0 g&y')l( &u' -&cx:i.i) against &g" I( &y' -&cx:i.i) for 
different weight fraction wj of some aprotic polar liquids in benzene. 

DMSO (-0-,-A---,-0-,-Q-) at 25°C, 30°C, 35°C, and 40°C respectively; 
DEF (-e-) at 30°C; DMF (-""-)at 25°C; DMA(-*-) at25°C. 
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yield r1 and -r2 as shown in Table 3.2, with the reported -r[3.5]. 

Table 3.2: The estimated intercepts and slopes of straight line equation of (&ov-eif)I(EJ-Eccif) 
against &iJ"I(eiJ'-Ea:ij), Correlation coefficients (r), % of error involved in regression technique, the 

most probable relaxation time T0 =..J TJ T2, and reported T of some non-spherical aprotic polar liquids 
under hf electric field of nearly 10 GHz. 

Temp Intercepts and Correl. 
Estimated Reported 

System 
in slopes of Coeff 

%of values of 
To=..frJTz z-in psec 

with sl. no oc Eq.(3.11) 'r' 
error z-2 and -r1 (GK 

inp-secs Method) 
(I)DMSO in CJ!6 

25 0.5671 1.6817 0.9605 2.34 21.08 8.10 13.07 5.37 
Mj=78gm 

(Il)DMSO in C61:4 30 1.3024 3.4358 0.9429 3.35 52.11 7.53 19.81 4.96 
Mi=78gm 

(lll)DMSO in C614 35 1.2899 3.8162 0.9377 3.64 59.73 6.51 19.72 4.70 
Mj=78gm 

(IV)DMSO in CJ!6 
40 0.5376 2.4880 0.9862 0.83 39.04 4.15 12.73 4.33 

Mi=78 gm 

(V)DEF in C6J:4 30 0.2592 3.0829 0.9933 0.45 49.21 1.42 8.36 2.42 
Mj=101.15 gm 

(Vl)DMF in C61:4 
25 1.0183 3.8186 0.88%· 7.03 56.28 4.60 16.09 5.09 

Mi=73 gm 

(VII)DMA in C61:4 
25 0.4936 3.7032 0.9011 6.34 56.81 2.21 11.20 6.53 

M·=87gm 

Frohich's theory of dielectric relaxation is based on the concept of a distribution of 

relaxation times with a minimum TJ and a maximum T2 values. The double relaxation method is, 

however, concerned with these two discrete relaxation times as the limiting values of Frohlich's 

theory [3.12]. CJ and c2 towards dielectric relaxations are, therefore, calculated from the theoretical 

formulations ofx andy of Frohlich [3.12]. 

..... (3.12) 

" 
y= EiJ =.!_[tan-1(eAmT

3
)-tan-1(arr

3
)] 

Eoif -&ooij A 
..... (3.13) 

and are shown in Table 3.3. Here. r-s=smalllimiting relaxations time =r1 and A= Frohlich parameter 

=In( r21 TJ ). 'A' is a constant which can be expressed in terms of the difference in activation energies 

E2 and E1 of a rotating unit at a given temperature because T2h)=exp[(ErEI)/kB1J where kB is the 
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Boltzmann constant The values ofx andy at Wj ~0 from the graphical plots ofFigs.3.2 and 3.3 can 

also be had to get c1 and c2. The L.H.S. of Bergmann's equatioins [3.11] are fixed for once 

estimated 'f'I and r2 from the intercept and slopeofEq.(3.11). 

Table 3.3: Frohlich parameter A, relative contributions cz and c2 due to '£1 and '£2, theoretical values 
of x andy due to Frohlich Eqs.(3.12) and (3.13) and those by graphical method at infinite dilution 
for some aprotic polar liquids at different and single temperature under hf electric field. 

Theoretical Theoretical Estimated Estimated 
FrOhlich values of x and values of values of values of 

System with Temp para yfrom c1 and c2 from xandy c1 andc2 
sl. no in°C meter Eqs.(3.12) and Eqs.(3.9) and atw~Ofrom from graphical 

A (3.13) (3.10) Figs.3.2 and 3.3 technique 
X CJ c2 X .!': CJ c2 

(I)DMSO 
25 0.9565 0.629 0.466 0.486 0.569 0.892 0.363 1.174 -0.178 

inC6~ 

(II)DMSO 
30 1.9345 0.449 0.434 0.423 0.934 0.900 0.338 1.094 -0.206 

in CJi6 

(Ill) DMSO 
35 2.2165 0.454 0.419 0.425 1.043 0.834 0.295 0.958 -0.075 

inCJi6 

(IV) DMSO 
40 2.2415 0.610 0.409 0.507 0.794 0.848 0.225 0.885 0.067 

inC6~ 

(V)DEF 
30 3.5454 0.677 0.328 0.588 0.924 0.988 0.055 1.006 -0.104 

inCJi6 

(VI)DMF 
25 2.5043 0.497 0.405 0.451 1.086 0.872 0.210 0.959 -0.173 

inC6fl6 

(VII) DMA 
25 3.2467 0.600 0.357 0.530 1.096 0.736 0.126 0.743 0.096 

inC~ 

3.3.2. High Frequency Dipole Moments J.li, P2 of TJ, '£2: 

The high frequency complex conductivity Oi/ of liquid mixture IS expressed by 

crv·*=Oi/+Jcr;/' while the total conductivity is 

..... (3.14) 

as a function ofwj. Although &ij" offers resistance to polarisation, still in the hfregion &;/»&ij"· 

The real partofh/conductivityis [3.13]: 

, _ N PijJi}Fij ( olT ) 
(j .. - W-

y 3kBTM i l + a/-r2 1 
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which on differentiation with respect to WJ and at w1~0 yields: 

..... ( 3.15) 

where Fy=the local field of the solution=(&y+2)2/9. Fij Becomes F; and {J;j tends top; at wr~O, 

where F,-(&;+2)2/9. &; and p; are the dielectric constant and density of the solvent respectively. The 

other symbols carry usual significance [3.9-3.1 0]. 

Again, since uy=(axij' /47r) we have 

or, 

1 I 

(j ij = (j ooij + -u ij 
(JJ'r 

where fJis the slope of uy-WJ curve at w1~0. 

..... (3.16) 

Table 3.4: The estimated coefficients a, fJ and yof uy-Wj curves (Fig.3.4), dimensionless parameters 

b2 and b1, dipole moments, Jl/S in Debye of some non-spherical aprotic polar liquids in benzene 
under hf electric field of nearly 10 GHz at single and different temperatures. 

Coefficients a, (3 and 1 of 
Dimensionless Estimated dipole 

Reported 
System with sl. no. & Temp. 

Uij X 10"10=a+j3wj +rwf parameters moments in 
mol.wt. in°C Debye J.ljin 

inQ-Icm-I 
b2 bl f.l2 f.ll 

Debye 

(I) DMSO in CJ!6 
25 1.047 5.649 157.35 0.4040 0.8212 4.67 3.28 3.79 

Mj=78gm 

(II) DMSO in CJ!6 
30 1.043 8.180 -231.74 0.0999 0.8416 11.47 3.95 3.83 

Mj=78gm 

(III) DMSO in C<;H6 
35 1.040 4.158 164.83 0.0779 0.8767 9.38 2.80 4.04 

Mj=78gm 

(IV) DMSO in C6~ 
40 1.023 8.897 -274.83 0.1650 0.9459 9.55 3.99 4.11 

Mj=78gm 

(V) DEF in CJ!6 30 1.098 2.839 32.45 0.1002 0.9926 7.47 2.38 3.88 
Mj=101.15 gm 

(VI) DMF in CJ!6 
25 1.141 6.544 245.95 0.0743 0.9232 10.88 3.09 3.62 

Mj=73 gm 

(VII) DMA in C<;H6 
25 1.153 1.884 533.11 0.0729 0.9811 6.43 1.75 3.37 

M-=87gm 



From Eqs.(3.15) and (3.16) one gets 

~ 

( 
21kB1Mj fi) 

Jlj == Np;(E; +2) 2 OJh 
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..... (3.17) 

in order to obtain Jli or jl2 in terms of b1 and b2 where b1 and b2 are the dimensionless parameters 

involved with 'rJ and r2 i.e, 

1 b ...:... 1 
bl = 2 2 and 2 - 2 2 

1 +OJ r1 1 +OJ r 2 

..... (3.18) 

Both b1 and b2 as well as the coefficients a, p and yof O"!J- Wj equations in Fig.3.4 are shown in 

Table 3.4 together with Jli and J12 of the flexible part and the whole molecule of a polar liquid. 

Table 3.5: Coefficients a0 , a1 and a2 in equation Xif=a0 +a1lV_j+a2w/. static dipole moment f.ls in 
Debye and theoretical dipole moment Jltheo by considering inductive and mesomeric moments of 
substituent polar group of some aprotic polar liquids in benzene. 

System with sl. no. 
&mol wt. 

(I) DMSO in C6~ 
Mj=78gm 

(II) DMSO in C~6 
Mj=78gm 

(III) DMSO in C~6 
Mj=78gm 

(IV) DMSO in C6~ 
Mj=78gm 

(V)DEFin~ 

Mr 1ou5 gm 

(VI) DMF inC~ 
Mj=73 gm 

(VII) DMA inC~ 
M·=87gm 

25 

30 

35 

40 

30 

25 

25 

f.ls in 
Debye 

0.0022 0. 7756 20.935 3.19 

0.0019 1.0315 -17.183 3.72 

0.0018 0.9346 0.000 3.58 

0.0010 1.1913 -23.282 4.08 

0.0116 0.2047 0.000 1.89 

0.0028 0.7301 61.438 2.99 

0.0044 0.6545 53.798 3.09 

3.3.3. Static Dipole Moments : 

f.ltheo in 
De bye 

4.55 

4.55 

4.55 

4.55 

3.99 

3.82 

4.02 

f.lealin 
Debye 

(corrected) 

3.20 

3.72 

3.58 

4.08 

1.89 

2.99 

3.09 

0.70 

0.82 

0.79 

0.90 

0.47 

0.78 

0.77 

The Debye equation for a polar nonpolar liquid mixture of ltj· of a polar liquid under static 

or low frequency electric field at a given T K is [3 .14]. 
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or, 

..... (3.19). 

where XiJ and· X; are the static experimental parameters of the solution and solvent. y=(l-p/ P.i), p; 

and Pi are densities of pure solvent and solute respectively. The usual variation of Xij with Wj is of 

the form: 

..... ( 3.20) 

satisfying the experimental curves of Fig.3.5. The coefficients ao, a1 and a2 of Eq.(3.20) with the 

measured data of Table 3.1 were, however, calculated and are placed in Table 3.5. Equating the first 

power of Wj of Eqs.(3.19) and (3.20) and neglecting terms of higher powers of Wj for their 

involvement with various interactions [3.14] one gets the static Jls from: 

..... ( 3.21) 

in order to present them in Table 3.5 for comparison with 111 and 112 of Table 3.4 in terms of r1 and 

3.4. Results and Discussions : 

The variations of 

experimental 

with &iJ" I ( &iJ' -&a:iJ) at different W/ s 

of solutes displayed in Fig.3.1 on 

fitted lines are derived to be linear as 

predicted by Eq.(3.11). The slopes 

and intercepts of Eq.(3.11) for 

aprotic polar liquids in CJlo are 

presented in Table 3.2 along with the 

estimated T2 and TJ. The linear 

variation ts supported by the 

correlation coefficient 'r' and the 

corresponding % of errors placed in 

Table 3.2 in getting the straight lines 

Weight fraction IN) 

Figure 3.2: Variation ofmeasuredx=(&;j -&a:y)l(&0 ;,r&a:ij) 
with Wj of some aprotic polar liquids. 

DMSO (-0-,-&-,-0-,-Q-) at 25°C, 30°C, 35°C, and 40°C 
respectively; DEF (-e-) at 30°C; DMF (-A-) at 25°C; 
DMA (.:..*-)at 25°C 

ofFig.3.1. The errors within 10% indicate probably the accurate measurements of data of Table 3.1. 
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It is evident from Fig.3.1 that all the straight lines ofDMSO in CJL; shift towards the origin as the 

temperature increases from 25°C to 40°C. This sort of behaviour ofDMSO invites a further study to 

see the existence of single relaxation at higher temperature. So, like electric field frequency (f), 

temperature is also a factor for such behaviour of molecules [3.10]. All the liquids show double 

relaxation times r1 and r1 as evident from the negative intercepts of the curves. r/s of the molecules 

[3.2-3.3] agree well with the reported r in Table 3.2 due to Gopalakrishna's method [3; 15-3.16]. It 

signifies that the electric field of 10 GHz frequency is the most effective dispersive region [3.6] for . 

probable rotations of the flexible parts of these molecules [3.14]. Unlike r1's of DMSO; r/s are 

found to increase with temperature. The linear equation of In( TJI) and In( r21) with 1/T were found 

out by [3.17]: 

In(r1D = -32.1273 + 3.6861 x 10\IIT) 

1nc, 2n = -4.8261- 4.0995 x 1 o3 o 1 T) 

Indicating that r1 obeys Eyring's rate process. The energy parameters like enthalpy of activation 

N! z: =7.32 Kcallmole and N! .. = 
I 2 

· -8.13. Kcallmole; entropy of activation 

6-S.. are 16.79, 16.50, 16.36, 16.84 
1 

Callmole/K and 6S.. are -36.96, -
2 

38.34, -38.21, -36.98 Callmole/K. The 

corresponding free energy of actiyation 

Ml~ and w.. are 2.32, 2.32, 2.28, 
., 2 

2.05 and 2.88, 3.49, 3.64, 3.44 

Kcallmole at 25°, 30°, 35° and 40°C 

respectively. The data thus obtained 

confirm the whole molecular rotation 

under 10 GHz electric field as a 

cooperative process while the reverse is 

true for rotation of the flexible group. 

o~--~----~--~----~--~ 
0 o-002 ().()Qt. Q.006 o.oos am 

Weight fraction Wj 

Figure 3.3: Variation ofmeasuredy = e;j'f(&0 ;r&«ij) with 
Wj of some aprotic polar liquids. 

DMSO (-0-,-~-,-0-,-Q-) at 25°C, 30°C, 35°C, and 
40°C respectively; DEF (-e-) at 30°C; DMF (-A-) at 

25°C; DMA (-*-)at 25°C 

The increase of '!2 with the rise of temperature is due to elongation of size for monomer [3.18] 

formation with CJL, (see Fig.3.6). 

For aprotic polar molecules of greater complexity where a few experimental data are 

available under a single frequency electric field (Table 3.1) a continuous distribution of r between 

two limiting values could be used [3.11]. The c1 and c2 values towards dielectric relaxations in terms 

of estimated r1 and r1 were, therefore, calculated from x andy of Frohlich's Eqs.(3.12) and (3.13) 
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based on distribution of relaxation times. They were also obtained from x=(&u'-&acij)l(&oy-&acij) and 

y=&if"l(&o;r&<rij) at wr"*O from the graphical plots ofFigs.3.2 and 3.3 as presented in Table 3.3. The 

explanation of the nature of variation of x andy with Wj in Figs.3.2 and 3.3 is that r increases with 

X 

b 

-.s::::. 

0-002 ().(J)l. 0006 o.ooa 0.010 

Weight fraction Wj 

Figure 3.4: Variation of a-0with Wj of polar liquids. 

DMSO (-0-,-A-,-0-)l-) at 25°C, 30°C, 35°C, and 40°C 
respectively, DEF (-e-) at 30°C; DMF (-.6.-) at 25°C; DMA 
(-*-)at25°C 

Wj [3.19] the R.H.S. ofBergmann's 

Eqs.(3.5) and (3.6) become concave 

and convex cutting the ordinate 

axes to yield x andy respectively at 

w1~0. As seen from Table 3.3; c1 

and c2 for Frohlich's method are 

positive in almost all cases. But c2 

is negative for gmphical method 

probably due to the inertia of the 

flexible parts of the polar groups of · 

the molecules [3.9]. 

The values of J.l2 and J.li in 

terms of b's involved with x"/s, 

rz's and slopes ps of o-9-wj curves 

of Fig.3.4 were estimated from 

Eq.(3.17) and placed in Table 3.4. 

The variation of O"ij with Wj are parabolic governed by a, p and r coefficients probably due to 

solute-solvent associations [3.2-3.3]. The polar liquid in a given nonpolar solvent behaves as a 

bound charged species due to polarisation under G~ electric fil~ in order to have very large 

conductivity CTif of the order of 1010 o-1cm-1 for different W/s although they are in-sulators. They are 

found to decrease with the rise oftempemture for DMSO for the presence of(p;F;/1) in Eq.(3.15) in 

the limit w;=O [3.20]. It is interesting to note that p 1 due to flexible part of the molecule agree well 

with the reported J.l's [3.2-3.3] of Gopalakrishna's method [3.15-3.16]. This indicates that a part of 

the molecule is rotating under GHz electric field [3.14]. p/s are found to be higher in magnitudes 

for larger values of r2's according to Eq.(3.17). Both J.l2 and PI vary with tempemture in °C for 

DMSO in CJL;. 

ll2 = -67.35 + 4.56t- 0.066t 2 

PI = 8.20- 0.32t + 0.005t2 

p2 of the parent molecule attains maximum value of 11.41 D at 34.5°C with zero dipole moments at 

21.4°C and 47.7°C respectively due to monomer formation [3.2-3.3] with CJL; ring (see Fig.3.6). 
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The degree of solubility of solutions was kept fairly constant at all temperatures and for the low 

concentrations of binary mixtures (Table 3.1 ), dimer formation (3 .1-3 .4] is not expected. p1 on the 

other hand, decreases to a minimum value of3.08 D at 32°C exhibiting the dimer formation ofthe 

flexible parts of their active involvement in rotation under 10 GHz electric field, unlike the whole 

molecule. 

The static J.is's of these liquids are also calculated from Eq.(3.21) with the measured data 

(Table 3.1) in terms of linear coefficients a/s of the static experimental parameter Xif against w1 

curves of Fig.3.5. The coefficients ao, 

a1 and a 2 of the curves with the 

estimated f.ls are presented in Table 

3.5. All the curves are found to be of 

almost same intercepts and slopes for 

DMSO m CJ{, at difTerent 

temperatures signifying the fact that 

the static polarisability is nearly 

constant at all temperatures. The 

curves of Xy-Wj in case of DMF and 

DMA at 25°C are, however, parabolic 

in nature probably due to the presence 

of the substituent -CH3 group attached 

to the parent molecules under identical 

environment But xij varies with Wj 

linearly in case of DEF at 30°C. All 

{).0125 

~--~----~--~----~wn 
0.002 0.001. 0.006 o.oos Q.01 

weight fraction Wj 

Figure 3.5: Variation of1he measured X !I with w1 of some 
aprotic polar liquids. 

DMSO (-0-,-Ll-,-0-,-Q_) at 25°C, 30°C, 35°C, and 
4Q°C respectively; DEF (---)at 30°C; DMF (-~-)at 
25°C; DMA ( -*-) at 25°C 

these curves in Fig.3:5 with the computed f.ls's suggest that the measured data of Table 3.1 are more 

than accurate. 

The theoreticalJ.ltheo's of polar molecules assumed to be planer ones were defined by the 

vector addition of the available bond moments 2.35D, 1.55D for polar groups S~H3. O<=S in 

DMSO; 0.64D, 0.78D, 0.37D ofN~CH3, N~C2H5, CH3~C in DMF, DEF and DMA. The other 

common bond moments are 0.3D, 0.4,5D, 3.10D for C~H, C~N and C<=:O respectively in them. 

The N atoms in DMF, DEF, DMA and S atom in DMSO molecules are thought to be slightly 

fractional positively charged or with benzene to make monomer formations [3.2-3.3]. The solute

solvent molecular association arises from the interaction of the Jl'-delocalised electron cloud of the 

benzene ring with the fractional positive charges or on the N and S atoms of the amide groups. The 

bond moments of polar groups under the static and high frequency electric field are, however, 
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reduced by a factor JL!JltJreo in the range 0.5 and 0.9 due to inductive and mesomeric effects to yield 

f.lcal in agreement with f..ls· p,J P,theo thus appears to exhibit the material property of the systems. The . 

conformational structures of the polar molecules with their monomer [3.2-3.3] associations in CJ-16 

are shown in Fig.3.6. P,theo's along with f.Lcai and p,!f..ltheo are placed in Table 3.5 for comparison. 

(I) 1.090 1.650 
4 1~ 

2.740 

~~ 

(II) 

0 CH3 
II f o+ 

H-C-~-CHJ 
I Q.62D 

(Ill) @ 0.230 0.3SOO.SO D Wl~ 

(IV) 

Figure 3.6: Conformational structures of aprotic polar liquids in terms of reduced bond length 
due to mesomeric and inductive moments of the substituent polar groups. 

(I) DMSO in CJ-16; (ll) DEF in CJ-16; (III) DMF in C~; (IV) DMA in CJl<; 
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3.5. Conclusion : 

The present measurements of dielectric relaxation parameters near 10 GHz electric field at 

different temperatures are found to exhibit double relaxation phenomena for rigid aprotic polar 

liquids. The procedure in obtaining z-2 and Z"I from the slope and intercept of a derived linear 

equation with &oif, &o::iJ, &;./ and &;j' measured under the single frequency electric field appears to be a 

significant improvement over the existing ones where data at two or more frequencies are required. 

The % of error in terms of correlation coefficient 'r' in getting intercept and slope is made because 

of the linearity of the curve. The estimated z-2 and 'X"J of the whole and the flexible part attached to 

the parent molecule are reliable as r is claimed to be accurate within ±1 0%. It is interesting to note 

that unlike r-2, n obeys Eyring's rate theory. The relative contributions CJ and c2 towards dielectric 

relaxations due to TJ and r2 are calculated by the graphical technique at w1~0 as well as Frohlich's 

method based on the concept of a distribution of T between TJ and T2. The /12 and /11 of the whole 

and the flexible part attached to the parent molecule within ±5% accuracy are obtain from the slope 

f3 of CJ;r wi curves and "£2, TJ. The static f.ts from the linear coefficient of Xy-wj curve when 

compared with /12 and /11 from high frequency absorbtion reveals that f.t's are little affected by the 

frequency (f) of the electric field. The X 9-wi curves and f.ts's may be used to test the accuracies of 

relaxation parameters. It is confmned that a part of the molecule is rotating under 10 GHz electric 

field. Besides 'f, temperature is a factor to show mono or double relaxation behaviour for a 

molecule. The conformational structures of molecules from the reduced bond moments of polar 

groups by a factor 11J f.ttheo due to mesomeric and inductive moments in them under static or low 

frequency electric field are in agreement with f.ts· /1theo is obtained from available'bond moments of 

polar groups. Thus the methodology, so far advanced, seems to be simple, straightforward and 

useful to.observe interesting phenomena of hfabsorbtion in polar-nonpolar liquid mixture. 
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4.1. Introduction : 

The dielectric relaxation phenomena of polysubstituted dielectropolar benzenes in benzene 

under high frequency (hj) electric field are of much importance to yield the structural aspect of a 

polar molecule. There exist several methods [4.1-4.2] to measure relaxation time Tj and dipole 

moment f.i:j of a polar molecule (j) from the measured. real &;J' and imaginary &ij" parts of the relative 

hf complex permittivity &y·· of the solution (ij). However, such investigation on the relaxation 

phenomena of polysubstituted benzenes has not yet been made from the conductivity measurement 

[4.3-4.4]. Moreover, the most effective dispersive region for such polar liquids may exist at -10 

GHz (X-band) electric field [4.5]. Recently, Paul et al [4.6] had measured &;j: &ij" of some 

polysubstituted benzenes in CJ-!6 at 30°, 35°, 40° and 45°C under nearly 10 GHz electric field. The 

purpose of the study was to see the variation of t's and J..is with temperature and concentration 

based on Goplakrishna's method [4.1]. 

Although, the molecules appear to be of outdated interest, two polar molecules have 

identical molecular weights in comparison to the third one, which is slightly higher. One molecule is 

a para-compound showing zero dipole moment at lower and higher temperatures. The substituted 

polar groups are attached with the parent benzene ring with different angles. We are, therefore 

tempted to use the measured relative permittivities [4.6] to get Tj and Jli of these liquids by hf 

conductivity measurement method [4.7]. The methodology is, however, involved with the transfer of 

·dipolar charge of a polar molecule in a given solvent [4.8]. The present method of study in SI unit is 

superior because of its unified, coherent and rationalised nature. The dependency of ;'sand f.i:j's on 

t in °C is of much significance to get an idea of molecular environment and to shed more light on the 

structural conformations [4.9]. 

The measured dimensionless dielectric constan.ts like real ky' and iniaginary kiJ" parts of 
. . 

complex dielectric constant k/ at 30°, 35°,40° and 45°C are placed in Table 4.1. The real Uij'and 

imaginary UiJ" parts of the hf complex conductivity Uij * in o-Im-1 are, however, related to kg" and 

kiJ' respectively. ;'s are calculated from the linear slope of Uij" against uy' curves [4.10] for 

different w/s of solute at a given temperature. The variation of U;/' against Ui/ is not strictly linear 

for different w.j's. (Fig.4.1). The ratio of the individual slopes of variations of Uij" and Uu' with "Kj's 

in Figs.4.2 and 4.3 in the limit w_,=O may be used to get ;'s, in which polar-polar interactions are 

almost eliminated. All the ;'s are shown in Table 4.2 and are smaller than the reported t's [4.6]. 

We, therefore, recalculated both x's and p's based on Gopalakrishna's method [4.1] which are in 

agreement with those of conductivity measurement. All x's and p's are presented in Tables 4.2 and 

4.4 respectively for comparison. 



76 

Thermodynamic energy parameters: enthalpy of activation M-1 "' free energy of activation 

M'" and entropy of activation M .. for dielectric relaxations are also computed from the slope and _ 

intercept ofln(;D against liT ofFig.4.4 with ;'s measured by both the methods [4.11]. The values 

are entered in Table 4.3 in order to infer molecular dynamics of polar molecules in benzene. The 

enthalpy of activation m 71 for viscous process was, however, obtain from the linear slope r of 

ln(;-D against lnq and !JH .. of Eq.(4.4). The coefficients of viscosity 17 of solvent CJI6 are 

5.65x10-3
, 5.30xi0-3

, 5.03xi0-3 and 4.70xi0-3 poise at 30°,35°,40° and 45°C respectively. 

Table 4.1: The real and imaginary parts of dimensionless dielectric constants of different aromatic 
polar liquids in benzene for different weight fractions w/s at various experimental temperatures in 
oc. 

Weight kg' kg" 
fraction 

ku' k n 
iJ kg' kg" kg' k-" g 

Wj 30°C 35°C 40°C 45°C 
(I) meta-diisopropylbenzene 

0.012 2.2990 0.0424 2.3062 0.0401 2.3151 0.0393 2.3271 0.0384 
0.018 2.3323 0.0570 2.3425 0.0552 2.3541 0.0545 2.3660 0.0523 
0.025 2.3614 0.0721 2.3711 0.0692 2.3923 0.0660 2.4105 0.0595 
0.032 2.3852 0.1083 2.4084 0.0985 2.4212 0.0854 2.4462 0.0734 
0.045 2.4104 0.1251 2.4234 0.1092 2.4451 0.0982 2.4671 0.0832 

(IT) para-methylbenzoylchloride 

0.011 2.1603 0.0488 2.1663 0.0440 2.1723 0.0410 2.1783 0.0381 
0.018 2.1960 0.0585 2.2018 0.0553 2.2078 0.0523 2.2140 0.0492 
0.028 2.2351 0.0690 2.2411 0.0662 2.2470 0.0632 2.2530 0.0603 
0.039 2.2754 0.0762 2.2812 0.0731 2.2872 0.0701 2.2931 0.0672 
0.050 2.3089 0.0928 2.3147 0.0899 2.3204 0.0872 2.3263 0.0842 

(ill) ortho-chloroacetophenone 

0.011 2.1843 0.0351 2.1861 0.0330 2.1901 0.0310 2.1982 0.0294 
0.023 2.2198 0.0462 2.2322 0.0442 2.2394 0.0450 2.2456 0.0376 
0.032 2.2590 0.0573 2.2698 0.0552 2.2700 0.0491 2.2801 0.0421 
0.045 2.2991 0.0692 2.3002 0.0653 2.3204 0.0551 2.3324 0.0579 
0.051 2.3323 0.0810 . 2.3452 0.0791 2.3612 0.0770 2.3711 0.0650 

Dipole moments JJ/s (shown in Table 4.4) are estimated from the linear coefficients fi's of 

hf CTiJ against w/s as displayed in Fig.4.5 in the limit w1=0. The variation of J.l/s and ;'s with tin °C 

are presented in Fig.4.6. The temperature dependence of the mesomeric and inductive moments of 

the substituted polar groups attached to the parent molecules [4.12] are taken into account to display 

the theoretical dipole moments /-ltheo's in Fig.4.7. 
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Table 4.2: The slope of linear relation U;/'-ay' curves of Fig. 4.1, correlation coefficient 'r',% of 

errors in regression technique, ratio of slopes of O"if ''-wj and O"if '-wj curves at w1~ of Figs.4.2 and 
4.3, estimated 'lj"from Eq.(4.2) and reported rin psec. 

Ratio of 
Slope of 

%of slopes of Rept 
Systerm with 

tin °c a!'i''-a!'i' 'r' error of O"ijn-wj& r,.a -u" -rin sl. no. curve of 1 1 

Eq.(4.2) 
Eq.(4.2) a!'i'-wj at psec. 

w~O 

(I) m-diisopro- 30 1.217 0.972 1.67 1.809 13.08 8.80 10.92 
pylbenzene 35 1.633 0.990 0.60 2.173 9.75 7.33 8.88 
inC~ 40 2.183 0.990 0.60 2.916 7.29 5.46 6.54 

45 3.227 0.988 0.72 4.207 4.93 3.79 4.30 

(11) p-methyl- 30 3.491 0.988 0.72 5.858 4.56 2.72 3.85 
benzoylchloride 35 3.369 0.989 0.66 4.828 4.73 3.30 4.04 
in Ct;H6 40 3.342 0.988 0.72 4.931 4.77 3.23 4.05 

45 3.339 0.988 0.72 4.910 4.77 3.24 4.18 

(ill) o-chloro- 30 3.268 0.999 0.06 3.793 4.87 4.20 4.43 
acetophenone 35 3.406 0.998 0.12 5.234 4.68 3.04 4.16 
in CJf6 40 3.841 0.963 2.19 12.625 4.15 1.26 3.47 

45 4.614 0.987 0.78 17.625 3.45 0.90 3.09 

-r/ = Estimated relaxation time from Eq.( 4.2) with slope of O"y "-a!'i ~ 

;"=Estimated relaxation time from Eq.( 4.2) with ratio of slopes of CT!'i n_wj and CT!'i '-wj at wr-+0. 

4.2. Theoretical Formulation : 

Under electric field of giga hertz range the lif complex conductivity a/ of polar-nonpolar 

liquid mixture is : 

* k" . k' aij=W&o ij+]W&o ij ..... ( 4.1) 

where W&okv·' (=oyj and OJCokiJ" (=a;/) are the imaginary and real parts of a;/. «f...=2tif} is the 

angular frequency of the applied electric field of frequency f &o= permittivity of free space= 

8.854x1 o-12 F.m-1 and j is a complex number =-.J-1. The magnitude of total hf conductivity is : 

uiJ = W&0 (kij? +k~~)y,_ 

Oij 'and au·" of a given weight fraction Wj are, however, related to 'l} by : 

, 1 , 
uif =aa>if +--uiJ 

ani 

..... ( 4.2) 
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The variation of CTij" against a"y' for different W/ s is not always linear as shown in Fig.4.1. In such 

case, one may use the ratio ofthe individual slopes of variations of Uy"and Uy'against wfs as seen 

in Figs.4.2 and 4.3 in the limit w1=0 to get ;·. 

Table 4.3: Thermodynamic energy parameters: enthalpy of activation Ml r, entropy of activation 

Mr and free energy of activation !iF"" value of yfrom Eq.(4.4), enthalpy of activation M-111 due to 
viscous process, Debye factor and Kalman factor of the following aromatic polar liquids in benzene 
at different temperatures. 

Systerm with 
t 

L1Hrin K .18.-inJ L1F.-inK 
Vatueofy LH/11 from Debye Kalman 

in from LHI =Lfl! lr factor Factor 
sl. no. oc J mole"1 mote·! K 1 J mote·1 

Eq.(4.4) 
T1 T 7 

;Tirf inK J mole"1 ( ;TI1J)xiO ----·--------

(I) m-diisopro-
30 106.96 10.11 4.72 11.74 
35 42.52 106.07 9.85 4.29 9.91 4.26 13.08 pylbenzene 
40 106.17 9.29 3.40 12.39 

inC~6 45 106.94 8.51 2.56 ll.69 

(II) p-methyl-
30 -59.41 7.16 1.46 2.78xl0"12 

35 -60.51 7.82 1.92 3.19xl0·12 
benzoylchloride 

40 
-10.84 

-59.96 7.93 
~1.10 9.85 

2.01 3.00xl0-12 
inCt#6 45 ~59.58 8.11 2.19 2.83x10.12 

(Ill) <K:hloro-
30 255.28 8.25 2.25 5.36X1010 

35 253.25 7.60 1.77 6.89xHY0 
-acetophenone 

40 
85.60 

255.99 5.48 
8.73 9.81 

0.78 4.58X1010 
inC6~ 45 254.36 4.71 0.61 6.02X1010 

;'s by both the methods of (duy'1duy) and the ratio of individual slopes of Eq.(4.2) are 

used to get free energy of activation /jJi' rof a polar liquid. From Eyring's rate theory [4.11] one gets: 

ln(rjD =ln(Ae-11S,tR) +Mir I RT ..... ( 4.3) 

Since N', = Mi r -TASr 

The intercept and slope of ln( -r;T) against liT as shown in Fig.4.4 are, however, related to M .. and 

MIT of molecules. 1J of CJi6 is related to ;-at different temperatures by: 

..... ( 4.4) 

Where r is the slope of the linear relation of ln( ;1) against In 11- Again, Uy·" may be approximated 

to O'"ij for their identical nature of variations with w/s as evidenced by Figs.4.2 and 4.5 respectively. 

Hence Eq.(4.2) can be written as : 
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(duifJ _ - -P{i}T-
dw. J 

1 wr~O 

..... ( 4.5) 

where pis the linear coefficient of variation of u9-wj curves ofFig.4.5 at w1----x>. All fJs are placed 

in Table 4.4. The real part Uif' at TK is [4.13]: 

(]"~. = I) J J k~- + 2 w. N p--p~ ( m
2

r · J·~ f 
v 21k8 1Mj I+m2 r} v 1 

..... ( 4.6) 

where N=Avogadro's number, PFdensity of solvent, kFdimensionless dielectric constant of 

solvent, ~=molecular weight of the polar liquid G) and ks=Boltzmann constant. All the symbols are 

in SI units. From Eqs.(4.5) and (4.6) one gets Pi of a polar molecule in Coulomb metre (C.~: 

..... ( 4.7) 

The dimensionless parameter b is related to 1j by : 

b= I 
1 +m2r} ····· ( 4.8) 

The measured ;'s of the polar liquids presented in Table 4.2 are compared with the recilculated r's 

based on Gopalakrishna's [4.1] method. 

c:-'2 + c:-' + c"2 2 c;,if c;,if c;,if -
X = ---=-----=---::-....;:_---::-_ 

( , 2)2 .. 2 
&if+ +&if 

y = ( , 2)2 112 
&if+ +&;_j 

3eif 

1~ 
r=--

mdx 
..... ( 4.9) 

All the J..l.i's with b's are finally found in Table 4.4 to compare with recalculated p's from: 

..... ( 4.10) 

All the computed p/s reported p's along with f.itheo's ofFig.4.7 are seen in Table 4.4. 
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4.3. Results and Discussions : 

The relaxation times ;·'s of polysubstituted benzenes under 3 em wavelength electric field, 

were calculated simultaneously from Eq.(4.2) with the slope of CTif" against cry-' of hf conductivity 

cry* of Fig.4.1 and the ratio of slopes of the variations of CTif "and a-g' with wfs ofFigs.42 and 4.3 

from data of Table 4.1 at different experimental temperatures. 'f)'s (Table 42) from slope of linear 

relation O"if"-cr;/ curve (Fig.4.1) are slightly larger than the ratio of slopes of Eq.(4.2). The latter 

method is reliable as the polar-polar 

interactions are almost eliminated. The 

variation of CTif "with CTiJ' is non linear 

(Fig.4.1) for all the liquids like O"iJ" 

and CT;/ with wfs of Figs.4.2 & 4.3 

respectively. The slopes of curves in 

Fig.4.1 are almost same for p

methylbenzoylchloride, but for o

chloroacetophenone the curves are of 

almost constant intercepts and slightly 

increasing slopes with temperature to 

yield almost same Tj for their same 

polarity [4.14] and identical structures. 

Meta-diisopropylbenzene indicates the 

lower intercept and higher slopes as 

the temperature rises. 'f)'s from 

Eq.(42) of CTif'~a-;/ curves decrease 

with temperature to obey Debye 
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Figure 4.1: Variation of imaginary part uii" in o-1m·1 

against rea1 part ug' in n·1m·1 of hf conductivity for 
different weight fractions W/s of polysubstituted benzenes 
in benzene under 10 GHz electric field at various 
experimental temperatures. 

relaxation mechanism like the variation of CTiJ" and cry' with wfs for the molecules at 30°, 35°, 40° 

and 45°C respectively. Nevertheless, the conductivity method yields microscopic ;'s [4.15). The 

molecule m-diisopropylbenzene has greater T because of larger size than those of isomeric p

methylbenzoylchloride and o-chloroacetophenone. ;·'s in Table 4.2 for these molecules having the 

same number of C-atoms do not vary much from Eqs.(4.2) and (4.9) respectively probably for the 

different positions of the substituted polar groups attached to the parent molecules ofFig.4.7. 

For m-diisopropylbenzene both cr;/' and CTij in Figs.4.2 and 4.5 start from 1.228 n-Im-1 to 

1.236 n-tm-1 and increase gradually to assume maximum Within 0.045 :s; w1 :s; 0.051 and then 

decrease as lij· increases. This sort of l?ehaviour arises for the transfer of l~ised charge species of 
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such dipoles [4.16] which increases up to a certain Wj and then ceases gradually in the higher 

concentrations. Similar observation is noted in p-methylbenzoylcWoride showing maximum at 

nearly w1=0.096. All these facts indicate the phase transition of lower conductivity in the higher 

concentration [4.16] probably due to dimer formations. Ortho-chloroacetophenone showed a regular 

monotonic increase, as coefficients of quadratic term of Wj in both uy" and Uij are positive. The 

variation of Oi/ with W/s for all polar molecules in Fig.4.3 decreases with t °C to exhibit the 

r..~J~Jdt 
111>-~-Jat3S"t. 
~ f-4--J: c4d't: 
lri.E-o-J ,.~ --U..~)ItlO~ 

:!:1:!:~ :: 
r-'-'-·t-1 n-"t 
aru.o-~ .... oe 
a&..f.o-\c.a* 

~t:=I:= 
-~·et 

1.17o·"=-_..,~----:-'-o_w::------:-lc.oe-:------::u'=.09-...J 

Weight fraction WJ 

Figure 4.2: Variation of imaginary part Uy"in 
o-1m -l of hf conductivity with weight fractions 
W/ s of polysubstituted benzenes in benzene 
under 10 GHz electric field 
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Figure 4.3: Variation of imaginary part uij in 
o-'m-1 of hf conductivity with weight fractions 

W/s of polysubstituted benzenes in benzene 
under 1 0 GHz electric field 

semiconducting nature while CFy" and Uif of Figs.4.2 and 4.5 showed the regular increase. The 

percentage of errors as well as correlation coefficients r's are made for Eq.(4.2) to get ;'s. It is 

interesting to note that ; for m-diisopropylbenzene and o-cWoroacetophenone in CJL. obey Debye 

relaxation mechanism. The energy difference between activated and normal states of the random 

dipole orientations increases with t °C to decrease ;'s. ;'s for p-methylbenzoylcWoride initially 

increases and then become constant with t °C indicating the non-Debye relaxation for its asymmetry 

gained by two polar groups in a line. The large difference between ;'s and reported i's [4.6] 

prompted us to recalculate 'fs placed in the 9th column of Table 4.2 based on Gopalakrishna's 

method [4.1]. The recalculated rs and J.ls are now closer to ;'s of columns 7 and 8 of Table 4.2 

and f.L.j' s of column 9 of Table 4.4 based on the method of conductivity measurement [4.7]. 

The thermodynamic energy.parameters Nlr:, AS'r:and AFr(Table 4.3) were calculated from 

In( r;-1) against IIT in Fig.4.4 with the· measurCd ;-' s by both the methods. In p-
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methylbenzoylchloride -Mr indicates the activated states are more stable supported by -MI r also. 

M r for m-diisopropylbenzene and ~hloroacetophenone indicates the unstability of the activated 

states. Unlike p-methylbenzoylchloride, y > 

-22.0 

1-p- -?1.0 

....... 
c 

Proeai!Md ~ 

·-~~')::=:..crcJ..~ 
n.f:~~~) 

•·fn;,;)-!14-41'+10·:~?t-) 

-19.0 .__ _ __,_ __ __,__ __ ..,___ _ ___,__, 

3.10 3.15 3.20 325 330 

(11T)x103 

Figure 4.4: The linear plot ofln( '!jT) against 1/T 

0.5 for m-diisopropylbenzene and o

chloroacetophenone indicates that they do 

not behave as solid phase rotators. Such 

polar liquids in CJ-16 favour solute--solvent 

a molecular formation. Mi TJ involved with 

translational and rotational energy are less· 

than Ml r due to high values of r for all the 

systems. They thus need maximum energy 

to rotate under hf electric field. The "/ s from 

the slope of In( ;I) against ln77 are used to 

estimate Kalman factor ;TI rf and Debye 

factor ;T/71 to place them in Table 4.3. 

Kalman factors being proportional to the volumes of the rotating units are of different orders, but 

constant with temperature for a given system. Debye factors, on the other hand, are of the order of 

10"7 for all systems. This suggests the applicability of Debye-Smyth model of dielectric relaxation 

mechanism for all the liquids includingp-methylbenzoylchloride although it is non-Debye in 

Table 4.4: The coefficients of hf conductivity Gy of aromatic polar liquid with weight fraction Wj in 
CJ-16 at 30°, 35°, 40° and 45°C in Fig.4.5, dimensionless parameters b's, computed, reported and 
theoretical·dipole moments in Coulomb metre (C.m). 

Systerm with t 
Coefficients of O"g-Wj in 

. Computed 
Rept. 

J..lzJ.uX103o Q"1m·1 ofFig.4.5 Dimensionless J!XI03o 
sl. no&mol. in J.l.iX1 030 in C.m inC.mof 

wt. oc o-u=a+fJwj+.;wf parameterb inC.m 
Fig.4.7 

a fl. ~ Eq.(4.10) 

(I) m-dii.sopro- 30 1.236 4.016 -36.919 0.597 0.766 14.34 12.66 9.07 

pylbenzene 35 1.228 5.110 -53.613 0.727 0.825 14.86 13.95 8.90 
3.77 

in CA 40 1.230 5.475 -56.900 0.827 0.895 14.61 14.04 8.84 

Mj=0.162 Kg 45 1.228 6.196 -65.944 0.913 0.946 14.99 14.72 8.90 

(II) p-methyl- 30 1.171 3.059 -15.421 0.924 0.972 9.87 9.63 8.17 
benzoyl chloride 35 l.l73 3.059 -15.464 0.919 0.959 10.03 9.82 8.27 

8.80 
in c6~ 40 1.177 3.064 -15.617 0.918 0.961 10.18 9.95 8.34 
Mj=0.156 Kg 45 1.180 3.064 -15.685 0.918 0.960 10.31 10.08 8.44 

(III) o-chloro- 30 l.l97 1.477 9.038 0.915 0.935 6.90 6.82 8.07 
acetophenone 35 1.195 1.894 3.180 0.921 0.965 7.89 7.71 8.20 

7.40 
m c6~ 40 1.201 1.580 11.513 0.936 0.994 7.23 7.02 8.57 
Mi=0.156Kg 45 1.204 1.615 11.737 0.955 0.997 7.34 7.19 8.74 
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relaxation behaviour. pj's of the polar liquids at t °C are estimated from fJ's of uy~w1 curves of 

Fig.4.5 and dimensionless parameters b's ofEq.(4.8) involved with the measured ;'s from the ratio. 

of the individual slopes of Figs.4.2 and 4.3 at wrO. The O"fj in Q"1m"1 when plotted with W/S 

increases with temperatures showing maximum at a certain w1 for m-diisopropylbenzene and p

methylbenzoylchloride like a;./ -Wj curves. This signifies the phase transition from higher to lower 

conductivity for transfer of charged species of molecules. The slopes and intercepts of ay-wj and 

O"ij" -w1 curves for p-methylbenzoylchloride and o-chloroacetophenone are almost the same for their 

same polarity [4. 14] indicating O"ij f';:ja;f in Eq.(4.5). The usual variations of ,u1 and ; (4.17] with t °C 
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Figure 4.5: Variation of total hf conductivity au in 
o·1m"1 with weight fractions w/s under 10 GHz 
electric field at various experimental temperatures 
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are shown graphically in Fig.4.6. ;'s decrease with temperature for the curves I and ill of m

diisopropylbenzene and o-chloroacetophenone. The f.Jj's from Eq.(4.7) increase gradually to 

maximum 14.49xl0-30 C.m at 44.88 °C, 10.54xl0·30 C.m at 76.88°C and 7.4lxl0·30 C.m at 37.93 °C 

respectively signifying the largest asymmetry gained by all the molecules. ;-'s are zero at 54.03 °C 

for the curve I and 16.22 °C, 63.88 °C for curve II. But for curve Ill; ;=O at t=oo. The JJ/s are 

13.80xl0·30 C.m for the curve I and 9.07xl0-3° C.m, 10.47xl0·30 C.m for curve II. But undefined for 

curve ill respectively. The variation of;· and J.lj with t °C are convex for curve II indicating the non-
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Debye relaxation behaviour to reveal solute-solvent molecular association as observed from r of 

Table 4.3. 

J.ltheo from the available bond angles and bond moments of the substituted polar groups of 

molecules of Fig.4.7 is placed in Table 4.4 with the reported J.l from Eq.(4.10). The close agreement 

(I) 

0 

coct 
H 
C-CL 

10.03Qn. 

(II) 1.23Cm. 

CH 3 
8·80 c.m. 

CH3 

(Ill) 

Figure 4.7: Conformational structures of (I) meta-diisopropylbeozene (II) 
para-methylbenzoylchloride (III) orth~hloroacetophenone. 

of J.L;·'s of Eq.(4.7) with Eq.(4.10) suggests the basic soundness of the present method. The wide 

disagreement between J.L;· and J.ltheo of Table 4.4 of the first molecule unlike the latter two suggest 

bond moments of the substituted polar groups are either stretched by a factor J.l}J.ltheo of3.36, 3.70, · 

3.72, 3.90; or shortened by 0.09, 1.12, 1.13, 1.50 and 0.92, 1.04, 0.95, 0.97 respectively in order to 

consider inductive and mesomeric effects in them. The electromeric effect caused by >C=O in 

second and third molecules may be the reason to make J.l.i more closer to J.ltheo [4.18]. 
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4.4. Conclusion : 

The study of dielectric relaxation phenomena of polysubstituted benzenes in benzene under 

3 em wavelength electric field in terms of ;'s and Jl/s in SI units at various experimental 

temperatures in °C by the method of hf conductivity measurement is more· topical and significant. 

The use of ratio of the slopes of Uif '~wi and U;i ~wi curves to obtain ;'s appears to be reliable as it 

avoids polar-polar interaction unlike the linear slope of Oi/~uif' curves. The appearance of peak in 

Uy-Wj and CJ'ij '~wi curves at different t °C for systems I and II indicates the change of phase of lower 

conductivity as Wj increases. 0-chloroacetophenone, on the other hand, showed the monotonic 

increase of Uif and CJ'ij"with W/S at all the temperatures. The temperature dependence the of JL;'s and 

;'s although they are measured in the limit of w_,=O supports this behaviour. ; is zero for m

diisopropylbenzene at 54.03 °C while p-methylbenzoylchloride at 16.22 °C and 63.88 °C 

respectively indicating orderness at those temperatures. o-chloroacetophenone showed ;'s 

decreasing with temperature and becomes zero at t=oo. The correspsonding Jl'S are J18=13.80Xl0-30 

C.m for m-diisopropylbenzene and J18=9.07xl0-30 C.m and Jls=10.47xl0-30 C.m for p

methylbenzoylchloride respectively as static Jls- Both ;'s and JL;'s in tables and figures are within 

10% and 5% accuracies. The increase or decrease of Jl.i' s with temperature t in °C is explained by 

asymmetric or symmetric configurations of the molecules. The energy parameters from In( ;1) 

against liT with ;'s from the ratio of individual slopes of a-y-'~wi and Oij~wi curves at various 

temperatures indicate the stability of random dipole orientations in the activated states. The 

deviation of Jltheo from the bond angles and bond moments of polar groups of molecules from 

measured Jli in terms of ; can be explained by inductive, mesomeric and electromeric effect The 

correlation between the conformational structures with the observed results enhances the scientific 

contents and adds a new horizon of understanding to the existing knowledge of dielectric relaxation. 
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CHAPTER 5 

RELAXATION PHENOMENA IN METHYL BEN
ZENES AND KETONES FROM ULTRA HIGH 

FREQUENCY CONDUCTIVITY 
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5.1. Introduction : 

Relaxation processes in dielectric polar liquid or solid material (DRL or DRS) are vel)' 

encouraging to study the molecular behaviours and structures through various experimental 

techniques [5.1-5.2]. The methods are involved with the high frequency conductivity [5.3] or 

susceptibility measurements [5.4], thermally stimulated depolarisation current [5.5] (TSDC) and 

time or frequency domain dielectric AC spectroscopy [5.6] etc. The latter two methods consist of a 

tedious computer simulated calculation in comparison to others, which are very simple and 

straightforward within the framework ofDebye and Smyth model of dielectric liquid molecule. 

Vaish and Mehrotra (5.7-5.8] measured real and imaginary parts &;j and ii;j" of complex 

dielectric relative permittivity &ij .. of some methyl benzenes and ketones (j) in benzene (i) under 3.13 

em wavelength electric field at 25 °C. They attempted to correlate dielectric relaxation times with 

those of nuclear magrietic resonance spin lattice relaxation times by using the theory of 

Bloembergen et a/ [5.9] in terms of measured relaxation parameters. The relaxation times r of the 

molecules were calculated on the assumption that dipole-dipole {dimer) interaction occurs between 

the nuclear spins. The spin lattice relaxation times were obtained to compare with the 

Gopalakrishna, Debye and other methods. The experimental value differs significantly from those of 

theoretical one. This study reveals that r plays the main role in inter and intra molecular motions and 

nuclear magnetic resonance (NMR) spin lattice relaxation etc. 

The values of r and dipole moment f1 of these polar molecules by the conductivity 

technique have been calculated in the present paper. The procedures employed to get rare those of 

Murthy eta/ [5.10] from the direct slope of the linear equation of imaginary uJ/'(=«J&oC,f) in o-1 m·1 

and real C1ij~=mcoe-,f') in o-1 m·1 parts of the hf complex conductivity a;/ (Fig.5.1) and the ratio of 

the individual slopes of CJij'~ Wj and CJij~ Wj curves [5.11] (Figs.5.2 & 5.3) at w~ respectively. 

The use of the ratio of individual slopes to estimate r seems to be better as it eliminates the polar

polar interaction almost completely. Hence the purpose of the present paper is to study the success 

or otherwise of the proposed theory with the existing ones to infer molecular structures and 

associations. The graphs of C1i/' and CJij' with w/s in Figs.5.2 & 5.3 are found to be nonlinear to 

indicate the presence of solute-solute associations in the mixture. t's from linear slope are found to 

agree with the reported t's from Gopalakrishna's fiXed frequency method of Fig.5.4 and presented 

in Table 5.1 together with all the measured t's by different procedures. Further, the polar molecules 

under investigation are methyl substituted aromatic and ketone substituted aliphatic compounds of 

highly nonspherical nature. Methyl substituted benzenes and ketones have almost similar 

characteristics. Some ofthe methyl benzenes are supposed to have apparently zero dipole moment 



89 

Table 5.1 : Slope and intercepts of Eq.(5.2), correlation coefficient r, ratio of the individual slopes of 

CJi/~Wj and CJij~Wj curves at Wj-40, relaxation time ; from Eqs (5.3) and (5.4) and from 
Gopalakrishna's method of some methyl benzenes and ketones in benzene at 25°C under 9.585 GHz 
electric field. 

Slope and Corrl. Ratio of individual Relaxation times 
System with intercepts of coeff. slopes of CT;/!.... w1 'Z}(X10 12

) in sec. 
sl.no. Eq.(5.3) r and CTq!.... Wj 

at Wj-X> ria if 't_,g 
1 I 

(I) toluene 1.8468 1.1385 0.9527 4.3891 8.99 3.78 8.24 

(II) 1,3,5 tri 
0.7897 1.1844 0.9755 2.8782 21.03 5.77 19.93 methylbenzene 

(III) 1,2,3,4 tetra methyl 
8.3666 1.1992 0.9678 6.5797 1.98 2.52 1.94 benzene 

(IV) 1,2,4,5 tetra methyl 
1.9531 1.1854 0.9890 1.6133 8.50 10.29 8.06 benzene 

(V) penta methyl 
1.3836 1.1770 0.9948 3.8814 12.00 4.28 11.02 benzene 

(VI) p -fluorotoluene 4.8910 1.2071 0.9941 8.2548 3.39 2.01 3.12 

(VII) butyl ethyl ketone 1.0070 1.1878 0.9481 40.3859 16.48 0.41 15.84 

(VIII) methyl hexyl 
0.8452 1.1737 0.9993 0.6003 19.65 27.66 18.13 

ketone 

(IX) ethyl pentyl ketone 0.8640 1.1713 0.9686 0.6928 19.22 23.97 18.40 

(X) heptyl methyl ketone 0.8203 1.1838 0.9859 1.8590 20.24 8.93 19.01 

r"t =Relaxation time from Eq. (5.3) 

-qb =Relaxation time from Eq. (5.4) 

if= Relaxation time from Gopalakrishna's method ofEq. (5.9) 

from bond moment calculation. Moreover, these molecules are supposed to absorb electric energy 

much more strongly in the effective dispersive region of nearly 10 GHz at which peak of the 

absorption curve occurs. The ketones, on the other hand, are pleasant smelling liquids and widely 

used in petroleum industry. These liquids are used, as good solvents of synthetic rubber, wax etc. 

The study of the variation of r with respect to various substituted polar groups attached to different 

positions of the parent molecules may throw much light on the structural conformations of the 

methyl benzene and ketone molecules. We had already made a detailed investigation on some 

polysubstituted benzenes [5.12] at various temperatures to get molecular structures by conductivity 

technique. Dielectric parameters are very much temperature dependent. Calculations at s<>me other 

temperature may reveal a better picture. Nevertheless, from these studies it may be clear as to what 
. . 

theory is ·valid for such highly nonspherical aliphatic and aromatic compounds. A systematic 

comparison of rand J.L can thus be made from the measured data of25°C. 



The corresponding dipole 

moments J.l/ s of these liquids are 

obtained from the linear coefficient 

P of uhf conductivity Oij curves 

against wfs of Fig.5.5. All the fJ's 

and f.l's are tabulated in Table 5.2 

with those from Gopalakrishna and 

theoretical 

calculation 

inductive, 

conformational 

of Fig.5.6. 

mesomeric 

The 

and 

electromeric effects under 3 em 

wavelength electric field play the 

vital role in determining the 

theoretical {ltheo' s of the molecules 

of Fig.5.6 m agreement with 

estimated Jl/ s. 
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Figure.5.l : The linear variation of imaginary part cT( against real 

part a;f of complex hf conductivity a;/ at 25°C under 9.585 GHz 
electric field : 
(I) Toluene (-0-) (II) 1,3,5 1ri methyl benzene (-b-) (III) 1,2,3,4 
tetra methyl benzene (-0-) (IV) 1,2,4,5 tetra methyl benzene (-e-) 
(V) penta methyl benzene <-•-) (VI) p-fluoro toluene (-®-) (VII) 
Butyl ethyl ketone (-V-) (VIII) Methyl hexyl ketone (-.A-) (IX) 
Ethyl pentyl ketone (-.. -) (X) heptyl methyl ketone ( -®-) 

5.2. High Frequency Conductivity Technique to Estimate rand f.l: 

The ultra high frequency (uhf> complex conductivity [5.13] a;/ ts: 

..... ( 5.1 ) 

where au'= OJ&0 Eg'' and Oij'L.:::OJ&0 Eg-' are the real and imaginary parts of au*, &o= absolute 

permittivity of free space= 8.854 X 10-12 F.m-1 and oi_=2:if) is the angular frequency ofthe applied 

electric field offrequency,f= 9.585 X 109 Hz. 

Debye equation [5.14] in the GHz region yields: 

..... ( 5.2) 

(dcr~-J 1 
du~ = OJT 

..... ( 5.3) 

Both (]ij" and a;j' are functions of Wj. Their variations are nonlinear in the higher concentration 

region as seen in Figs.5.2 and 5.3. In this case one can write Eq.(5.2) as: 

... ·- ( 5.4) 
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T's from both the Eqs.(5.3) and (5.4) were computed and are listed in Table 5.1 for comparison with 

the reported rrecalculated from Gopalakrishna's method. 

Table 5.2: Coefficients of a;~Wj curves, dimensionless parameter b [=11(1+at-i)], dipole moment 
J.lj in Coulomb.metre from T's of Eq.(5.3), (5.4) and Gopalakrishna's method and the theoretical 
dipole moment f.itheo from the available bond angles and bond moments of some methyl benzenes 
and ketones in benzene at 25°C under 9.585 GHz electric field. 

System with Coefficients of Values ofb Dipole moment {X1 o·30) C.m 
sl.no.and mol.wt O"ij = a+ {Jwj+ ~ Wj 

2 
byusing -rof 

a P· ~ Eq.(5.3) Eq.(5.4) f-/ja f-/jb f.l! f.ltJrec 

(I) toluene 
1.1811 2.7545 -40.2180 0.7733 0.9507 7.93 7.15 7.80 1.23 

Mj=0.092 Kg 

(II) 1,3,5 tri 
methylbenzene 1.1446 3.4010 -31.2102 0.3840 0.8923 14.27 9.36 13.94 0.00 
Mj=0.120Kg 

(1II) 1,2,3,4 tetra 
methyl benzene 1.1436 4.4952 -47.2133 0.9860 0.9775 10.82 10.87 10.82 0.00 
Mj=O.l34 Kg 

(IV) 1,2,4,5 tetra 
methyl benzene 1.1969 1.7313 -11.2125 0.7924 0.7225 7.49 7.84 7.39 0.00 

Mj=O.I34Kg 

(V) penta methyl 
benzene 1.1798 1.4009 2.2168 0.6569 0.9377 7.78 6.51 7.63 1.23 

Mj=0.148Kg 

(VI) p- fluoro 
toluene 1.2039 1.9329 0.7021 0.9600 0.9856 6.52 6.43 6.53 6.23 

Mj=O.llOKg 

(VII) butyl ethyl 
ketone 1.1885 0.9115 -6.8748 0.5038 0.9994. 6.29 4.46 6.19 8.09 

Mj=0:114Kg 

(VIII) methyl 
hexyl ketone 1.1790 1.8073 2.1902 0.4166 0.2649 10.32 12.94 10.05 8.14 

Mj=0.128Kg 

(IX) ethyl pentyl 
ketone 1.1820 1.7921 -27.0543 0.4274 0.3243 10.14 11.64 10.01 8.14 

Mj=0.128Kg 

1.1939 1.4569 -17.0797 0.4023. 0.7757 9.93 7.15 9.60 8.20 

f-IJa =Dipole moment from Eq.(5.7) by using 1f ofEq. (5.3) 
f-IJb =Dipole moment from Eq. (5.7) by using -q ofEq. (5.4) 
pf =Dipole moment by Gopalakrishna's method ofEq. (5.10) 
f./theo = Theoretical dipole moment from the available bond angles and bond moments. 
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Figure. 5.2: Variation of imaginary part of conductivity atf' against Wj at 25°C under 9.585 GHz electric field : 

(I) Toluene (-0-), (II) 1,3,5 tri methyl benzene(-~-). (Ill) 1,2,3,4 tetra methyl benzene (-D-), (IV) 1,2,4,5 tetra 
methyJ benzene c-•-), (V) penta methyl benzene (-Ill-), (VI) p-fluoro toluene (-®-), (VII) Butyl ethyl ketone 
(-'\7-), (VIII) Methyl hexvl ketone (-A-). (IX) Ethyl pentyl ketone(- T -),(X) heptyl methyl ketone(-®-) 

Since &ij'>&ij'~ but in hf region of GHz range &ij'?=&g" where &ij" offers resistance to 

polarisation and uhf conductivity ay is uif = WE0 (&~/ +&ij2 )l/2 . We can thus write Eq.(5.2) in the 

following form: 

[
duij J - =OJTP 
dw. 

J w,-+0 

..... ( 5.5) 

pis the slope of <1'if-"Wj curve in the limit Wj = 0 as observed in Fig.5.5 and listed in Table 5.2. 

The real part ay' of hfcomplex conductivity Gij• is given by [5.12] 

..... (5.6) 

where density p;j and local field F if of the solution become p; and F,-( Ei + 2f /9 of the solvent in 

the limit Wj=O. 

From Eqs.(5.5) and (5.6) one gets hf dipole moment J.lj as: 

..... ( 5.7) 



where, 

N =Avogadro's number= 6.023 X 1023 

p; =density of solvent benzene at 25°C = 874.3 Kg.m-3 

Ei =relative permittivity of solvent benzene at 25°C = 2.274 

Mj = molecular weight of solute in Kg. 

kB = Boltzmann constant= 1.38 X 10 -23 J.mole-1.K1 and 
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b is the dimensionless parameu;r .involved with measured r where b= 11( 1 +al1) 

Both the dipole moments pf's and dimensionless parameters b's are presented in Table 5.2. 

5.3. Results and Discussions : 

The imaginary aij'{=(J)Eo&ij) n-1 m-1 are plotted against real CJijt=(l)&o&ij) o-1 m-1 parts of 

• hf complex conductivity CJij for different weight fractions wj's of solute according to Eq.(5.2) to get 

r of polar liquid molecules as shown in Fig.5.1. The variables are found to be almost linearly 

correlated as evident from the 
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Figure 5.3 : Variation of real part of conductivity aq' against Wj at 
25°C under 9.585 GHz electric field: 
(I) Toluene (-0-) (II) 1,3,5 tri methyl benzene (-~-) (Ill) 1,2,3,4 
tetra methyl benzene (-0-) (IV) 1,2,4,5 tetra methyl benzene(-8-) 
(V) penta methyl benzene ( -•-) (VI) p-fluoro toluene ( -®-) (VII) 
Butyl ethyl ketone (-V-) (Vill) Methyl hexyl ketone (-A-) (IX) 
Ethyl pentyl ketone(- T -)(X) heptyl methyl ketone(-®-) 

correlation coefficient 'r' of the 

straight line of Eq.(5.3). It 

appears from Fig.5.1 that the 

systems like (I), (IT), (ill) and 

(VII) show low values of r (Table 

5 .1 ) indicating their departure 

from perfect linearity of the 

variables. Perfect linearity is said 

to be achieved for -1s r sl. In 

such cases, the proposed method 

to detennine r from the ratio of 

the individual slopes of CJij" and 

CJi/ against Wj according to 

Eq .( 5.4) seems to be a better 

choice and is claimed to be the 

best improvement over the other two because polar-polar interaction is avoided almost completely in 

the limit Wj = 0. The estimated t's for systems (ill), (IV), (VI) and (IX) from Eq.(5.4) are in 

agreement with those ofMurthy eta/ [5.10] and reported r. For the rest of the systems, t's are lower 

from the ratio of individual slopes except methyl hexyl ketone. All the plots of CJij "and Oij ~against 



wj' s as sketched in Figs.5 .2 

and 5.3 are parabolic in 

nature indicating the 

occurrence of associational 

aspect of polar liquid 

molecules in a non-polar 

solvent. The systems I( -0-), 

II(-~-), III( -D-), IV( -0-), 

VII(-V-), IX(-"-) and X(

®-) exhibit monotonic 

increase of Oij" with w1 like 

a;~Wj curves of Fig.5.5 in 

order to attain maxunum 

value at a certain 

concentration (wj) to show 

the convex nature. This is 

perhaps due to phase 
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Figure 5.4: Linear plots of x against y for some methyl benzenes and 
ketones at 25°C under 9.585 GHz electric field: 

(I) Toluene (-0-), (II) 1,3,5 tri methyl benzene·(-6.-), (III) 1,2,3,4 tetra 
methyl benzene (-0-), (IV) 1,2,4,5 tetra methyl benzene (-e-), (V) 
penta methyl benzene ( -•-), (VI) p-fluoro toluene ( -®-), (VII) Butyl 
ethyl ketone (-V-), (VIII) Methyl hexyl ketone (-£-), (IX) Ethyl 
pentyl ketone(- T -),(X) heptyl methyl ketone(-®-) 

transition occurring in the polar-nonpolar liquid mixture as observed elsewhere [5.12]. Similar 

variation ou" and CJij in n·l m"1 with Wj as displayed graphically in Figs.5.2 and 5.5 indicates the 

validity of the approximation of a;j'' :::=.a;j of Eq.(5.5). All the curves of Figs.5.2 and 5.5 have a 

tendency to cut a point on the a;r-axis in the limit Wj=O except systems (II) and (Ill) probably due to 

solvation effect [5.15] of the polar-nonpolar liquid mixture. The plots of Oij~WJ curves ofFig.5.3 are 

also parabolic in nature. The variation of a;/ against Wj' s for the ill( -0-), IV( -•-) and IX(-1'-) 

systems show convex shape indicating the maximum absorption of hf electric energy at Wj=0.04, 

0.06 and 0.02 respectively. The rest systems display gradual increase of Oij'with Wj probably due to 

the fact that absorbtion of electric energy increases at the higher concentration. J:his is authenticated 

by the positive coefficient of the quadratic term in the fitted equations of a;/--w1 curves ofFig.5.3. 

All the rs of the polar liquid molecules of Table 5.1 agree well with those of Murthy et al [5.10] 

from Eq.(5.3) and reported value. The reported rs based on the standard method of Gopalakrishna 

were found to be much higher [5.7-5.8] which prompted us to recalculate rs from the following 

expression [5.16]: 

, 2 , .. 2 2 3 , 
&if +&if +&if - Eij 

X=(, \2 .,2 ;y=(, \2 ,2 
\Eij + 2) +&if \Ey· + 2J + Eij 

..... ( 5.8) 
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The variation ofx againsty ofEq.(5.8) are linear as seen in Fig.5.4. One can obtain rfrom: 

1 r =----,,.....---.,... 
m(dxfdy) ..... ( 5.9 )" 

J.Jfs are recalculated by using Gopalakrishna's equation [5.16] as: 

1 

p~[9:~j {~+(:rK::Jt~r ..... ( 5.10) 

r's from the ratio of the individual slopes of Eq.(5.4), on the other hand, are found to be in better 

agreement for the systems: I ,2,3,4 tetramethyl benzene (ill); I ,2,4,5 tetramethyl benzene (IV); p· 

· fluoro toluene (VI) and ethyl pentyl ketone (IX) respectively. The other systems exhibit low values 

of r froll) the ratio of individual slopes of a;/' and a;/ against wj' s except methyl hexyl ketone 

(VITI} This behaviour can be explained on the basis of the fact that the methods of Murthy et al 

[5.10] and Gopal3krishna yield r's of either a quasi isolated polar or a dimer (solute-solute 

association) molecule. The ratio of the individual slopes, on the other hand, takes into account both 

the processes in addition to r of a dimer molecule. The smaller value of r may be due to formation 

of monomer supported by low values of r of the systems under investigation. 

Dipole moment J.l./ s are computed from the slope p of uhf conductivity Oij against Wj curves 

of Fig.5.5 and dimensionless parameter b's of Eq.(5.7) to compare with the results of Eq.(5.10) of 
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Figure 5.5 : The plot of uhf conductivity G"q against Wj : 

(I) Toluene (-0-), (II) 1,3,5 tri methyl benzene (-~), (III) 
1,2,3,4 tetra methyl benzene (-0-), (IV) 1,2,4,5 tetra methyl 
benzene (-e-), (V) penta methyl benzene (-•-), (VI) p-fluoro 
toluene (-®-), (VII) Butyl ethyl ketone (-V'-), (VIII) Methyl 
hexyl ketone (- .&. -), (IX) Ethyl pentyl ketone (- V -), (X) heptyl 
methyl ketone ( -®-) 

Gopalakrishna [5.16]. f.J's are now 

found to agree well as seen in Table 

5.2 with Murthy et a/ [5.10] and 

recalculated values of 

Gopalakrishna for all the systems 

like r's indicating the applicability 

of the methods for such systems 

under investigation. a;fs of polar

nonpolar liquid mixtures are, 

· however, concerned with the bound 

molecular charges which may be 

counted by P (Table 5.2) of OirWi 

curves of Fig.5.5. The agreement is 

better from Eqs.(5.4) and (5.7) with 

the use of the ratio of individual 
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slopes for systems (I), (ill), (IV), (VI) and (IX) respectively unlike other polar liquids where p's are 

slightly lower except for methyl hexyl ketone. Low values of p's may be due to formation of. 

monomer while high values are responsible for dimer formations. The slight difference between 

reported and estimated p' s may occur due to existence of steric hindrances among the substituted 

polar groups. 

(I). 

(IV). 

(Vll). 

(VIII). 

(IX). 

(X). 

1.23 

1.23 CHJ 

(II). 

CHJ 

(V). 

CH3 
0 

1.23 

1.23 CHJ 

~·=-I~f-•+•J:~~~m, 
H H H H 

(lll). 

flu f r f f f 
Ql 3 ~C~rr-0.1-r~.LrllLrCH 3 

H H H H H 

(V£). 

. i fiu f r l r rn ~ l-IU-c ...ll.L f -JU... f-2.Lf ...ll.L J ~ CH 3 ==-
H H H H H 

H 1 H H H HR. 

,...,. 1.23 t 0.3 0.3 f n ' f n' f n' f n' "8·~.23 ,...,. 

--u 
3-r-r-r--r--r-r--c --n 

3 

H H H H H H 

CHJ 
1.23 

6.23 

5.23 
F 

Figure 5.6: Conformational structures of polar molecules in tenns of bond angles and bond moments( X 
1 o-30 Coulomb. metre ) of the substituent groups. 

(I) Toluene, (II) 1,3,5 tri methyl benzene, (III) 1,2,3,4 tetra methyl benzene (IV), 1,2,4,5 tetra methyl 
benzene, (V) penta methyl benzene, (VI) p-fluoro toluene, (VII) Butyl ethyl ketone, (VIII) Methyl hexyl 
ketone, (IX) Ethyl pentyl ketone, (X) heptyl methyl ketone. 

The theoretical dipole moments Jltheo's are calculated on the basis of planar structures for 

the molecules from the available bond moments of CHr~C, C¢:::0, C~C, C~F and C~H of 1.23 

X 10-30
, 8 X 10-30

, 0.3 X 10-30
, 5.23 X 10-30 and l X 10-30 in Coulomb-metre (C.m) respectively. 
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CHr~C makes an angle 180° with the bond axis. The direction of C~ bond moment is taken in 

the reverse direction of bond axis [5.17]. All the substituted polar groups have the usual nature of 

either pushing or pulling electrons from the adjacent atoms of the parent molecules. Thus there 

exists a difference in electron affinity within each atom of the substituted polar groups causing 

inductive, mesomeric and electromeric effects in them, which play a role in the structure of the polar 

molecules of Fig.5.6. The solvent C~ due to its aromaticity is a cyclic planar compound having 

three alternate single and double bonds and six p-electrons on six C-atorns. The sp2 hybridised 

electrons provide delocalised Jr-electrons to each atom of the substituted polar groups of the 

molecules. CH/+-~C&- is a strong electron pushing (+I effect) while >C&+ ¢=()&- is responsible for 

both the mesomeric (-M effect) and electromeric effect. Thus all the substituted polar groups may 

be responsible to form either solute-solvent (monomer) or solute-solute (dimer) association to yield 

lower and higher f.L/S respectively depending upon the solvent used. The difference /1p between Jl:/S 

and /-ltheo's of Fig.5.6 for the methyl substituted benzenes are 5.92, 9.36, 8.74, 7.84, 5.28 and 0.2 

XI o-30 C.m for the six systems while the rest of the four ketones have -3.63, 4.8, 3.5 and -1.05 XI o-
30 C.m respectively. This indicates the mesomeric and electromeric effects which are maximum for 

1,3,5 trimethyl benzene and methyl hexyl ketone probably due to presence of strong electron 

repelling character of CH3~C group. The f.ltheo of 1,3,5 tri methyl benzene, 1,2,3,4 tetra methyl 

benzene and 1,2,4,5 tetra methyl benzene are found to be of zero. The bond moment of CH3~ 

group acts in opposite direction in a plane to yield zero value. The molecules may have considerable 

/-ltheo values if they are three dimensional structure. All these effects may be taken into account to get 

exact p;'s of Table 5.2 from /.ltheo by the factor f.lerpl f.ltheo (5.81, 5.29, 1.03, 0.55, 1.59, 1.43, 0.87) 

except for three molecules. 

5.4. Conclusion : 

The structural information of some aromatic methyl benzenes and aliphatic ketones are 

obtained from the conductivity measurement at 25°C under the most effective dispersive region of 

9.585 GHz electric field. Modern internationally accepted symbols of dielectric relaxation 

terminologies and parameters in SI units seem to be more topical, significant and useful contribution 

to obtain rand f.l of a dipolar liquid dissolved in nonpolar solvent. ;'s measured from the slope of 

the linear Oij ''-Oi/ curves are not in agreement for all cases with those from the ratio of the 

individual slopes of ay''-wj and ay'-wj in the limit wi= 0. The latter method is more significant 

because in this case one polar molecule is surrounded by a large number of non-polar molecules and 

thus polar-polar interactions are supposed to be completely eliminated. This method is thus 

supposed to yield monomeric or often dimeric structure of polar molecules. p;'s are measured from 
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the linear coefficient f3 of CTrWi curve at Wj~O. oq or Oi/' in o-
1 m·1 for some systems increase 

. gradually in order to attain the maximum value for a certain concentration of solute and then. 

decrease. This indicates the change of phase of the systems under investigation. Similar nature of 

variation of 0/j" with Wj indicates maximum absorption of hf electric energy for some systems. ;' s 

' 
and f.J./ s claimed to be accurate within 10% and 5% are also compared with those from 

Gopalakrishna's fixed frequency method. The slight disagreement between experimental f.i.i with the 

theoretical dipole moment f.i.theo for some molecules reveals different associational aspects of dipolar 

liquid molecules in a non-polar solvent from the frequency dependence of relaxation parameters. 

This study also exhibits the presence of mesomeric, inductive and electromeric effects of the 

substituent polar groups of the molecules. The theoretical f.i.theo for systems II, ill and IV are zero 

although they possess a considerable f.i.i· Tllis invariably rules out the planar structure of the 

molecules and establish a three dimensional formation. 
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CHAPTER 6 

DIELECTRIC RELAXATION PHENOMENA AND 
HIGH FREQUENCY CONDUCTIVITY OF RIGID 

POLAR LIQUIDS IN DIFFERENT SOLVENTS 
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6.1. Introduction : 

Dielectric relaxation studies of polar liquids in non-polar solvents are of much importance 

as they provide interesting information on solute-solvent and solute-solute molecular formations 

[6.1-6.2] under high frequency (hj) electric field. In order to predict associational aspects of polar 

liquids one must analyse the measured relaxation parameters to know the relaxation time r and the 

dipole moment p of a polar liquid by Cole-Cole [6.3], Cole-Davidson [6.4] plots or by sing]e 

frequency concentration variation method [6.5]. 

Srivastava and Srivastava [6.6] studied the relaxation behaviour of chloral and 

ethyltrichloroacetate in different non-polar solvents under 4.2, 9.8 and 24.6 GHz electric field 

frequencies from the measured dimensionless dielectric constants like real kij: imaginary k;/: static 

koij and infinite frequency dielectric constant kooif of polar solute (j) in different non-polar solvents (i) 

at 30°C to predict their solute-solvent or solute-solute molecular associations. They, however, 

inferred that such molecules may possess two or more relaxation processes towards dielectric 

dispersion phenomena [6.6]. The molecule chloral is widely used in medicine and in the 

manufacture of D.D. T as insecticide. EthyltricWoroacetate, on other hand, is used for artificial 

fragrance of fruits and flowers. 

All these facts inspired us to use the measured relaxation data [6.6] for such polar liquids 

only to detect the double relaxation times r1 and '!'2 from the single frequency measurement 

technique [6.7-6.8]. Earlier investigations have been made on different chain like polar molecules 

like alcohols in a non-polar solvent [6.9-6.10] to see the double relaxation phenomena at three 

different electric field frequencies. However, no such study is made so far on such rigid aliphatic 

polar liquids in different non-polar solvents under various electric field ~quencies by the double 

relaxation formalism derived from single frequency measurements of dielectric relaxation 

parameters [6.7-6.8]. It is better to study the relaxation phenomena in terms of dimensionless 

dielectric constants in SI units because of its rationalised coherent and unified nature. 

Five systems out of twelve as presented in Table 6.1 show the double relaxation times r2 

and '!'J due to rotation of the whole and the flexible parts of the molecule. r2 and r1 were calculated 

from the slope and intercept of the linear Eq.(6.7) (see later). All the straight lines are shown 

graphically in Fig.6.1 . 

The dipole moments p2 and pz of Table 6.2 due to r2 and r1 were computed in terms of 

slopes p s of total /if conductivity CTij against Wj curves of Fig.6.2, All the parabolic curves of 

conductivities cry's with W/s are found to increase with frequency of the electric field. 

The calculated p's are compared with the theoretical dipole moment )ltheo due to available 

bond angles and bond moments which are sketched in Fig.6.3 showing the associational aspect of 
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the polar molecules with solvents to observe the mesomeric and inductive moments in them under hf 

electric field. They are finally compared wi1h the reported p's and f.il obtained from f.11=f.l2(c/c2)'h 

assuming two relaxation processes are equally probable. 

Table 6.1: The estimated relaxation time T2 and Tz from the slope and the intercept of straight line 
Eq.(6.5) with errors and correlation coefficients (r) together with measured r from Uif'~u;/ curve 
and r 2' s from single broad dispersion for apparently rigid aliphatic molecules at 30°C under different 
frequencies of electric fields. 

%of error Mea<> Repor 'i/s in 
System with sl. Slope and Corrl. Estimated T2 Frequency in ured T ted T 

psec from 
no. &mol. intercept of coeff. and 'li inp- single finGHz regression in in wt.Mj Eq.(8.3) r 

technique sec broad 
psec psec dispersion 

(I) Chloral (a) 4.2 -0.3872 -0.0732 -0~91 5.54 5.27 4.77 4.78 
in benzene (b) 9.8 3.7238 0.5497 0.99 0.09 57.98 2.50 2.36 1.78 .. 

Mj=0.1475 Kg (c) 24.6 -0.1936 -0.2161 -0.41 25.08 2.45 1.73 2.01 

(II) Chloral (a) 4.2 -2.7611 -0.4191 -0.78 12.81 5.44 3.74 40.87 
in n-heptane (b) 9.8 1.6593 0.1040 0.93 3.89 25.89 1.06 1.82 0.46 .. 

Mj=0.1475 Kg (c) 24.6 1.7458 0.1752 0.95 2.56 10.60 0.69 0.91 

(III) Ethyltri-
(a) 4.2 0.3545 -0.0699 0.37 23.75 18.78 23.00 18.71 

chloroacetate 
(b) 9.8 1.5123 -0.1797 0.96 1.87 26.36 7.28 6.50- 32.53 

in benzene 
Mj=0.1915 Kg 

(c) 24.6 -2.7470 -3.3227 -0.24 25.86 5.88 3.34 37.19 

(IV) Ethyltri-
(a) 4.2 -1.7251 -0.9325 -0.26 25.68 16.38 16.53 20.13 

chloroacetate 
(b) 9.8 1.5182 0.0549 0.66 15.40 24.05 0.60 6.28 5.70-

inn-hexane 
M-=0.1915 Kg 

(c) 24.6 2.9891 1.6141 0.98 0.83 14.76 4.58 5.76 

*= Cole-Cole plot **= Gopalakrishna •s method 

The relative contributions CJ and c2 towardsdielectric dispersions for the five systems were 

obtained from the theoretical values of x =(kif~ ka:ij)/(koiJ ko:ij) andy =ku· '7(/l0 ;_,- koai;) of Frohlich's 

theory [6.11] in terms of estimated r2 and TJ of Table 6.1. They were also computed from the values 

of x andy at MJ~O of graphical technique [6.7-6.8] and placed in Table 6.3 for comparison with 

Frohilch 's c 1 and CJ. The variations of x and y with Wj of solute of Figs.6.4 and 6.5 are the least 

squares fitted parabolae with the experimental data. They are of convex and concave shapes except 

ethyltrichloroacetate inn-hexane at 9.8 and 24.6 G.Hz electric fields. This sort of behaviours was not 

observed earlier [6.7-6.8]. With these values of x andy at w1~0 the symmetric and asymmetric 

distribution parameters y and o of the molecules at those frequencies are computed and are placed in 

Table 6.3 to indicate the non-rigidity of the molecules in hfelectric field. 
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6.2. Theoretical Formulations : 

Assuming the molecules to possess two separate board dispersions under hf electric field. · 

Bergmann equations [6.12] are: 

kij-kooij 1 1 
= cl 2 2 + C2 2 2 

koij -kooij 1 + W x-1 1 +w x-2 
..... ( 6.1) 

••• 00 ( 6.2) 

such that the sum of the relative weight factors c 1 and c2 towards dielectric dispersion is unity i.e 

cz+c2=l. 

Table 6.2: Estimated intercept and slope of O"y-UJ· equations, dimensionless parameters b2, b1 
[Eq.(6.13)], estimated dipole moments /12, p1 from Eq.(6.12) and /-ltheo from bond angles and bond 
moment together with /11 from J.LI=/12(czfc2)'h. and reported pin Coulomb.metre (C.m). 

Intercept & slope Dimensionless Estimated Report~ System with sl. 
fin of a9 w1 equation parameter J.iX 1 rY0 

in C.m J.IX 1 (/0 in no. &mol. 
GHz 

wt.Mj 
a /}_ bl b2 /12 

(I) Chloral 4.2 5.990 4.208 0.981 5.02 
in benzene 9.8 13.791 10.800 0.977 0.073 19.32 
Mj=O.l475 Kg 24.6 34.880 26.010 0.875 5.46 

(II) Chloral 4.2 5.058 3.619 0.980 5.78 
in n-heptane 9.8 11.772 6.001 0.996 0.282 9.07 
Mj=O.l475 Kg 24.6 29.631 16.513 0.989 0.271 9.69 

(III) Ethyltri-
4.2 5.990 9.057 0.803 9.27 

chloroacetate 9.8 14.100 10.334 0.275 11.07 
in benzene 24.6 34.188 39.357 0.548 9.67 
Mj=O.l915 Kg 

(IV) Ethyltri- 4.2 4.984 5.599 0.843 8.97 
chloroacetate 

9.8 11.522 12.722 0.999 0.313 14.53 
inn-hexane 24.6 28.160 . 36.525 0.666 . 0.161 21.66 
M·=0.1915 Kg 
** Ref[6.5] *Computed from conductivity 

Solving Eqs.(6.1) and (62) for cz and c2 one gets: 

(xa2 - y)(I + af) 
cl = 

a2 -a1 

/11 C.m 

5.0!'" 
5.27 4.87-

5.28. 

5.72· 
4.83 6.00-
5.08 5.10. 

9.72"' 
6.50-
8.05. 

8.99"' 
8.14 8.67-
10.65 11.64 .. 

Estimated 

JliX1rfO in f.Lt'-> 
C.mfrom m 

J.li=J.licJ/c2)'h 
C.m 

13.26 10.02. 

9.71 10.02 
9.63 

10.50 

17.15 10.50 
16.37 

..... (63) 

..... ( 6.4) 
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where x =(kif'- ka:ij)/(ko;.r ka:ij) andy =ky'7(ko;_r ka:ij)- The term a=OJT and suffices 1 and 2 are, 

however, related to rz and r2 respectively. Adding Eqs.(6.3) and (6.4) one gets:. 

kuij- kij k'ij 2 
, = m( r 1 + r 2 ) 

1 
-m r r 2 

kif- kaJij kif - kaJif 
..... ( 6.5) 

as a linear equation having intercept -ol '!J '!2 and slope ~ '!J + '!2) which are obtained from the 

measured dielectric constants at different W/s of solutes under a single frequency electric field at a 

given temperature by applying linear regression technique and OF the angular frequency =21if,f 

being the frequency in GHz. 

Assuming a single broad Debye like dispersion for the polar molecules the Eq.(6.5) is 

reduced to the from [6.8] with '!J=O. 

····· ( 6.6) 

in order to get r2 for seven polar-nonpolar liquid mixtures placed in the 11th column Table 6.1. 

Again, the complex hf conductivity at/ is related to k;i 'and kif "by the relation: 

where aif~mEokij" and aij'=OJ&okij' are the real and imaginary parts of the complex conductivity 

aiJ •. The magnitude of total hf conductivity is given by: 

..... ( 6.7) 

ay·"is related to ay'by the relation: 

..... ( 6.8) 

where ; is the measured relaxation time of a polar unit and CFa:ii is constant conductivity at wr~O. 

In the hfregion, total conductivity CFiJ :ay'~ hence Eq.(6.8) is written as: 

1 I 

aiJ =aaJij +--aif 
liJ'! i 

(dav·J =-1 (daifJ 
dw. OJT. dw. 

1 wr~ 1 1 wj-+0 

P=-1 (daifJ 
liJ'!. dw. 

J 1 wi~ 

..... ( 6.9) 
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The real part ofhjconductivity CTy'at TK forwjofa solute is [6.13-6.14]: 

N 
2 ( 2 J P .. ll. ()) '!"-

, IJI""J J , 

CTij = 27k 1M. 1+ 2 ~ (kij +l~wj 
B J OJ TJ 

... -- ( 6.10) 

..... ( 6.11 ) 

where all the symbols expressed isS I units cany usual meanings [6.-14]. From Eqs.(6.9) and (6.11) 

one gets hf dipole moment f1:j from: 

..... ( 6.12) 

The dimensionless parameter b is related to r by: 

..... (6.13) 

all the J.J/s, b's and f!s as computed for chloral and ethyltrichloroacetate are presented in Table 62. 

Table 6.3: Frohlich parameter A [=ln( T2IT1)], relative contributions CJ and c2 due to TJ and T2, 

theoretical values of x andy from Frohlich Eqs.(6.14) and (6.15) and from fitting equations a8 
shown in Figs.6.4 and 6.5 at wr<> and symmetric and asymmetric distribution parameters rand o 
for the five polar-nonpolar liquid mixtures at 30°C. 

Theoretical Estimated 
System with sl. f values of Theoretical 

values of 
Estimated Estimated 

m A xandy values of 
xandy 

values of values of 
no. 

GHz fromEqs. c1 andc2 c1 andc2 yand8 
{6.14} & {6.15) 

atwr~O 

(I) Chloral 
9.8 3.14 0.587 0.364 0.52 1.10 0.362 0.228 0.32 0.69 0.42 0.38 

in benzene 

(II) Chloral 9.8 3.12 0.803 0.296 0.65 0.56 0.610 0.318 0.43 0.64 0.26 0.42 
in n-heptane 24.6 2.73 0.763 0.336 0.60 0.61 0.671 0.287 0.54 0.52 0.29 0.35 

(IV) Ethyltri-
9

_
8 3~69 0.843 0.255 0.69 0.49 0.446 0.284 0.26 0.59 0.34 0.42 

chloroacetate 
24

_
6 1.17 0.394 0.463 0.42 0.73 -0.327" 0.383 -1.07 2.41 -0.62 

inn-hexane 

The molecules under consideration are of complex type and only a few data are available 

under single frequency measurement. In the case of a continuous distribution of 'fs between the two 
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extreme values [6.12] of '!'1 and '!'2, Frohlich's theory [6.11] based on distribution of ryields: 

..... (6.14) 

..... (6.15) 

whereA=Frohlich parameter=ln(r.irJ). The theoretical values ofx andy ofEqs.(6.14) and (6.15) 

were used to get c 1 and c2. The values of c 1 and c2 can be had from the graphical plots of x andy at 

w1~0 as seen in Figs.6.4 and 6.5 respectively. CJ and c2 thus obtained by both the methods are 

shown in Table 6.3 for comparison. 

The molecules under five different environments show double relaxation phenomena (Table 

6.1) indicating their non-rigidity. In such cases dielectric relaxation behaviour may be represented 

by [6.3-6.4]: 

kif- ka;ij 

koij- ka;ij 1 +(jan s)1-r 
..... (6.16) 

..... (6.17) 

where rand l5 are symmetric and asymmetric distribution parameters which are, however, related to 

symmetric and characteristic relaxation times rs and res respectively. 

Separating the real and the imaginary parts from Eq.(6.16) we have, 

2 -I[( )X ] r= 7l" tan 1-x y -y 000 00 ( 6.18) 

where x =(k;./- k<XiJ)/(ko;r kai.J) andy =kij'1(ko;r k91) are obtained at w1~0 from Figs.6.4 and 6.5 

respectively. Similarly, 8 can be calculated as: 

tan(¢8) = y ••• 00 ( 6.19) 
X 

1 ( "')~ log(x/cos¢8) og cos or = ---=::....:...__#_-'---'- 000 •• ( 6.20) 

where tan¢=wrcs. To get o, a theoretical curve oflog(cos¢)11
¢ against tjJ is drawn as seen in Fig.6.6. 

Knowing 8¢ from Eq.(6.19), ¢can be found out from curve ofFig.6.6. With the known ¢, 8 can be 

estimated. yand oare entered in the 12th and 13th columns ofTable 6.3. 
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6.3. Results and Discussions : 

Fig.6.1 showed the linear variation of (koy-ky·')l(kt./-ko:i.J) against ky"l(ky'-ka:i.J) for different 

W/s of chloral and ethyltrichloroacetate in different non-polar solvents under 4.2, 9.8 and 24.6 GHz 

electric field frequencies at 30°C. 

The linearity is expressed in terms 

of correlation coefficients r's as 

seen in Table 6.1. The percentage of 

errors in terms of r's in the 

regression technique were 

calculated in order to place them in 

Table 6.1. The estimated values of 

T2 and TJ from intercepts and slopes 

ofEq.(6.5) are shown in the 7th and 

8th columns of Table 6.1. Double 

relaxation phenomena are, however, 

observed for chloral in n-heptane 

and ethyltrichloroacetate m n

hexane at 9.8 and 24.6 GHz electric 

fields. Chloral in benzene at 9.8 

GHz also showed the same 

.. 
D{b) 

1.500 

kq n / ( kq'-kaij ) 

Figure 6.1 : Linear variation of (koiJ-kiJ 'Y(kiJ '-k,.Lii) against 
kg"l(kg'-kay) for different W/s at 30°C. I(a), l(b) and l(c) for 
chloral in benzene(%, 0 , T ); Il(a), Il(b) and II( c) for chloral 
in n-heptane ( () l\ 0 ); ill( a), lll(b) and ill( c) for 
ethyl1richloroacetate in benzene ( A , • , Q ); IV(a), IV(b) and 
IV( c) for ethyltrichloroacetate inn-hexane ( t, e, E& ,) under 
4.2, 9.8 and 24.6 GHz electric fields respectively 

phenomenon. This observation reveals that the probability of showing double relaxation phenomena 

in aliphatic non-polar solvents at higher frequencies is maximum for such rigid aliphatic polar 

liquids. The electrostatic interaction of polar molecules with .n--delocalised electron cloud of CJL; -

ring increases the rigidity to show r2 only for the whole molecular rotation. The interaction appears 

to be absent for aliphatic polar liquids in alicyclic aliphatic non-polar solvents and thus the double 

relaxation times r2 and TJ are seen to occur in higher frequencies for their flexibility. Chloral in 

C~ at 9.8 GHz is exception probably due to the fact that the eflective dispersive region [6.15] lies 

near 10 GHz electric field for such systems. r2's for the rest seven systems showing single 

relaxation phenomena were also calculated assuming single broad Debye like dispersion [6.8] in 

them. They are placed in the 11th column of Table 6.1. It is interesting to note that r/s for the five 

systems agree well with the measured rfrom Eq.(6.8) of conductivity measurement This fact shows 

that hf conductivity measurement always yields the average microscopic T whereas the double 

relaxation phenomena offer a better understanding of microscopic as well macroscopic molecular T 
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as observed elsewhere [6.9]. T2 of Table 6.1 is higher at 9.8 GHz and decrease gradually both at 42 

GHz and 24.6 GHz electric fields in different solvents. This type of behaviour is probably due to 

larger size of the rotating unit in the effective dispersive region of nearly 10 GHz due to solute

solvent or solute-solute molecular associations which break up with the increase or decrease from 

nearly 10 GHz electric field frequency. All the r and TJ agree well with the available reported r 

placed in the 1Oth column ofT able 6.1 establishing the fact that the rotation of a part of the molecule 

is possible under hf electric field [6.16]. 

The dipole moments /12 and /11 of the polar molecules were calculated in terms of 

dimensionless parameters b's involved with rs ofEq.(6.13) and slope f3 of CJp-w1 curve ofFig.6.2 

as seen in Table 6.2. The polar liq_uid 

0.5 
l(e) 

" 
E 

n(c) 

C: 
.f: 

Q 
6 
~ ·s: 
ts 0. :J 
"0 9.8GHL 
c: 
8 -.s:::. 
"§ 
~ 

OJ 0.2 0.3 

Weight fraction Wj 

Figure 6.2: Total hf conductivity CTi_j in Q"1m"1 against W/S at 
30°C. l(a), l(b) and l(c) for chloral in benzene (%. 0 , T ); 
II( a), Il(b) and II( c) for chloral inn-heptane((},~ 0 ); lll(a), 
lll(b) and III( c) for ethyltrichloroacetate in benzene 
( A , • 1; ); IV(a), IV(b) and IV( c) for ethyltrichloroacetate 
in n-hexane ( t. e,(D ,) under 4.2, 9.8 and 24.6 GHz electric 
fields respectively 

in a given non-polar solvent behaves 

as a bound charged species due to 

polarisation under GHz electric field 

in order to have large hf conductivity 

O"if for different li] although they are 

insulators. The parabolic variation of 

CTp· with w1 increases with the electric 

field frequency as found in Fig.6.2 

yielding different slopes p s which are 

usually used to calculate hf Jl.i of a 

polar liquid from Eqs.(6.12) and 

(6.13) at a given temperature. J12's are 

found to increase from 4.2 GHz 

electric fields for chloral in n-heptane 

and ethyltrichloroacetate in n-hexane. 

This type of behaviour is probably 

due to rupture of solute-solute and solute-solvent molecular association in the hf electric field and 

the corresponding increase in the absorbtion for smaller molecular species [6.17]. But chloral and 

ethyltrichloroacetate in benzene show higher values of Jl2 at 9.8 GHz and decrease gradually from . 

24.6 GHz to 4.2 GHz electric fields. Such type of behaviour may be due to strong absorbtion of 

electric energy at 9.8 GHz and solute-solvent association of the polar solute with benzene ring. Jl2 

and p1 are, however, compared with the Jltheo's due to available bond angles and bond moments· 

8.0x10-30
, S.Oxl0-30

, 0.3xl0-30 and 2.4xl0-3° Coulomb-metre for >C<=O, C~l, C~C and 

C~OCH3 (making an angle 57° with bond axis ) respectively as displayed in Fig.6.3. Jl~'s are 
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placed in the 11th column of Table 62. The molecule chloral shows slightly larger /ltheo probably 

due to solute-solute molecular associations [Fig.6.3(ii)] in the comparatively concentrated solution 

as expected. The solute-solute associations may arise due to interaction of fractional positive charge 

F on C-atom and negative charge o on 0-atom of>C¢=0 group between two solute molecules. 

The solute-solvent association with benzene is explained on the basis of the interaction between C 

a o 
J s I Ia 

( i J Cl 5 C 0-3 ft ____,_ ""'--C----...... H 

15 t l '·33 
I&-

Cf (§j 

Iii) 

(iii) 

liv) 

~ ~.: o-u 

1 0.02 10.02 ,..,.. c .... 

Figure 6.3: Conformational structures of chloral and ethJ'ltrichloroacetate from bond angles and bond moments 
in muhiple of 10-3 Coulomb.metre. 

(i) Solute-solvent association of chloral in benzene; (ii) Solute-solute association of chloral; (iii) Solute-solvent 
association of ethyltrichloroacetate in benzene and (iv) Solute-oolute association of ethyltrichloroacetate in n
hexane. 
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atom of >C<=O group and n--delocalised · electron cloud of CJf6 ring. Ethyltrichloroacetate, on the 

other hand, shows f1.theo in agreement with th~ estimated P./ s in CJ!6 . This is due to solute-solvent 

association as sketched in Fig.6.3[(i) and (iii)] which confirms the orientation of the bond angles and 

bond moments of the substituents polar groups of the molecules in CJ!6 . The slight disagreement 

between the observed and theoretical p.' s may be either due to the steric hindrances or the 

mesomeric, inductive and electromeric effects existing within the polar groups attached to the parent 

ones. Larger values of measured p./s invariably suggest the solute-solute interactions in alicyclic 

solvent n-hexane due to interaction between adjacent C and 0 atoms of >C¢:=0 groups of two 

molecules as shown in Fig.6.3 [(ii) and (iv)]. However, the reduced bond moments by pJ f1.t~reo's in 

agreement with the estimated p./s reveals the mesomeric, inductive and electromeric effects within 

the polar groups of the molecules under consideration. 

~ ·o . 
~ 
~ 

JV(b) 

~ 
~ 0. 

II 
)< 

Weight fraction Wj 

Figure 6.4: Variation of X =(kiJ'- ka:y)l(koq- ka:i) 
with W/s of chloral and ethyltrichloroacetate at 
30°C 
I(b) for chloral in benzene at 9.8 GHz ( 0 ); II(b) 
and II(c) for chloral in n-heptane at 9.8 and 24.6 
GHz ( ~ 0 ); IV(b) and IV(c) for 
ethyltrichloroacetate in n-hexane at 9.8 and 24.6 
GHz (e, E&) electric fields. 
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'§' 
..loC 
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Weight fraction KJ 

Figure 6.5: Variation of y =kiJ"I(k01r k~ 
with W/s of chloral and ethyltrichloroacetate at 
30°C 
I(b) for chloral in benzene at 9.8 GHz ( 0 ); 
Il(b) and II( c) for chloral inn-heptane at 9.8 and 
24.6 GHz ( ~ 0 ); IV(b) and IV(c) for 
ethyltrichloroacetate inn-hexane at 9.8 and 24.6 
GHz (e, E&) electric fields 

The relative contributions c 1 and c2 toward dielectric dispersions due to 'fi and -r2 are, 

however, calculated from x =(kij'- kocij)l(k0 ;r kocij) andy =kif'7(k0 ;r kocij) ofEqs.(6.14) and (6.15) 

of Frohlich's methods [6.11]. They are compared with those due to x andy from graphical methods 
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of Figs.6.4 and 6.5 at w1~. Both the methods yield c1+c2 :::1 suggesting the applicability of the 

methods. The nature of variation of x and y with Wj is convex and concave (except 

ethyltrichloroacetate in n-hexane at 9.8 GHz and 24.6 GHz) which is not usual as observed earlier 

[6.7-6.8]. Such type of behaviour 

explained that unlike increase of r [6.18] 

it decreases with Wj probably due to 

solute-solute and solute-solvent 

molecular association. All the values of 

CJ and c2 are placed in Table 6.3 for 

comparison. In order to test the rigidity of 

the molecules the symmetric and 

asymmetric distribution parameter r and 

o were estimated from Eqs.(6.18) and 

(6.19) for fixed values of x andy at w1~0 

0) 

.Q 

Figure 6. 6: Plot of ( 1/ rfj)log( cost/i) against ¢i in degree 

ofFigs.6.4 and 6.5. The values oflog(cosq5)11
¢ against fjJ in degree as shown in Fig.6.6 is essential to 

get 8. Knowing fjJ from the curve ofFig.6.6, 8s were obtained. Both ra,nd 8 are placed in Table 6.3. 

The values of r establish the fact that the molecules obey the symmetric relaxation phenomena as 

8s are very low [6.19]. 

6.4. Conclusions : 

The study of dielectric relaxation mechanism by dimensionless dielectric constants gives a 

new insight into polar-polar and polar-nonpolar molecular interactions. The single frequency 

measurement of dielectric relaxation parameters provides a unique method to get macroscopic and 

microscopic relaxation times T2 and TI and hence dipole moments f.l2 and f.JI of the whole and the 

flexible part of the molecule. The estimation of ; or r1 and T2 from a linear equation is very simple 

and straightforward to get f.i.J· or f.JJ and f.l2 in terms of slope of CTy-Wj curve. The errors in 

measurement of ; and f.1.j can be computed by correlation coefficients and are claimed to be accurate 

within 10% and 5% respectively. The molecules under difterent states of environment show 

interesting phenomena of double or single relaxation mechanism. When the solute-solvent molecular 

interaction is almost absent in the polar solute in alicyclic aliphatic solvent; flexible part along with 

the whole molecule rotates under hf electric field giving rise what is known as double relaxation. 

The solute-solvent association, on the other hand, favours the existence of single relaxation 

phenomena by the whole molecular rotations as n--delocalised electron clouds of solvent interact 
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with the flexible parts to cease their rotations. The probability of showing double relaxation is, thus 

greater in aliphatic solvents. Various types of mol~ular associations like solute-solute and solute

solvent interactions are inferred from departure of the graphical plots of x =(kij/___ k«ij)l(ko;r k«ij) 

andy =kij'7(k0 ;_r k«ij) with w1 of Bergmann's equations. Nonrigid characteristics of the molecules 

are confirmed by estimation of symmetric rand asymmetric distribution parameter 8. The molecular 

associations are also supported by the conformational structures of the molecules in which the 

presence of mesomeric, inductive and electromeric moments due to >C<:=O group are found to play 

their vital role. The correlation between the conformational structures of such polar liquids with the 

observed results enhances the scientific content of the paper in order to add a better understanding of 

the existing knowledge of dielectric relaxation phenomena. 
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CHAPTER 7 

DOUBLE RELAXATION PHENOMENA OF DISUB
STITUTED BENZENES AND ANILINES IN NON

POLAR APROTIC SOLVENTS UNDER HIGH 
FREQUENCY ELECTRIC FIELD 
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7.1. Introduction: 

The dielectric relaxation phenomena of non-spherical and rigid polar liquid molecule in 

different nonpolar solvents at a given temperature, under a high frequency (hf) electric field attracted 

the attention of a large number of workers [7.1-7.2]. The dipole moment f.J from the relaxation time r 

of the polar liquid molecule is of much importance [7.3-7.4] to determine the shape, size, structure 

and molecular association of a polar molecule. The real &iJ' and imaginary &y· 0 parts of complex 

relative permittivity &y:, static and infinite frequency relative permittivities &oiJ and &ocy of a polar 

liquid molecule (J) in a non-polar solvent (z) at a fixed experimental temperature under a single 

frequency electric field of GHz range are used to obtain the double relaxation times r2 and r1 due to 

rotation of the whole molecule as welJ as the flexible part attached to the parent molecule [7.5]. 

Khameshara and Sisodia [7.6], Gupta et a/ [7.7] and Arrawatia et a/ [7.8] measured the 

relative perrnittivities of some disubstituted benzenes and anilines in aprotic non-polar solvents CJL; 

and CCL. under 9.945 GHz electric field at 35°C to predict the conformation of the molecules in 

terms of the relaxation time r based on the single frequency concentration variation method of 

Gopalakrishna [7 .9] and the dipole moment f.J by Higasi' s method [7 .1 0]. The compounds are very 

interesting for the different functional groups like -NH2, -CH3, -N02, -Cl etc. attached to the parent 

molecules. The samples were of purest quality and supplied by M/s Fluka and M/s E Merck 

respectively. The solvents CJL; and CCL. of M/s BDH were used after double distillation and 

suitably dried over NaCl and CaCl2• &oiJ at 35°C was measured by heterodyne beat method at 300 

KHz. &ai.J=nDi./, where the refractive index nDiJ was measured by an Abbe's refractometer. The 

weight fraction Wj of the respective solute which is defined by the weight of the solute per unit 

weight of the solution was taken up to four decimal place as the accuracy in the measurement was 

0.0012 %. &ij' and &ij"within 1% and 5% accuracies were carried out by using the voltage standing 

wave ratio in slotted line and short circuiting plunger based on the method of Heston et a/ [7 .11]. 

The possible existence of rz and r2 of the compounds was, however, detected from the relative 

permittivity measurements [7.12] under 9.945 GHz electric field at 35°C. 

Nowadays, the usual practice [7.13] is to study the dielectric relaxation phenomena in tenns 

of dielectric orientation susceptibilities X!/s. Xii's are linked with the orientation polarisation of a 

polar molecule. So it is better to work with xy's rather than &ij's or conductivity Uij's as the latters 

are involved with all the polarisation processes and the transport of bound molecular charges 

respectively [7.14]. The real XiJ~=&iJ'-&a:i.J) and imaginary XiJ'~=&v·) parts of the complex dielectric 

orientation susceptibility XiJ * ( =&iJ • -&cdj) and the low freq~ency susceptibility Xo;;( =&oi]~&«ij) which is 

real of the disubstituted benzenes and anilines in CJL; and CCL. of Table 7.1 are used to obtain their 



Table 7.1: The real zg' and imaginary zq'~ parts of the complex dielectric orientation susceptibility 
zr/* and static dielectric susceptibility Zo~ which is real for various weight fraction Wj of different 
disubstituted benzenes and anilines in CJL; and CC"' at 35 °C under 9.945 GHz electric field. 

Weight 
fraction 

Wj 

Xq" 

(I) o-chloronitrobenzene in c~6 

0.0109 0.117 0.066 
0.0173 0.169 0.100 
0.0217 0.197 0.126 
0.0280 0.253 0.165 
0.0330 0.284 0.192 

(Ill) 4-chloro 3-nitro toluene in c~6 

0.0072 0.075 0.046 
0.0144 0.098 0.088 
0.0224 0.150 0.133 
0.0323 0.200 0.179 
0.0453 0.271 0.252 

(V) o-nitrobenzotrifluoride in c6~ 

0.0085 0.094 0.058 
0.0167 0.166 0.108 
0.0244 0.226 0.159 
0.0335 0.297 0.205 
0.0402 0.353 0.255 

Xoij 

0.167 
0.254 
0.305 
0.376 
0.461 

0.132 
0.241 
0.310 
0.464 
0.630 

0.154 
0.257 
0.384 
0.495 
0.604 

(VII) 2-<:hloro 6-methyl aniline in C6!4 

0.0184 0.072 0.017 0.075 
0.0305 0.096 0.026 0.097 
0.0417 0.117 0.040 0.138 
0.0573 0.163 0.058 0.191 
0.0636 0.183 0.065 0.214 

(IX) 3-<:hloro 4-methyl aniline in c~ 

0.0214 0.088 0.032 0.099 
0.0374 0.123 0.060 0.167 
0.0403 0.133 0.066 0.185 
0.0548 0.166 0.091 0.244 

(XI) 5-chloro 2-methyl aniline in c6~ 

0.0194 0.094 0.050 0.123 
0.0249 0.110 0.064 0.153 
0.0307 0.129 0.081 0.191 
0.0480 0.182 0.129 0.292 
0.0569 0.206 0.150 0.362 

Weight 
fraction wj 

Xq' 

--------·-------:------c:--
(ll) 4-chloro 3-nit.ro benzotrifluoride inCC4 

0.0050 0.122 0.019 0.155 
0.0101 0.145 0.037 0.185 
0.0147 0.150 0.054 0.233 
0.0193 0.167 0.068 0.266 
0.0231 0.179 0.075 0.302 

(IV) 4-chloro 3-nitro toluene in CC4 

0.0041 0.145 0.039 0.208 
0.0087 0.173 0.071 0.315 
0.0128 0.190 0.101 0.419 
0.0162 0.218 0.138 0.482 
0.0203 0.241 0.165 0.586 

(VI) m-nitrobenzotrifluoride in ~14 

0.0096 0.082 0.032 0.094 
0.0173 0.103 0.060 0.157 
0.0245 0.129 0.082 0.202 
0.0326 0.157 0.106 0.265 
0.0380 0.187 0.128 0.323 

(VIII) 3-<:hloro 2-metbyl aniline in 4Ho 

0.0083 0.059 0.018 0.065 
0.0207 0.099 0.043 0.128 
0.0270 0.128 0.055 0.166 
0.0363 0.165 0.073 0.221 
0.0421 0.193 0.086 0.255 

(X) 4-chloro 2-methyl aniline in Ct;H6 

0.0196 0.124 0.063 0.151 
0.0300 0.157 0.090 0.219 
0.0417 0.199 0.121 0.304 
0.0481 0.216 0.138 0.354 
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conformational structures in tenns of molecular and intra-molecular dipole moments 112 and IJI 

involved with the estimated T2 and TJ. The disubstituted benzenes and anilines are thought to absorb 

electric energy much more strongly 

in nearly 10 GHz electric field to 

yield considerable values of TJ and 

r-2 . The eleven polar-nonpolar 

liquid mixtures under investigation 

are found to show the double 

relaxation phenomena. The most of 

the polar molecules are isomers of 

aniline and benzene. Some of the 

polar solutes are dissolved in c~ 

while a few in cc~ to observe the 

solvent efiect too. Moreover, a few 

of the polar molecules are para

compounds in which a peculiar 

fea,ture of relaxation phenomena is 

expected [7 .15]. A strong 

conclusion of double relaxation 

1.2 

.:! 0.9 

0.3 

0.0 L.L.<:L-la..,_-L.L-.__._~_.__..L-.-1 
0.0 0.2 0.4 0.6 0.8 1.0 

Figure 7.1: Linear variation of(Xotr X!i )lz9 'with X!i '1%/for 
different Wj 'sat 35°C under 9.945 GHz electric field 

L o-chloronitrobenzene in CJ:I6 ( -0-); II. 4-chloro 3-
nitrobenzotrifluoride in CC4 (-~-); Ill. 4-chloro 3-nitrotoluene 
in C<;H6 (-0-); IV. 4-chloro 3-nitrotoluene in CC4 (-e-); V. o
nitrobenzotrifluoride in C~ (-A.-); VL m-nitrobenzotrifluoride 

in C6~ ( -·-); VII. 2-chloro 6-methyl aniline in C44 (-~-); 
VIII. 3-chloro 2-methyl aniline in C~6 C-* -); IX. 3-chloro 4-
methyl aniline in C6~ ( -®--); X 4-chloro 2-methyl aniline in 
C~ (-V-) and XI. 5-chloro 2-methyl aniline in C~6 (-181-) 

phenomena of polar molecule in a non-polar solvent based on the single frequency measurement of 

relaxation parameters can be made only if the accurate value of Xoij (±1%) involved with E0 ijand Eocij 

is available. The use of nDi/ for &«iJ often introduces [7.6-7.8] an additional error in the calculation 

since Ea:iJ is approximately equal to 1 to 1.5 times of nD/. 
Bergmann et al [7.16] however devised a graphical method to obtain TI and T2 for a pure 

polar liquid. The respective weighted contributions c 1 and c2 towards dielectric relaxations were 

estimated in terms of TJ and T2. Bhattacharyya et a/ [7 .17] subsequently attempted to simplifY the 

procedure of Bergmann et a/ [7 .16] to get the same for a pure polar molecule with &~ e'~ &o and &a:J 

measured at two different frequencies in GHz range. The graphical analysis advanced by Higasi et a/ 

[7 .18] on polar-nonpolar liquid mixture was also a crud~ one. 

·Thus the object of the present paper is to detect r 1 and T2 and hence to measure /Jl and !12 

using xy's based on the single frequency measurement technique [7.12, 7.19]. The aspect of 

molecular orientation polarisation is, however, achieved by introducing %-r/s because ErxiJ which 

includes fast polarisation, frequently appears as a subtracted tenn in Bergmann equations. Thus to 
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Table 7.2: The relaxation times T2 and TJ from the slope and intercept of straight line Eq.(7.3), 
correlation coefficients r 's and % of error in regression technique, measured ;- from the slope of Zif" 
vs Zif'c>f Eq{7.15) and the ratio of the individual slopes of Zii" vs wi and Zii' vs Wj at wr~o of· 
Eq .(7 .16), reported 'l", symmetric and characteristic relaxation ·times . 'l"s and 'l"cs for different 
disubstituted benzenes and anilines at 35°C under 9.945 GHz electric field. 

Slope& % Estimated Measured ~in Rept. 
System 

intercept of 'r' of -r2 and -r1 psec fromEqs -rin -rsin 'Z"cs in 
withslno .. 

Eq.(7.3) inpsec (7.15) &(7.16) psec psec error psec 

(I) o-chloro nitro 
1.310 0.301 0.82 9.88 16.21 4.76 12.08 10.13 13.5 7.87 17.08 

benzene in C.,IL, 

(II) 4-chloro 3-nitrobe-
1.666 0.059 0.95 2.94 26.08 0.58 16.43 22;66 21.1 0;00 

nzotrifluoride in cc~ 

(III) 4-chloro 3-nitro 
1.865 0.389 0.88 6.80 26.02 3.83 16.13 19.89 20.9 10.76 39.65 

toluene in c6~ 

(IV) 4-chloro 3-nitro 
2.283 0.134 0.98 1.19 35.57 0.96 21.47 22.61 35.0 1.47 38.84 

toluene in cc~ 

(V) o- nitrobenzo 
1.063 0.067 0.70 15.38 15.93 1.08 12.09 11.08 13.7 10.89 28.83 

trifluoride in CA 

(VI) m-nitrobenzotri 
1.898 0.597 0.99 0.60 24.01 6.37 14.33 36.57 19.7 6.20 

fluoride in C.,IL, 

(VII) 2-chloro 6-
1.371 0.313 0.93 4.08 17.31 4.63 7.05 14.5_5 7.8 4.08 

methyl aniline in CJf6 

(VIII) 3-chloro 2-me 
1.596 0.386 0.99 0.60 20.79 4.76 7.98 11.49 9.9 4.57 

thyl aniline inCA 

(IX) 3-chloro 4- methyl 
1.891 0.561 0.99 0.67 24.37 5.90 12.07 13.65 13.6 7.28 

aniline in c6~ 

(X) 4-chloro 2-methyl 
3.217 1.428 0.99 0.67 42.97 8.51 12.80 11.04 18.5 7.59 

aniline in C.,IL, 

(XI) 5-chloro 2-methyl 2.075 0.811 0.97 1.78 24.85 
aniline in C.,IL, 

8.36 14.34 14.35 16.6 5.60 4.52 

avoid the clumsiness of algebra and to exclude the fast polarisation process Bergmann equations 

[7.16] are simplified by the established symbols of XiJ~XiJ"and XoifofTable 7.1 in SI units: 

..... ( 7.1) 

..... ( 7.2) 
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assuming two broad Debye type dispersions for which the sum of cnmd c2 is unity. The Eqs.(7.1) 

and (7.2) are now solved to get: 

..... ( 7.3) 

The variables U:ot.rXi.J·Yxu' and Xu''lxu' are plotted against each other for different wj's of 

the polar liquid under a single angular frequency OJ (=21if) of the electric field to get a straight line 
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.Q 0.18 ... 
0 
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-~ 
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0 0.12 
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(U 
0. 
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(U 0.06 c -a 
~ 
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Real part of dielectric susceptibility z/ 

Figure 7.2: Linear variation of Xo"withz1;'for different wj's. 

I. o-cbloronitrobenzene in CA (-0-); II. 4-cbloro 3-
nitrobenzotrifluoride in CC4 (-.6.-);- ill. 4-chloro 3-nitrotoluene 
inCA (-Q-); IV. 4-chloro 3-nitrotoluene in CC4 (-e-); V. o
nitrobenzotrifluoride in C6~ (-.A.-); VI. m-nitrobenzotrifluoride 
in C~ (-11-); VII. 2-chloro 6-methyl aniline inCA (-9f-); 
VIII. 3-chloro 2-methyl aniline in C6~ (-* -); IX. 3-chloro 4-
methyl aniline in CA (-®-); X 4-chloro 2-methyl aniline in 
C~6 (-V-) and XI. 5-chloro 2-methyl aniline in CJI6 (-1~1-) 

with intercept -al r) £2 and slope 

a\TJ+£2), as shown in Fig.7.1. 

The intercept and slope ofEq.(7 .3) 

are obtained by linear regression 

analysis made with the measured 

xu's of solutes in CC4 and CJ-4 

to get r2 and rz as found in the 6 

and 7 columns of Table 7.2.The 

variables of Eq.(7.3) are extracted 

from Table 7.1 where all the data 

are collected together system wise 

up to three decimals in close 

agreement with the expected 

[7.12] r2and '!J ofTable 7.2. Both 

£2 and '!J were found to deviate 

significantly when the data of 

Table 7.1 were taken up to two 

decimal places with the claimed 

accuracy of measurement The 

correlation coefficients r's and the% of errors were worked out to place them in Table 7.2 only to 

see how far the variables ofEq.(7.3) are collinear to each other. 

The relaxation times 't's due to Debye model are measured from the slope of Xu" vs Xu' 

curves of Fig.? .2 and the ratio of the individual slopes of Xu" vs Wj and Xu' vs Wj curves at Wj---+-0 of 

Figs.7.3 and 7.4 respectively. rs from both the methods are entered in the 8 and 9 columns of Table 

7.2 only to see how far they agree with £1 and £2 due to double relaxation method ofEq.(7.3). 



The theoretical CJ and c2 

towards dielectric dispersions 

for Z'J and -r2 of different 

disubstituted benzenes and 

anilines in CJL, and CCLt were 

calculated from Frohlich's 

[7 .20] theoretical formulations 

of Xij7Xoij and zv''IXoif· The 

experimental CJ and c2, on the 

other hand, were found out from 

(Xij'l,%oij)wj~ and (zii''lzoi.J)wj~ 

by graphical variations of 

,%ij'l,%oij and xr/'lzoij with wj's of 

Figs.7 .5 and 7~6 in order to place 

them m Table 7.3 for 

comparison. The plots of Zif 'I Xoif 

and z;/'IXoif against wf of the 

.:~--~~--(__ 
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Figure 7.3: variation of xij II against Wj of solutes 

I. o-chloronitrobenzene in 4H6 ( -0-) II. 4-chloro 3-
nitrobenzotrifiuoride in CC4 (-.6.-); ill. 4-cllloro 3-nitrotoluene in 
C~ (-0-); IV. 4-chloro 3-nitrotoluene in CC4 (-e-); V. o
nitrobenzotrifiuoride in C~ (-A-); VL m-nitrobenzotrifiuoride 
in CJI6 (-II-); VII. 2-cbloro 6-methyl aniline in 4!4 (-T-); 
VITI. 3-chloro 2-methyl aniline in CJ-16 ( -* -); IX 3-chloro 4-
methyl aniline in C6f4 ( -®--); X 4-cbloro 2-methyl aniline in 
CJI6 (-V-) and XI. 5-chloro 2-methyl aniline in CJ!6 ( -181-) 

polar liquids in Figs.7.5 and 7.6 are the least squares fitted curves with the experimental points 

placed upon them. With the values of the intercepts presented in Table 7.3 from Figs.7.5 and 7.6 and 

the graphical plot of (J/t/i)log(cost/i) against¢ in degrees given elsewhere [7.4], the symmetric and 

asymmetric distribution parameters r and 8 related to symmetric and characteristic relaxation times · 

Z's and Z'cs of the molecules were determined. They are seen in Table 7.3. The object of such 

determinations of y, 0, Z's and Z'cs is to conclude the molecular nonrigidity and distribution of 

relaxation behaviour as well. 

The dipole moments p2 and Jll were then measured in terms of dimensionless parameters b's 

involved with measured i's of Table 7.2 and coefficients P1's and /h's presented in Table 7.4 of the 

variations of hf Zif' and total hf conductivity O'if with W/s of Figs.7.4 and 7.7 respectively. The 

measured p's are found in Table 7.4 in order to compare with theoretical dipole moment Jltbeo's 

derived from available bond angles and bond moments of the substituent polar groups attached to the 

parent molecules as sketched in Fig.7.8. The structural aspect of some interesting polar molecules in 

Fig.7.8 exhibits the prominent mesomeric, inductive and electromeric effects of the substituted polar 

groups. All these effects are taken into account by the ratio f..lexp/ f.ltheo in agreement with the 

measured p's [7.6-7.8] of Table 7.4. 

J 



119 

Table 7.3: Frohlich's parameter A, theoretical and experimental values of Zif'IZoif & zq''lzoif of 
F!Uhlich equations (7.6) and (7.7) and from fitting Eqs. of Figs.7.5 and 7.6 at Wj--+0 respectively, 
theoretical and experimental relative contributions c 1 and c2 towards dielectric dispersion due to -r1 

and 'l"2, symmetric and asymmetric distribution parameters yand ofor polar-nonpolar liquid mixtures 
of disubstituted benzenes and anilines at 35°C under 9.945 GHz electric field. 

Theoretical Expt. values 

System 
withsl.no 

· values of ofx~_;'"'og-& 
Theoretical if 11-• Estimated 

A Xo 'I XoiJ & values of X'!/ Xou at Expt values of values of 
Xt/'fXoyfrom CJandc2 w_,.<)of CJ&C2 yandO 
Eqs (7.6) & Figs. 

__________________________________________ (7. ?1_ _________________________________ (7.~ & f!.6) --------------------

(I) o-chloronitro 
benzene in c~6 

1.225 0.746 0.410 0.526 0.533 0.733 0.349 0.599 0.371 0.13 0.0095 

(II)trifl-:-chlo~de~-nitrc~- 3.806 0.830 0.259 0.687 0.525 0.890 0.027 0.894 -0.012 0.&2 
nzo uon mC 14 

(III) 4-chloro 3nitro 1.916 0.677 0.409 0.527 0.649 0.600 0.309 0.508 0.435 0.28 0.0070 
toluene in CJ-16 

~~en::.~~~ 3
-nitro 3.612 0.754 0.301 0.638 0.703 0.863 0.144 0.823 0.253 0.38 0.0024 

C'?d ?""nitr~benzotriflu- 2.691 0.873 0.266 0.653 0.444 0.616 0.347 0.288 0.655 0.21 0.0084 
on emC6 .. -'6 

(VI) m-nitrobenzotri- 1.327 0.611 0.455 0.485 0.625 1.134 0.261 1.514 -0.561 -0.45 
fluoride in C614 

(VII)_lin~-c~oro 6-meth- 1.319 0.737 0.412 0.527 0.544 1.078 0.141 1.402 -0.46& -0.40 
ylam emC~6 

(Vlll) ~-ciJ!oro 2-me- 1.474 0.693 0.424 0.518 0.585 1.023 0.232 1.192 -0.194 -0.20 
thyl anilme m c~ 

(IX) 3-chloro 4- me 
thyl aniline in CJ-16 1.418 0.622 0.449 0.490 0.632 1.244 0.254 1.614 -0.588 -0.62 

~in~:~2-methyi 1.619 0.427 0.448 0.416 0.842 1.062 0.419 1.449 -0.556 -0.33 

(XI) 5-chloro 2-me 
thyl aniline in C

6
}4 1.089 0.547 0.475 0.462 0.627 0.907 0.3 I 2 1.354 -0.536 -0.03 0.02 I 0 

7.2. Formulations of Ct and Cz for tt and tz: 

The Eqs.(7 .1) and (7 .2) are now solved to get c 1 and c2 where 

(zija2- zij)(l + al
2
) 

ci = 
Xoy·(az -al) 

Cxij- zi,.a1)(l + a2 
2

) 
cz = 

l'oif(az -al) 

..... ( 7.4) 

..... ( 7.5) 
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where a1=arr1 and a2=arr2 provided a2>a1. The molecules under consideration are of complex 

type and only a few data are available under single frequency measurement in the low concentration 

region. A continuous distribution of r with two discrete values of r1 and r2 could, therefore, be 

expected. Thus from Frohlich's equations [7.20] based on distribution of rbetween the two extreme 

values of TJ and T2 one gets: 

..... (7.6) 

xij 1 [ -1 C ) -1 ( )] -.-=-tan on2 -tan ·wr1 
Xoii A 

..... ( 7.7) 

where the Frohlich parameter A is given by A=ln(r.frJ). The theoretical values of zu'IXoif and 

Xif"IXoif ofEqs.(7.6) and (7.7) were used to get theoretical CJ and c2 from Eqs.(7.4) and (7.5) in order 

to compare them with the experimental values of CJ and c2 from the graphical plots of Xv·'IXoif and 

Xif"IXoif at Wj~O as seen in Figs.7.5 and 7.6 respectively. Both the theoretical and experimental c1 

and C2 are presented in Table 7.3 for comparison. 

7.3. Distribution Parameters 1 and o Related to Symmetric and Characteristic 

Relaxation Times 'ts and 'tcs : 

The molecules are expected to show either symmetrical circular arc or a skewed arc in 

addition to other models [7.21] when the values of Xif''lzov· are plotted against Xif'IXoif at Wj~O for 

various frequencies of the electric field to yield: 

..... ( 7.8) 

• 
Xif 1 

Xoij = (1 + joncs)'5 
..... ( 7.9) 

Here, r and § are the symmetric and asymmetric distribution parameters related to symmetric and 

characteristic relaxation times Ts and Tcs respectively. Separating the real and imaginary parts of 

Eq.(7 .8) one gets: 

[( ']'' "] 2 ta -1 I Xif Xif Xoif Xif r=- n --- , ---
" X oif X if I X oif X oif 

..... (7.10) 
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1 [I( X~-/ Xoif rrc . rrcJ]t~r -r =- oos--sm-
s m xij I X oif 2 2 

..... (7.11) 

where Xi./IXoiJ and X;_/'IXoi_j are obtained from intercepts of each variable with Wj 's of Figs.7.5 and 

7.6 in the limit Wj=O. Again o and 'res can be had from Eq.(7 .9) as: 

(xij I l'oi_;)llj~O 
t:m(¢o) = r._, 

\X if I X oij t,.~ 
1 

T =-tan"' es 'I' 
{J) 

..... (7.12) 

..... (7.13) 

Since ¢can not be evaluated directly, a theoretical curve of (1/t/i)log(oost/i) with ¢in degrees was 

drawn as shown elsewhere [7 .4] from which 

.!_log(cos¢) = 1od{xijlzoif)lcos(¢o)j 
¢ ¢0 

..... (7.14) 

was found out. The known values of (1/t/i)log(costj)J was then used to obtain ¢. With known¢ and 

0, 'res were obtained from Eqs.(7.12) and (7.13) for each molecule. The estimated rand o are 

presented in columns 11 and 12 of Table 7.3. l"s and 'res are entered in columns 11 and 12 of Table 

7.2 to conclude symmetric relaxation behaviour for disubstituted anilines and asymmetric relaxation 

behaviour for disubstituted benzenes respectively. 

7.4. Theoretical Formulation for Dipole Moments J.11 and J.lt : 

The Debye equation [7 .22] for a polar-nonpolar liquid mixture under hf electric field in 

terms of Xii' s is written as: 

dzij 
--=(JJ'r 

dzij 
..... (7.15) 

..... (7.16) 

t's ofthe polar liquids could, however, be estimated from Eqs.(7.15) and (7.16) as seen in 8 and 9 

columns of Table 7.2. Again the imaginary part X!i"ofthe complex hfsusceptibility XiJ• as a function 

of Wj of a solute can be written as [7 .23-7.24 ]: 

2 
, NpiJJlJ on ( \2 

X if= 27 k 1M 1 2 2 liif + 2J wi 
lio B i +m l" 
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Table 7.4: Slope /31 of zu' vs Wj and fh of C1ij vs Wj curves, measured dipole moments f.lj from 
susceptibility measurement technique and. hf conductivity method from Eqs.(7.19) and (7.26) 
respectively, reported dipole moment, theoretical dipole moment }Jtheo from available bond angles 
and bond moments expressed in Coulomb.metre (C.m) and the values of /-lerpt I fltheo for different 
disubstituted benzenes and anilines at 35 °C under 9.945 GHz electric field. 

System with sl.no. & 
molwt 

(I) o-chloronitro 
benzene in c~6 
Mj=0.1575 Kg 

(II) 4-chloroJ-nitrobe-

Slope of 

Zii'-wj & aq- Wj Dipole moments /-lj ( x 10 -Jo ) in Coulomb .metre 

cruv~ -------------
From Eq (7.19) From Eq (7.26) J..ll J..lih J..l[ 

f.J2 f.J1 J..l2 f.J1 

J.l.,xp/ 
J..lrlreo 

8.326 4.706 16.93 12.41 17.11 12.54 14.90 14.07 14.50 17.60 0.96 

nzotrifl.uoride in CClt 3.358 1.875 13.02 6.81 13.08 6.84 9.76 11.80 10.57 12.60 1.03 
Mi=0.2255 Kg 

(III) 4-chloro 3-nitro 
toluene m c~6 4.490 2.570 17.39 9.37 17.69 9.53 12.94 14.54 14.97 18.60 0.93 
Mj=0.1715 Kg 

(IV) 4-chloro 3-nitro 
toluene in CC4 4.854 3.001 17.40 7.15 18.39 7.56 11.95 12.36 15.60 18.50 0.94 
Mj=O.l715 Kg 

(V) o-nitrobenzotri-

fluoride in ~6 8.598 4.662 18.78 13.34 18.59 13.20 16.68 16.18 16.54 20.60 0.91 
Mj=0.1910 Kg 

(VI) m-nitrobenzotri-

fluoride inC~ 1.426 0. 702 9. 77 5.83 9.22 5.50 7.27 13.52 12.24 I 2.47 0. 78 
Mj=0.1910 Kg 

(VII) 2-chloro 6-met-

hyl aniline inc~ o.728 o.s6o 4.91 3.47 5.79 4.09 3.64 4.5o 7.73 6.16 o.56 
Mj=0.1415 Kg 

(VIII) 3-chloro 2-met-

hylanilinein~6 2.674 1.693 10.47 6.66 11.20 7.13 7.14 7.86 10.07 8.27 0.81 
Mj=0.1415 Kg 

(IX) 3-chloro4-methyl 

aniline inC6~ 2.128 1.269 10.38 6.07 10.78 6.30 7.14 7.49 8.70 7.33 0.83 
Mj=O.l415 Kg 

(X) 4-chloro2-methyl 
aniline in c6~ 3.650 2.063 21.38 8.45 21.61 8.54 9.56 9.07 10.94 10.20 0.83 
Mj=0.1415 Kg 

(XI) 5-chloro2-methyl 
aniline inc~ 3.481 2.196 13.46 8.22 14.37 8.78 9.79 9.79 0.34 9.44 0.87 
Mi=O.l415 Kg 
Pia= dipole moment by using -rfrom the direct slope ofEq (7.15) 
J.ljb =dipole moment by using -rfrom the ratio of individual slopes ofEq (7.16) 

pf =reported dipole moment 
J.ltheo =theoretical dipole moment from the available bond angles and bond moments. 
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which on differentiation with respect to Wj and at wr-),0 yields: 

..... (7.17) 

where the density of the solution PiJ becomes PFdensity of solvent, (&if+2)2 becomes (&;+2i at 

wr~O, ks=Boltzmann constant, N=Avogadro's number, &,=relative permittivity of solvent and 

&0=pennittivity of free space= 8.854 x 10"12 Farad. metre-1
. All are expressed in SI units. 

Comparing Eqs.(7 .16) and (7 .17) one gets: 

..... (7.18) 

where P1 is the slope of Xif' vs Wj curves of Fig.7.4 at Wj~O. Here no approximation m 

determination of 1-':i is made like the conductivity measurement technique [7 .4] given below. 

After simplification, the hf dipole moment Iii is given by: 

1 

_ (27&0 kBTlvf 1pi J2 
Jl--

J Np;(c;+2)2 b 

here dimensionless parameter b is given by : 

7.5. Dipole Moments Jll and Jli from hfConductivity: 

..... (7.19) 

..... (720) 

The complex hf conductivity Uif • of polar-nonpolar liquid mixture in a GHz electric field is 

given by [7.25]: 

..... ( 7.21) 

where CTif{=W8o&ifJ and CTif'{=mco&ifJ are the real and imaginary parts of the complex conductivity 

aif'"in Q-1 .m-1
·. The magnitude ofthe total hfconductivity is: 

..... (7.22) 

Although &iJ'>>c-;/~ but in the high frequency region, &ij~ &if 1~ &if 11 is responsible for 

absorbtion of electric energy and offers resistance to pola,risation. Hence CTif" is related to CTif' by the 

relation [7 .25]: 

" 1 , 
CT iJ = 0" ooif + - CT if 

(J)'! 



I , 
aij = ua:Jij +-aij 

(I)T 
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..... (7.23) 

Here the approximation Uij'§: Uij is made. Differentiation of Eq.(7.23) with respect to w1 at Wj40 · 

yields: 

..... (7.24) 

where P2 is the slope of Uij vs Wjcurves ofFig.7.7 at infinite dilution Wj40 and placed in Table 7.4. 

The real part of hfconductivity ay' at TK [7.23] is given by: 

N 2 2 
. , PviJJ OJ -r ( \2 
a-ij= 22 6 v·+ 21w1 

27k8 1M 1 1 +OJ -r 

..... ( 7.25) 

Comparing Eqs.(7 .24) and (7 .25) one gets the dipole moment J.i;· from: 

..... (7.26) 

All the measured dipole moments J.i.i' s from the susceptibility measurement technique of Eq.(7 .19) 

and hf conductivity method of Eq.(7.26) are entered in the 4,5 and 6,7 columns of Table 7.4 

respectively. 

7.6. Results and Discussions: 

The double relaxation times 'rJ and 'r2 for the polar liquid molecules in different solvents are 

found out from the slope and intercept ofEq.(7.3) as shown in Fig.7.1 in terms ofthe orientation 

susceptibility parameters %ij's of Table 7.1. The zij's are, however, derived from the relative 

permittivities &y' s [7 .6-7 .8] for different weight fractions wj' s of the polar liquids. The variables of 

Eq.(7.3) i.e Cxov-zij)lzij' and zij"lzij' are plotted against each other for different wj's of solutes 

under 9.945 GHz electric field at 35°C to get linear equation by regression analysis. From Fig.7.1 it 

revealed that the fitting is good for some cases, but poor in other cases. It appears that the linear fit 

for IT (-.6.-), ill (-0-) and IV (-0-) in Figs.7.1 and 7.2 often passes through two among five data, 

others being off from the fit Nevertheless, the regression analysis was made on the basis of Eq. 

(7.3). However, the accuracy of Fig.7.1 is tested by the correlation coefficients r's, which were 
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found to be close to unity indicating the variables are almost collinear. The % of errors in terms of 

r's in getting the intercepts and slopes were worked out to find the accuracies of -r1 and -r2 

respectively. In order to locate ~e double relaxation phenomena of the polar liquid molecules in· 

non-polar aprotic solvents under inv~stigation, accurate measurement of Xoif involved with Eoij and 

0.02 0.04 0.06 

Weight fraction wi 

Figure 7.4 : Variation of Zy 'against Wj of solutes 

I. o-chloronitrobenzene in C~6 ( -0-); II. 4-chloro 3-
nitrobenzotri-fluoride in CC4 (-.6-); III. 4-chloro 3-nitrotoluene 
in C6!4 (-0-); IV. <kbloro 3-nitrotoluene in CC4 (-e-); V. o
nitrobenzotriflu-oride in CJI6 (-.A.-); VI. m-nitrobenzotrifluoride 
in C614 (---); Vll. 2-chloro 6-methyl aniline in C614 (-T-); 
VIII. 3-chloro 2-me-thyl aniline in Ct>H6 (-* -) IX 3-chloro 4-
methyl aniline in C6}4 (-®-) X <kbloro 2-methyl aniline in 
~6 (-V-) and XI. 5-chloro 2-methyl aniline in Ct>Ht; (-181-) 

&coiJ is necessary. The refractive 

index nDif measured by Abbe's 

refractrometer often yields. 

ea:;;=nDi/, although Cole Cole 

[7 .26] and Cole Davidson [7 .27] 

plots usually give &coiJ ;:: 1.0 to 

1.5 times of nDl This often 

. introduces an additional error in 

the calculations. Nevertheless, 

the accuracies of x~/~ Xif' and 

Xoif are of 5% and 1% 

respectively derived from 

measured [7.6-7.8] relative 

&cciJ· The estimated 'i1 and 'TI are 

placed in Table 7.2 in order to 

compare them with those of 

Murthy et al [7.28] ofEq.(7.15) 

and by the ratio of the individual slopes ofthe variations of ;(ij'and ;(y·'with Wj'S in the limit Wj=O of 

Eq.(7.16). The latter method seems to be better to calculate 'i since it eliminates polar-polar 

interaction almost completely. The linear plot of Xif'1lgainst z;/ ofFig.7.2 for difterent wj's of solute 

has intercepts although it was expected from Eq .(7 .15) that they should pass through the origin. 

Nevertheless, t's are found to be in close agreement with those calculated from the ratio of the 

individual slopes of the variations of xij'1lnd xy'with Wj at Wj~ ofEq.(7.16) as shown in Figs.7.3 

and 7.4. The experimental points as shown in Figs.7.3 and 7.4 with the fit are tabulated to back up 

the results of Eq.(7.16) due to Debye model. Xif'i.ncreases monotonically with wj's and has a 

tendency to meet the origin for all the curves. This type of behaviour indicates that XIJ"tends to pass 

through the origin at wr~O under 9.945 GHz electric field .. 
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It is evident from Table 7.2 that all the disubstituted benzenes exhibit the whole molecular 

rotation while the disubstituted anilines show the rotation of the flexible parts under 10 GHz electric 

field when Tz's and T]'s are compared with the reported data. This indicates the flexible parts are 

more rigid in the disubstituted benzenes rather than the disubstituted anilines. The assumptions of 

symmetric and asymmetric relaxation behaviours from Eqs.(7.8) and (7.9) for such non rigid polar 

molecules yield Ts and Tcs from 

Eqs.(7.ll) and (7.13) to place 

them in the last two columns of 

Table 7.2. It reveals that the 

symmetric and asymmetric 

relaxation processes are more 

probable since Ts and Tcs are 

almost in agreement with the 

reported t's in a solution. The 

characteristic relaxation times 

Tcs are sometimes very high 

through asymmetric distribution 

parameter J and often could not 

be determined for most of the 

molecules. The disubstituted 

benzenes showed T/ s m 

agreement with the reported t' s 

and except o-

nitrobenzotrifluoride in CJL; 

which agrees with Ts only. But 

1.2 

'1.0 

'li 
?.: 0.8 -~ 
~ 

0.6 

0.4 .._ ........ -u-..-..-.A.----'-~--'---..1 
0.00 0.02 0.04 0.06 

Weight fraction w 
. I 

Figure 7.5 : Plot of ;(g 7 XoiJ with Wj of solutes 

I. o-chloronitrobenzene in C~ ( -0-); II. 4--chloro 3~trobenz~ 
trifluoride in CC4 (-.6.-); ill. 4--chloro 3-nitrotoluene in C~6 
(-0-); IV. ~oro 3-nitrotoluene in CCLi (-e-); V. ~ 
nitrobenzotrifluoride in C~ (-'-.6.-); VI. m-nitrobenzotrifluoride 
in C~ (-11-); VII. 2<hloro 6-methyl aniline in C~ (-T-); 
VIII. 3<hloro 2-methyl aniline in CJI6 ( -* -); IX 3-chloro 4-
methyl aniline in CJIG ( -®--); X. +chloro 2-methyl aniline in 
C6Hc; (-V-) and XL 5<hloro.2-methyl aniline in C6Hc; (-[gl -) 

4-chloro 3-nitrobenzotrifluoride in CC~ and m-nitrobenzotrifluoride in CJL; yield T2 in close 

agreement with reported t's although they showed Ts =.rz. Only 2-cWoro 6-methyl aniline and 3-

chloro 2-methyl aniline inCA showed. r/s in excellent agreement with the calculated rs's. For the 

rest disubstituted anilines rz's agree well with the calculated -rs's, but the agreement is not better with 

the measured t's from Eqs.(7.15) and (7.16). It thus reveals that a part of the disubstituted anilines is 

rotating, obeying symmetric relaxation behaviour while most of the disubstituted benzenes showed 

asymmetric relaxation process for their whole molecular rotations. 
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The relative weighted contributions c 1 and c2 towards dielectric dispersions due to r 1 and r2 

are .estimated and placed in Table 7.3 by using Frohlich's Eqs{7.6) and (7.7). They are compared 

with the experimental c1 and c2 from the fitted curves of Xif'IXoif and Xif''IXoif against Wj in the limit 

Wj~O of Figs.7.5 and 7.6. The nonlinear fit with only five points for ill (-0-) and IV (-8-) of 

Fig.7.5 appeared to be non-convincing and misguiding. But three accurate experimental points are 

enough for such fit. However, the fit is done with a PC and software. All the curves ofFigs.7.5 and 

7.6 vary usually [7.12] except the convex curve V for o-nitrobenzotrifluoride in CJi6. The variations 

of z/IXoif with Wj are, however, concave and convex in nature for all systems as observed elsewhere 

[7 .12]. The left hand sides of 

Eqs.(7.1) and (7.2) vary with 

wj' s in concave and convex 

manner according to Figs.7.5 

and 7.6 are now fixed for r1 and 

z-2 once estimated from intercept 

and slope of Eq.(7.3) to yield 

experimental c 1 and c2 values 

from Eqs.(7.4) and (7.5) at 

Wj~O. This study is supposed to 

yield the accurate values of c 1 

and c2 unlike the earlier one 

[7.12] based on the graphical 

. extrapolated values of (&if~ 

&a:Ji.J)/( Eoy-&wi.J) and Ey-'7( Eoir 

Ecci1) at Wj~ drawn on the 

basis of scientific judgment. 

Although, the nature of 

variations remains unaltered, it 

is evident from Table 7.3 that 

0.3 

.:f ..... 
~ 0.2 

0.1 

0.02 0.04 0.06 

Weight fraction w. 
J 

Figure 7.6 : Plot of Xii ''/ Xoij with Wj of solutes 

I. <><hloronitrobenzene in ~ ( -0-); 11 4-cbloro 3-nitrobenzo
trifluoride in CC4 (-.6-) ill. 4-chloro 3-nitrotoluene in ~ 
(-0-); IV. 4-chloro 3-nitrotoluene in CC4 (-._); V. o-nitro
benzotrifluoride in C6I4 (-.A-); VL m-nitrobenzotrifluoride in 
CJL, ( -11-); Vll. 2-chloro 6-methyl aniline in CJL, (-T-); VID. 
3-chloro 2-methyl aniline in C6I4 (-* -~; IX 3-chloro 4-methyl 
aniline in c~6 ( -®-); X. 4-chloro 2-methyl aniline in CJL, 
(-V-) and XI. 5-chloro 2-methyl aniline inC~ (-181-) 

c2's are often negative for 4-chloro 3-nitrobenzotrifluoride in CC4, m-nitrobenzotrifluoride in CJf<; 

and for all the disubstituted anilines unlike other systems. This perhaps signifies that the rotation of 

the flexible parts of the polar molecules are not in accord with the whole molecular rotation due to 

inherent inertia of the substituted parts of the molecules under hf electric field. The theoretical values 

of c1+c2 are found to be greater than the sum of the experimental ones as listed in Table 7.3. The 

experimental values show that c1+c2 :::::1 for almost all the non-spherical polar liquid molecules. But 



(ll) 4-chloro 3-nitrobenzo... 

trifluoride in CC4 (-~-), (X) 4-

chloro 2-methyl aniline (-V-) 

and (XI) 5-chloro 2-methyl 

aniline (-12Sl-) in CJ}6 show 

considerably lower values of 

c1+c2. This may indicate the 

reliability of Eq.(7.3) so far 

derived for such molecules, 

although they show high 

correlation coefficients r' s and 

the corresponding very low % of 

errors to get the intercept and 

slope of Eq.(7.3). The largest 

theoretical c 1 +c2 value for (IV) 4-

chloro 3-nitro toluene in CC4 
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Figure 7.7: Variation of Ug against wj of solutes 

I. o-chloronitrobenzene in C&fl6 ( -0-); IT. ~hloro 3-nitrobenzo
tri:fluoride in CC4 (-.6.-); ill. ~hloro 3-nitrotoluene in CJI6 

(-D-); IV. ~hloro 3-nitrotoluene in CC4 (----); V. o-nitro
benzotrifluoride in CJI6 (-.&.-); VI. m-nitrobenzotrifluoride in 
C~ (-11-); VII. 2-chloro 6-methyl aniline in C6~ (-T-); Vlll. 
3-chloro 2-methyl aniline in C&li6 (-* -); IX 3-chloro 4-methyl 

(-0-) IS 1.34, showing a aniline in CJI6 (-®-); X 4-chloro 2-methyl aniline in C~ 
deviation of nearly 34% unlike (-V-) and XI. 5-chloro 2-methvl aniline in C,Jid -l81-) 

the other systems. The possible existence of more than two broad Debye type dispersions may be 

taken into account for such molecules of varying complexities as reported in Tables and Figures. . 

Dipole moments Jl2 and j.J.J due to rotation of the whole molecule as well as the flexible parts 

were, however, measured from Eq.(7.19) using dimensionless parameters b's involved with t's by 

both the methods and slope P/s of Zif'vs Wj curves ofFig.7.4. The measured values of jl2 and J.ii are 

presented in Table 7.4.The variations of all the Xif"s of polar-nonpolar liquid mixtures are found to 

be parabolic with wj's of polar compounds as evident from Fig.7.4. They are found to cut the 

ordinate axis at Wj=O within 0.0238· ~Xi./~ 0.0645 except 4-chloro 3-nitrobenzotrifluoride in CC4 

(-b.-), 4-chloro 3-nitrotoluene in CC4 ( -•-). This behaviour probably reflects the solvent effects 

on the polar compounds under investigation. The interaction of solute on solvent C:C4 may occur 

due to slightly positive charge 5'" on C atom of CC4 and negative charge o on Cl atom of the 

substituted group in the benzene ring as seen in Fig.7.8. All the systems are of similar nature having 

monotonic increase of Zif' with wj . The dipole moments Jl2 and f.J.J are also derived from the 

conductivity measurement technique ofEq.(7.26) using the slope fh's of O'if vs Wj curves ofFig.7.7 

and are placed in Table 7.4 for comparison. The total hf conductivity Uif of all the polar-nonpolar 

liquid mixtures increase monotonically with Wj and cut the ordinate axis within the range 



CF3 

Cl 

I. o-chloronitrobenzene in C 6H6 II. 4-chloro 3-nitrobenzotrifluoride in CCI 4 

IV. 4-chloro 3-nitro toluene in CCI 4 V. o-nitrobenzotrifluoride inC 6H6 

VII. 2-chloro 6-methyl aniline in C 6HQ IX. 3-cbloro 4-methyl aniline in C 6H6 

Figure 7.8: Conformational structures of solutes from bond angles and bond moments in 
multiple 10-30 Coulomb. metre (C.m) 
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1.2233::::; crij::::; 1.2646 at Wj=O as seen in Fig.7.7.The slight disagreement of p 1 and /12 derived from 

both the methods is due to the fact that the hf conductiVity includes the fast polarisation probably for 

the bound molecular charge associated with the molecule. All p/s for disubStituted benzenes and 

p]'s for disubstituted anilines are found to agree with the reported p's placed in Table 7.4. This 

indicates that the flexible parts of the disubstituted benzenes are more rigid in comparison to 

disubstituted anilines. 
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The hf dipole moment J.J/s are calculated by using rfrom both the methods of direct slope of 

Eq.(7.15) and the mtio of the individual slopes ofEq.(7.16) in order to place them in Table 7.4.fJ/s 

by using T from the ratio of the individual slopes are in close agreement with the reported values 

suggesting the fact that the latter method to get Tis more realistic. In such case one polar molecule is 

surrounded by a large number of non-polar solvent molecules and remains in a quasi-isolated state. 

A special attention is, therefore, paid to obtain the conforma~onal structures of some of the 

complex molecules as shown schematically in Fig.7.8. The inductive, electromeric and resonance 

effects combined with mesomeric effect of the substituted polar groups play the key role to yield the 

theoretical dipole moment /-ltheo' s depending on the electron affinity of C-atom of the benzene ring. 

The molecules have C~CF3, C+-NH2 (Ll42~, C~N02 , C~CI C+-CH3 polar groups of bond 

moments 9.53 X 10-30
, 4.93 X 10-30

, 14.10 X 10-30
, 5.63 X 10-30

, 1.23 X 10-30 Coulomb.metre (C.m) 

respectively [7.12,7.19] aligned in different angles in a plane to yield /-ltheo· Out ofthese, only -N02 

and -NH2 groups are in the habit to show resonance effect ( -R or +R ) in the molecules either by 

pulling or pushing electrons towards C-atom of the benzene ring. This resonance effect is more 

stronger than inductive effects (+I or -I) to exhibit the peculiar behaviours as seen in the X!i1%oijVS 

Wj and X!i"'Xoij vs Wj curves for the disubstituted benzenes II, IV, V, VI including all the 

disubstituted anilines. The structure of these polar molecules is of special interest as sketched in 

Fig.7.8 in view of rearrangement of charge density in them. All the disubstituted anilines include 

-Cl, -NH2 and -CH3 polar groups of which -Cl and -CH3 have very weak inductive effects ( +I or -

I ). They are easily influenced by the GHz electric field to show the rotation of their flexible parts. 

Further, the observed difference in Jl values for a polar molecule in two aprotic non-polar solvents 

may arise due to weak polarity of CC4 as shown in Fig.7.8. The difference between /-lthea's and 

experimental J.l.J·'s establishes the non consideration of inductive and mesomeric effects. All these 

effects may be taken into account by the factor /-lexpl Jl theo to yield the exact J.li and /J2 values of the 

molecules. All the polar molecules have s/ hybridized carbon atoms of benzene ring and the 

substituted parts are associated with sp3 orbital. The interaction of orbitals may lead to gain 

knowledge on accumulation of charge on the substituted groups in addition to various effects present 

in them. The conformational structures of other molecules except six ofFig.7.8 were already shown 

elsewhere [7.12,7.19]. 

7.7. Conclusions: 

The study of relaxation phenomena of disubstituted benzenes and anilines in CJf6 and CC4 

by the modern established symbols of dielectric orientation susceptibilities ;ry's measured under a 
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single frequency electric field is very encouraging. 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 temperature. The intercept and slope of the derived linear Eq.(7.3) by the 

regression analysis on the measured data of xy's of different wj's are used to get -r2 and -r1. The 

methodology so far developed in SI units is superior because of the unified, coherent and rationalised 

nature of the established symbols of dielectric terminologies ·and parameters which are directly 

linked with orientation polarisation of the molecules. The significant Eqs.(7 .15) and (7 .16) to obtain 

;·'s and hence fJ/S .from Eq.(7.19) help the future workers to shed more light on the relaxation 

phenomena of the complicated non-spherical polar liquids and liquid crystals. The prescribed method 

to obtain ;·'s from Eq.(7.16) with the use of the ratio of the individual slopes of %t/'vs Wj and zy'vs 

Wj curves at Wj---)-0 is a significant improvement over the existing ones as it eliminates polar-polar 

interaction almost completely in ;'s and ;.lj's respectively. ;'s and f.l.J-'s are usually claimed to be 

accurate within 10% and 5% respectively. But the correlation coefficient r and % of errors of 

Eq.(7.3) demand t's and p's are more than accurate. The non-spherical disubstituted benzene and 

aniline molecules absorb electric energy much more strongly nearly l 0 GHz electric field at which 

the c" for absorbtion against frequency OJ showed the peak. This invited the attention to get the. 

double relaxation times T2 and r1 from Eq.(7.3). The corresponding sum of the experimental and 

theoretical values of weighted contributions Cz and c2 towards dielectric dispersions due to estimated 

-r2 and r1 differ significantly to indicate more than two Debye type relaxations in such molecules 

because of their complexity. The t's for disubstituted benzenes as seen in Table 7.2 show the whole 

molecular rotation while the flexible parts of the disubstituted anilines rotate under 10 GHz electric 

field. Disubstituted anilines exhibit the symmetric relaxation behaviour while the asymmetric 

relaxation behaviour occurs m disubstituted benzenes in CJio except 4-chloro 3-

nitrobenzotrifluoride in CC4 and m-nitro benzotrifluoride in CJl6 respectively. J.l2 and J.li due to 'r2 

and -r1 are expected to be smaller . when they are measured from the susceptibility measurement 

technique rather than the hf conductivity method where the approximation of G'i./~·01/' is usually 

made. The difference of 112 for the first six systems and of pz for the rest five systems of Table 7.4 

between conductivity and susceptibility measurement may arise either by elongation or reduction of 

the bond moments of the substituted polar groups by the factor f.Jerpl /-ltheo in agreement with the 

measured f.1' s to take into account of the inductive, mesomeric and electromeric effects of the polar 

groups in the molecules. Thus the correlation between the conformational structures with the 

observed results enhances the scientific content to add a new horizon of understanding to the existing 

~owledge of dielectric relaxation phenomena. 
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CHAPTER 8 

D.IELECTRIC RELAXATION PHENOMENA OF 
RIGID POLAR LIQUID MOLECULES UNDER 

GIGA HERTZ ELECTRIC FIELD 
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8.1. Introduction : 

Dielectric relaxation studies of polar liquids in non-polar solvents are of much importance 

as they provide interesting information of solute-solvent or solute-solute molecular association [8.1-

8.2] under high frequency (h./) electric field. The associational aspects of polar liquids can, however 

be inferred from the measured relaxation time r by Cole-Cole [8.3], Cole-Davidson [8.4) plot or by 

single frequency concentration variation method [8.5] and dipole moment p from the measured hf 

conductivity o-9-and estimated r [8.6]. 

Srivastava and Srivastava [8.7] measured the real c-9-' and imaginary &v·" parts of complex 

relative permittivity &;/ of chloral and ethyltrichloroacetate in benzene, n-heptane and n-h·.~xane in 

4.2, 9.8 and 24.6 GHz electric field by Smyth's method [8.8] at 30°C.The polar solutes ;J) chloral 

(CChCHO) and ethyltrichloroacetate (CChCOOCH:z(;H3) were of puram grade of M/s BDH, 

England, n-hexane and n-heptane from M/s E Merck Darmstadt, Germany. Both solutes and 

·solvents were doubly distilled before making solutions ofvarying concentrati~s caJted the weigl1t 

tractions w1 of solutes that are defined as the weight of the solute per unit weight Qf the solution up 

to four decimal places as shown in Table 8.1 in each solvent. The static relative permittivity &oy· at 

100KHz and refractive index nvif of the solutions were measured. The purpose ofthis study was to 

observe the solute-solvent or solute-solute molecular interactions. They, however, inferred that these 

molecules might possess two or more relaxation processes towards dielectric dispersions. 

Nowadays, the usual practice is to study the dielectric relaxation processes in terms of /if 

dielectric orientation susceptibility Zif"' rather than &if"' or hfconductivity CJ;/ [8.9-8.10]. &v·"' includes 

within it all the polarisation processes while a9·"' is more linked to transport of bound molecular 

charges. It is, therefore, better to work with susceptibilities XiJ's as they are concerned with 

orientation polarisation. The dielectric susceptibilities real z;J(=&y-'-E<cij} and imaginary zy"(=&ij") 

parts of complex dielectric susceptibility Zif·(=&t/'-&ociJ) and the low frequency dielectric 

susceptibility Xo;f.=&ov-&<ci.J) which is real were derived from measured relative permittivities [8.7]. 

The experimental results thus collected together are placed in Table 8.1. One could not make a 

strong conclusion of double relaxation phenomena of polar molecule in a nonpolar solvent based on 

the single frequency measurement of relaxation parameters provided the accurate value of Xoii 

involved with &oiJ and &«ij is not available. The use of no/ for &«ij [8.7] often introduces the 

additional error in the calculation. Nevertheless, the data of Table 8.1 are accurate up to 5% for Zif" 

and 2% for Zif' and Zoif respectively. 

The non-spherical as well as nonrigid polar liquid molecules often possess two or more -r in 

GHz electric field for the rotation of different flexible polar groups attached to the parent molecule 
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Table 8.1: Concentration variation of the real %-;_/ and imaginary zi/' parts of dimensionless 
complex dielectric orientation susceptibility zij • and the static dielectric orientation susceptibility 
%oij which is real derived from the measured relative permittivities &;/ &;j", &oij and & ·-of chloral 
and ethyltrichJoroacetate in different non-polar solvents at 30 °C «f1 

Frequency 
Weight Weight 

fraction hj '= Eij '-E«ij hj "= Eij , Z«i=GuirE.aj fraction Zi/=Eq'-E.:dj Zi/'=Ey" L;j=F.ay-Ecr;. 
inGHz 

Wj wj 

I Chloral in benzene IT Chloral in n-heptane 

0.0255 0.0750 0.005 0.0790 0.1349 0.1853 0.022 0.2052 

(a) 4.2 
0.0977 0.2107 0.031 0.2117 0.2008 0.2996 0.029 03238 
0.1813 03984 0.080 0.4004 0.2706 0.4128 0.045 0.4531 
0.2511 0.5653 0.088 0.5703 03366 0.5356 0.060 0.5787 

0.0899 0.1803 0.041 0.2024 0.0807 0.0891 0.029 0.1271 
0.1711 0.3377 0.057 0.3719 0.1416 0.1646 0.036 0.2146 

(b) 9.8 0.1903 0.3695 0.072 0.4153 0.2003 0.2599 0.050 0.3099 
0.2510 0.5149 0.083 0.5608 0.2683 0.3828 0.055 0.4528 
0.3476 0.7333 0.099 0.8183 0.3324 0.5262 0.080 0.5722 

0.0152 0.0632 0.047 0.0664 0.0795 0.0795 0.024 0.1079 

0.0899 0.1603 0.066 0.2024 0.1349 0.1753 0.038 0.2052 

(c)24.6 0.1711 0.3177 0.104 0.3719 0.2008 0.2696 0.054 0.3238 
0.1903 0.3895 0.146 0.4153 0.2706 0.3928 0.068 0.4531 

0.3476 0.7333 0.208 0.8183 0.3366 0.5256 0.091 0.5787 

ill Ethyltrichloroacetate in benzene IV Ethyltrichloroacetate in n-hexane 

0.0211 0.1031 0.043 0.1292 0.0595 0.1430 0.052 0.1700 

0.0521 0.2061 0.095 0.2513 0.0649 0.1525 0.066 0.1839 

(a) 4.2 
0.0755 0.2885 0.154 0.3457 0.1137 0.2673 0.108 0.3154 

0.1202 0.4432 0.224 0.5312 0.1722 0.3908 0.185 0.4887 

0.1734 0.5891 0.310 0.7610 
0.2388 0.7969 0.454 1.0569 

0.0207 0.0835 0.023 0.1315 0.0210 0.0369 0.021 0.0755 

0.0498 0.1456 0.046 0.2406 0.0595 0.1030 0.041 0.1700 

0.0802 0.2083 0.079 0.3643 0.0649 0.1125 0.066 0.1839 
(b)9.8 0.1193 0.2934 0.115 0.5264 0.1137 0.1973 0.093 0.3154 

0.1764 0.4199 0.194 0.7759 0.1722 0.3408 0.126 0.4887 

0.2444 0.6074 0.226 1.0824 0.2360 0.4333 0.190 0.6970 

0.0211 0.0331 0.010 0.1292 0.0639 0.0522 0.073 0.1842 
0.0521 0.0761 0.025 0.2513 0.0845 0.1008 0.098 0.2298 

(c) 24.6 0.0755 0.1385 0.059 0.3457 0.1193 0.1167 0.137 0.3297 
0.1202 0.2132 0.086 0.5312 0.1683 O.i512 0.185 0.4782 
(\ 17'1..1 (\ ?'l.Q1 (\ 1 (\<;; (\ 7r.1 (\ 

and the whole molecule itself [8.11 ]. Bergmann et a/ [8.12], however, devised a graphical method to 

obtain n and r 2 for a pure polar liquid. The respective weighted contributions CJ and c2 tnwards 

dielectric relaxations were also estimated in terms of '!J and '!2. A graphical method [8.13] was, soon 

en1ployed from Frohlich's distribution function [8.14] to get r2 and r1 of a pure polar solute. The 
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methods indicate that a single frequency measurement is not sufficient to have correct 'l"J and r-2. 

Bhattacharya et al [8.15] subsequently attempted to get r1, r2 and c 1, c2 for a polar molecule with E~ 

E" &o and &oc measured at two different frequencies in GHz region. The graphical analysis made by 

Higasi et al [8.16] on polar-nonpolar liquid mixture was, also a crude approximation. 

Saba et al [8.6] and 

Sit et al [8.17] recently put 

forward an analytical 

method based on single 

frequency measurement of 

relative permittivities &ij: 

&i/' &oif and Eocif of polar-

nonpolar liquid mixtures of 

different w/s at a given 

temperature to get TJ, T2 and 

CJ, C2 respectively. Earlier 

investigation had been made 

on different chain-like polar 

molecules like alcohols in 

nonpolar solvents [8.18-

8.19] to see the double 

relaxation phenomena at 

-. -
~ 
I 

0.1 

"/ I Xij Xij 

Figure 8.1: Linear variation of (Xo;.rXiiYXi/ against Xii"lz;/ for 
different W]'s at 30°C. 

I(a), I(b) and I(c) for chloral m benzene (-D-, --11-, -m-); II(a), II(b) 

and II(c) for chloral in n-heptane (-0-, ---· -&-); III(a), III(b) and 

III(c) for ethyl1richloroacetate in benzene (-~-, -A-, - .t._)and IV(a), 

IV(b) and IV(c) for ethyltrichloroacetate inn-hexane (-V-, -V-,- V -) 
at 4.2, 9.8 and 24.6 GHz electric fields respectively 

three different electric field frequencies in terms of relative permittivities. However, no such study is 

made on the aforesaid rigid aliphatic polar liquid molecules in different solvents under various 

electric field frequencies from measured Xii's of Table 8.1. Chloral" is wide~ used in medicine as 

drug to induce sleep and relieve pain and in the manufacture of DD. T. as insecticides. 

Ethyltrichloroacetate, on the other hand, is used for artificial fragrance of fruits and flowers. 

Thus the object of the present paper is to detect the existence of double relaxation times Tz, 

and r2 due to rotation of the flexible part and the whole molecules themselves using zi/ s based on 

the single frequency measurement technique [8.6-8.17]. The aspect of molecular orientation 

polarisation is, however, accomplished by introducing xi/s because &a:ij .which includes fast 

polarisation frequently appears as a subtracted term in Bergmann's equations. Thus in order to avoid 

the clumsiness of algebra and exclude the fast polarisation Bergmann equations [8.12] in tenns of 

established symbols of Xii~ ;(;/'and Xoif can be written as: 
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..... ( 8.1) 

..... (8.2) 

assuming two separate broad dispersions for which the sum of c 1 and c2 is unity. Eqs.(8.1) and (8.2) 

are solved to get 

..... ( 8.3) 

When the variables Cxov-X!iYX/ are plotted against z/1Xif' for different W/s of solute under a 

given angular frequency I1J (=2Jif) of the electric field, a straight line results with the intercept

ol TJ r2 and slope ~ r1+ r2), as displayed in Fig.8.1. The intercept and slope ofEq.(8.3) are obtained 

by linear regression analysis made on the measured susceptibilities for different w/s of chloral inn

heptane and ethyltrichloroacetate inn-hexane of Table 8.1 to get r) and r2 as found in columns 7 

and 8 of Table 8.2 extracted from the data of Table 8.1 based on minimum chi-squares value. 

Table 8.2: The estimated relaxation time r2 and r1 from the slope and the intercept of straight line 
Eq.(8.3) with correlation coefficients (r) and minimum chi-squares values together with measured r 
from the slope of X!i'~Xif' ofEq.(8.16) and r2's from single broad dispersion from Eq.(8.4) for rigid 
aliphatic polar molecules at 30°C under different frequencies of electric fields. 

Minimum 

System with sl. no. Frequency 
Slope and Corrl. chi- Estimated 

&mol. wtMj finGHz 
intercept of coeff squares r2 and 't1 in t' 

Eq.(8.3) r value of p-sec 
Eq.(8.3) 

(I) Chloral (a) 4.2 -0.3872 -0.0732 -0.91 -0.010 5.27 7.53 4.77 
in benzene (b) 9.8 0.2101 -0.0733 0.49 0.006 6.42 1.88 1.78 .. 10.12 
Mj=0.1475 Kg (c) 24.6 -0.1936 -0.2161 -0.41 0.180 2.45 1.72 2.01 

(II) Chloral (a) 4.2 0.9995 0.0175 0.69 0.003 37.16 0.67 4.09 
in n-heptane (b) 9.8 1.6592 0.1040 0.93 0.053 25.89 1.06 1.78 0.46· 
Mj=0.1475 Kg (c) 24.6 1.7431 0.1748 0.96 0.020 10.60 0.69 0.90 

(III) Ethyltrichloro- (a) 4.2 0.3546 -0.0698 0.37 0.047 18.78 23.00 18.71 
acetate in benzene (b) 9.8 1.5115 -0.1800 0.97 0.005 26.36 7.28 6.50- 32.53 
Mj=0.1915 Kg (c) 24.6 -7.4034 -4.8872 -0.76 0.337 3.95 3.18 35.35 

(IV) Ethyltrichloro- (a) 4.2 0.5843 0.0382 0.86 0.004 19.30 2.86 18.66 
acetate in n-hexane (b) 9.8 1.5181 0.0548 0.66 0.153 24.05 0.60 6.28 5.70-
Mj=0.19l5 Kg (c) 24.6 2.9886 l.6134 0.99 0.010 14.76 4.58 7.09 

t' =Measured rin p-sec from Eq.(8.16) 
I = Reported 'tin p-sec 

t = -r2 in p-sec from single broad dispersion ofEq.(8.4) 
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Assuming a single Debye-like broad dispersion for a polar molecule in a given solvent, 

Eq.(9 .3) is reduced to [9 .17] with t"]=O, 

, " Xoij- %;-.i %ij 
, = «rrz , 

%y %ij 
..... ( 8.4) 

in order to get r2 for the two polar liquids in benzene as seen in the 11th column of Table 8.2. Both 

the correlation coefficients r's and the minimum chi-squares values are entered in the 5th and 6th 

columns of Table 8.2. 

The theoretical c 1 and c2 towards dielectric dispersions for chloral and ethyltrichloroacetate 

inn-heptane and n-hexane were calculated from Frohlich's [8.14] theoretical equations of Xii'IXoi; 

and X if"/ Xoif with the estimated £2 

0.1 0.2 0.3 0.4 
Weight fraction wj 

Figure 8.2: Variation of Xif'IXoif against ll1's of chloral 
and ethyltrichloroacetate at 30°C. 
II( a), Il(b) and II( c) for chloral inn-heptane (-0-, ----, 
--$--); and IV(a), IV(b) and IV(c) for 

ethyltrichloroacetate inn-hexane (-V-, -T-, -'¥._)at 
4.2, 9.8 and 24.6 GHz electric fields respectively 

and TJ of Table 8.2. The 

experimental c 1 and c2, on the other 

hand, were computed form the values 

Xii'l%oij and x/7Xoif at. WJ~o by 

graphical method of Figs.8.2 and 8.3 

in order to place them in Table 8.3 

for comparison. The plot of Xii'~Xoif 

and %/'/ %oij against Wj of the 

respective solutes in Figs.8.2 and 8.3 

are the least squares fitted parabolae 

with the experimental data placed 

upon them. They are of convex and 

concave shapes except 

ethyltrichloroacetate in n-hexane at 

9.8 and 24.6 GHz electric fields. 

With the values of Xif'IXoif and Xii'7Xoif in the limit of w1=0 of Figs.8.2 and 8.3, and the graphical 

plot of (1/t/i)log(cost/i) against ¢in degrees of Fig.8.4, the symmetric and asymmetric distribution 

parameters y and b related to symmetric and characteristic relaxation times Ts and Tcs of the 

molecules were determined and are placed in Table 8.3 to conclude the molecular non-rigidity and 

symmetric distribution as well. 

The dipole moments f.12 and }JJ of Table 8.4 from £2 and £'1 of Table 8.2 were then measured 

in terms of the linear coefficients fJ's of the variations of Xif~s with wj's ofFig.8.5. All the familiar 

parabolic curves Xif~s with wj's are found to increase with frequency (f) of the electric field. The 
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measured Jl's are compared with theoretical dipole moment Jltheo's derived from available bond 

angles and bond moments of the substituent polar groups attached to the parent ones as sketched in 

Fig.8.6. The associational aspect of the polar molecules with solvents in Fig.8.6 exhibits the 

mesomeric, inductive and electromeric effects. All these effects are taken into account by the ratio 

of Jlexp/Jltheo in agreement with the experimental results as seen in Table 8.4. They are finally 

compared with the reported Jl's and J.I/s obtained from JlJ=J12(cJ/c2)'1z assuming both the relaxation 

processes are equally probable. 

Table 8.3: Frohlich parameter A [=In( r2h"!)], relative contributions c1 and c2 towards dielectric 

dispersion due to 'Z"J and z-2, theoretical and experimental values of XiJ1XoiJ and Xi/'lzoti ofFrohlich's 
Eqs.(8.7) and (8.8) and from fitting equations ofFigs.8.2 and 8.3 at wr~O respectively and symmetric 

and asymmetric distribution parameters y and o related to symmetric and characteristic relaxation 
times 'Z"s and 'Z"cs for pol~-nonpolar liquid mixtures at 30°C. 

Theoretical 
Experimental 

values of 
System f Xu 'I Xou and 

Theoretical values of Experimental Estimated 
withsl. in A values of zij'lzoijand values of values of 'Zj. and t"cs 

Xu "'zou from no. GHz C1 and c2 Xu''lzouat c1 andc2 yando 
mp-sec 

Eq.(8. 7) and 
{8.8} wr~O 

(II) 4.2 4.0137 0.9161 0.1886 0.7373 0.3512 0.880 0.161 0.7287 0.2927 0.29 0.18 4.60 59.71 
Chloral in 9.8 3.1956 0.8028 0.2958 0.6463 0.5639 0.615 0.320 0.4334 0.6492 0.25 0.42 10.52 35.51 
n-heptane 24.6 2.7319 0.7634 0.3355 0.60430.6111 0.675 0.289 0.5395 0.5211 0.28 0.36 3.13 13.49 

(IV) 
Ethyltrichl 4.2 1.9093 0.9411 0.2071 0.6310 0.3950 0.765 0.325 0.1494 0.7762 0.14 
oroacetate 9.8 3.6910 0.8429 0.2547 0.6891 0.4943 0.445 0.286 0.2583 0.5968 0.33 
m 24.6 1.1702 0.3937 0.4629 0.4152 0.7264 -0.015 0.298 -0.3167 1.2155 -0.21 
n-hexane 

8.2. Theoretical Formulations of c1 and c2 for 'l"I and 1:2 : 

Eqs.(8.1) and (8.2) are solved for c 1 and c2 to get 

(zijaz- xij)(l + al
2
) 

cl = 
Xoif(az -al) 

(zij- xija1)0 +a/) 
Cz = 

Xoif(az -al) 

0.50 16.18 39.29 
0.43 20.48 65.69 

18.73 

..... ( 8.5) 

..... ( 8.6) 

where a1=on1 and a2=on2, provided a2 >aJ. The molecules under consideration are of complex 

type and only a few data are available under single frequency measurement in the low concentration 

region. A continuous distribution of r with two discrete values of r1 and 1:2 could, therefore, 'be 
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expected [8.12]. Thus from Frohlich's theory[8.14] based on distribution of T between the two 

extreme values of TJ and T2 one gets 

..... ( 8.7) 

xij- - 1 [tan-] C ) tan-] c )] ---- (j)£2 - (iJT] 

XoiJ A 
..... ( 8.8) 

where A=Frohlich parameter=ln(r2/r1)- The theoretical values of X;_/IXoiJ and Xv-'~'XoiJ ofEqs.(8.7) 

and (8.8) were used to get theoretical c1 and c2 from Eqs.(8.1) and (8.2) in order to compare them 

with CJ and c2 from the graphical plots of Xv·~'XoiJ and Xii'I'Xo;_; at wr~O as seen in Figs.8.2 and 8.3. 

Both the theoretical and experimental CJ and c2 are placed in Table 8.3. 

8.3. Distribution Parameters yand o Related to Ts and X'es: 

All the chemical systems are almost identical for the three frequencies employed. 

Nevertheless, the existence of double relaxations for chloral inn-heptane and ethyltrichloroacetate 

in n-hexane reflects the material property of the chemical systems (Table 82) indicating the 

molecular non-rigidity. In such case, the molecule may either show symmetrical circular arc or a 

skewed arc [8.20] when the values of Xv'~'Xoij is plotted against xij'l';(oij at wr~O for various 

frequencies of the electric field to yield: 

l'ij 1 

Xoif 1 + Umrs)l-r 
..... ( 8.9) 

..... ( 8.10) 

Here, r and o are the symmetric and asymmetric distribution parameters which are, related to 

symmetric and characteristic relaxation times rs and X'es respectively. Separating the real and 

imaginary parts from Eq.(8.9) one has 

_ 2 _1 [(1 xij- J xif I X oij xij l r- -tan --- , ---
~r Xoij X if I Xaij XaiJ 

..... ( 8.11) 

l 

1 [l(xij I Xaif pr . r~rJ] 1-r r =- cos--sm-
s m z'ij.! Xoif 2 2 

..... ( 8.12) 
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where zij'1%oij and %ij''lzoij are obtained from Figs.8.2 and 8.3 at wr~O. Again 8 and res can be had 

from Eq.(8.1 O)as: 

and 

, 
tan(¢8) =~ 

% 

1 
res =-tan¢ 

OJ 

..... ( 8.13) 

..... ( 8.14) 

Since ¢cannot be evaluated directly, a theoretical curve of (1/t/i)log(c<.)St/i) with ¢in degrees was 

drawn in Fig.8.4 from which 

~log( cos;)~ log[(.rij / z;/cos(¢5)] ..... (8.15) 

can be found out The known value of ( 1 I t/i)log( cost/f) was then use to obtain ¢. With known ¢ and 

t5, res were found out from Eqs.(8.13) and (8.14). The estimated yand oare entered in columns 12 

and 13 with Ts and 'res in columns 14 and 15 of Table 8.3 to conclude the symmetric relaxation 

behaviour tor such liquids. 

8.4. Theoretical FornnlJation for Dipole Moments Jlz and PI : 

The Debye equation [8.14] fer a polar-nonpolar liquid mixture under lif electric tteld in 

terms of ;(;_/Sis written as: 

dzZ· 
--=OJT 

dzij 
or, 

[dzif) (dzij J· -- =wr --
dw. dw-

J wj-X> J wr-)0 

..... ( 8.16) 

t's of the polar liquid could, however, be estimated from Eq.(8.16) in order to place in column 9 of 

Table 8.2. Again, the imaginary part of dielectric orientation susceptibility Zti"as a function ofwi of 

a solute can be written as [8.21-8.22] 

N P·-J.l 2 (f)T 2 xif = 1J J 2 2 (eij + 2) w j 
27&0 k8 1M1 1+m T 

Differentiation of the above equation with respect to wi and at wr~O yields: 
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..... ( 8.17) 

where the density of the solution pij becomes PF density of solvent, (eij+2i~(ei+2i at w1~0, 
kB=Boltzmann constant, N=Avogadro's number, ei=relative permittivity of solvent and 

eo=perrnittivity of free space=8.854xl0-12 F.m -L All are expressed in SI units. 

Comparing Eqs.(8.16) and (8.17) one gets 

wr(dxifJ = Npifl/ ( wr )ce. + 2)2 = wrp 
dw. 27& k TM- l+w2r 2 ' 

J w~ oB J 
1 

..... (8.18) 

where Pis the slope of x!/--w.i curves ofFig.8.5 at wr~O. Here, no approximation in determination 

of Jli is made like the conductivity measurement technique done elsewhere [8.23]. 

After simplification, the hf dipole moment 1-':i is given by: 

..... ( 8.19) 

where 

..... ( 8.20) 

is the dimensionless parameter involved with measured t's of Table 8.2. All the JL's, b's and P's as 

computed for chloral and ethyltrichloroacetate in different solvents at 30°C are placed in Table 8.4 

to compare with Jltheo's from the available bond angles and bond moments in Coulomb-metre (C.m). 

8.5. Results and Discussions : 

The double or single relaxation phenomena for chloral and ethyltrichloroacetate in benzene, 

n-heptane and n-hexane under 24.6, 9.8 and 4.2 GHz electric field frequencies were studied from the 

slopes and intercepts of linear plots in Fig.8.1 for the variables CxoirxlYzij' against xl'lzy' of 

theoretical formulation of Eq.(8.3) for different W/s of solutes at 30°C. The dielectric orientation 

susceptibilities xij: zij" and Xoif are collected together in Table 8.1 from the measured relative 

permittivities of &ij~ &ij" &oij and &ocif [8.7]. The linear regression analysis made on Eq.(8.3) with the 

data of Table 8.1 was, however, done by the use of a PC and software. The correlation coefficients 

r's are placed in Table 8.2 in getting the intercepts and slopes ofEq.(8.3) to see how far the data of 

Table 8.1 are collinear. The errors involved in the linear regression analysis ofEq(8.3) are expressed 

by chi-squares values which were initially very large in some cases. One therefore, should have 

become selective to choose a few date for some systems for which chi-squares values were adjusted 
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Table 8.4: Estimated coefficients of zl-Wj equations, dimensionless parameters b2, bl [Eq.(8.20)], 

estimated dipole moments 112 and PI from Eq.(8.19) and !ltheo from bond angle and bond moment 
together with PI from /ii=/i2(c/c2)Yz and reported pin Coulomb.metre (C.m). 

Coefficients of ;(g ~wj 
Estimated 

System with sl. 
Dimensionless 

Estimated Reported J.liX I rl0 
in 

no. &mol. 
fin equation parameter 

f.JX]rf0 in pXJrf0 C.mfrom 
GHz Xu '=a+ fJwj+ 9v/ /11heo 

wt.Mj C.m inC.m f.lJ= 
a p q bl bz 

f.li.c/cz)Yz 

(I) Chloral 4.2 0.0291 1.7212 1.6641 0.9810 5.21 5.17. 
in benzene 9.8 0.0218 1.6402 1.1834 0.8648 - . 5.42 4.87- 10.02 
Mj=0.1475 Kg 24.6 0.0333 1.4368 1.6834 0.8746 5.04 4.73 .. 

(II) Chloral 4.2 -0.0250 1.5050 0.4654 0.9997 0.5098 5.99 8.39 6.13 .. 12.16 
in n-heptane 9.8 0.0150 0.7168 2.4649 0.9958 0.2824 4.14 7.78 6.00- 8.33 10.02 
Mj=0.1475 Kg 24.6 -0.0223 1.2478 1.1078 0.9888 0.2714 5.48 10.47 5.63 .. 10.41 

(III) Ethyltrichl-
4.2 0.0295 3.5204 -1.3400 0.8028 9.39 9.70 

.. 
oroacetate 

9.8 0.0490 1.7935 1.9676 0.2751 11.45 6.50- 10.50 
in benzene 24.6 -0.0309 2.7329 -6.6401 0.7285 8.68 8.13 

.. 
Mj=0.1915 Kg 

(IV) Ethyltrichl-
4.2 2.6215 2.6215 -1.7604 0.9943 0.7940 9.16 10.28 10.30. 12.98 

oroacetate 
9.8 1.9711 1.9711 -0.2513 0.9986 0.3132 7.95 14.19 8.67- 16.74 10.50 

inn-hexane 
24.6 2.4108 2.4108 -6.6385 0.6662 0.1612 10.76 21.87 13.27 .. 16.53 

Mi=0.1915 Kg 

to be minimum for the effective utilization of the experimental data [8. 7]. The large chi-squares 

values initially obtained for Eq.(8.3) further indicate the probable uncertainty in the measurements. 

The minimum chi-squares values so adjusted on the data are presented in column 6 of Table 8.2. 

The data for chloral in benzene (-D-, -EB-) at 4.2 and 24.6 GHz and ethyltrichloroacetate inn

hexane (-..,-) at 9.8 GHz do not appear to lie on the straight line. The display of data set for 

ethyltrichloroacetate in benzene ( -~-, - .+.-) at 4.2 and 24.6 GHz and in n-hexane (-V'-) at 4.2 GHz 

is over a narrow range, which often renders the linear regression of doubtful validity. Perfect 

linearity between variables of Eq.(8.3) is said to be achieved if r=-1 or +1 although, the correlation 

coefficient r's for the systems (-EB-, -D-, _..,_)are --0.41,-0.91 and.0.66 respectively. The high 

value of r =--0.91 for chloral in benzene (-D-) at 4.2 GHz indicates that the variables ofEq.(8.3) are 

almost linearly correlated with each other while comparatively lower values ofr's of --0.41 and 0.66 

for chloral in benzene at 24.6 GHz (-EB-) and ethyltrichloroacetate inn-hexane at 9.8 GHz (-..,-) 

may occur for the experimental difficulty of the accurate measurements of the relative permittivities 

in the 24.6 GHz electric field. The desired variables C:Xov-zijYzij' and ,Xij''lzij' of Eq.(8.3) for 

ethyltrichloroacetate in benzene (-~-)and n-hexane (-V-) at 4.2 GHz and ethyltrichloroacetate in 

benzene at 24.6 GHz (-.+.-)are incidentally of narrow range although the relative perrnittivities 
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were measured [8.7] for a wide range of concentration as seen in Table 8.1. Nevertheless, the 

straight lines of the data set for the systems under consideration as displayed in Fig.8.1 are made on 

the basis of minimum chi-squares values mathematically adjusted between two variables. The high 

values of r's as shown in Table 8.2 signify the applicability of linear regression analysis on the data 

set mentioned above. 

Four data set out of six, showed mono while other two double relaxations which are 

important. Nevertheless, the measurement technique employed and sampling of the polar-nonpolar 

liquid mixtures for various concentrations called W/s were so prepared [8.7-8.8] that Xti~ Xoif and 

x;/' of Table 8.1 for different W/S are of 

2% and 5% accuracies. This type of 

anomaly showed in benzene and n

hexane the associational aspects [8.24] of 

polar molecules. The estimated values of 

r2 · and 'fJ from the intercepts and slopes 

of Table 8.2 are placed in the 7th and 8th 

columns of Table 8.2. Double relaxation 

phenomena are, however, observed for 

chloral m n-heptane and 

ethyltrichloroacetate in n-hexane at 4.2 

GHz (J-barid) 9.8 GHz (X-band) and 24.6 

GHz (Q-band) lif electric field. This fact 

indicates that the phenomena of double 

or single relaxation are the material 

property of the chemical system in 

0.1 

0.0 "=-"'-::.L:-~"'::-"'-::"'::-~ 
0.0 0.1 0.2 0.3 0.4 

Weight fraction ""i 
Figure 8 3: Variation of Xti'1,loij against ll)'s of cbJoraJ 
and ethyltrichloroacetate at 30°C. 
II( a), ll(b) and II( c) for chloral in n-heptane ( -0-, -
e-, --$-); and IV(a), IV(b) and IV(c) for 

ethyltricWoroacetate in n-hexane (-V-, -T-, - V -) 
at 4.2, 9.8 and 24.6 GHz electric fields respectively 

addition to the dependency on solvent used. It further reveals that the existence of double relaxation 

phenomena in aliphatic solvents at all the frequencies is greater than in the aromatic solvent. Both 

chloral and ethyltrichloroacetate in benzene showed the single relaxation by showing -r-2 only. The 

existence of fractional +ve charge ~ on C-atom and ~ on 0-atom of >C~ 0 group in both the 

polar liquids produces electromeric effect to form Jr-complexes with the delocalised .1r-electron 

cloud ~ of benzene ring. This prefers the solute-solvent molecular association and yields single r2 

in benzene. The r2's were calculated from Eq.(8.4) assuming single broad Debye-like dispersion 

[8.17]. They are placed in column 11 of Table 8.2. It is interesting to note that rz's for two 

molecules agree well with the measured r from Eq.(8.16) involved with measured susceptibility. 
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Thus the hf susceptibility measurement always yields the microscopic as well as macroscopic -r as 

observed for double relaxation phenomena through conductivity measurements [8.18]. 

Almost all r/s of Table 8.2 are higher at 9.8 GHz, but of low values both at 4.2 and 24.6 

GHz electric field in different solvents. Such behaviour occurs probably due to strong absorbtion of 

electric energy in the effective dispersive region of 9.8 GHz. · The solute-solvent or solute-solute 

molecular association break up at higher and lower frequencies from nearly 10 GHz electric field. 

Almost all the r1 agree with the reported r seen in the 1Oth column Table 8.2 exhibiting the 

probability of rotation of a part of the molecule under hf electric field [8.9] 

The theoretical values of the relative contributions and c 1 and c2 towards dielectric 

dispersions due to TI and l"2 are, however, calculated from Eqs.(8.5) and (8.6) with the theoretical 

values of XiJ'IXoiJ and XiJ"IXoiJ of Frohlich's [8.14] Eqs.(8.7) and (8.8). They are compared with the 

experimental c 1 and c2 derived from Eqs.(8.5) 

':&: 1.75 
(/) 

.§. 
Ol tso .Q 

30• 

ell in degree 
Figure 8.4: Plot of (1 I ¢>log/._ cos¢) against ljl.in degree. 

and (8.6) with the graphically estimated XiJ'IXoif 

and XiJ''IXoiJ of Figs.8.2 and 8.3 at w1~0. Both 

the methods yield CJ+c.r-:1 suggesting the 

applicability of the methods. The variations of 

Xif'IXoii and XiJ''IXoiJ with Wj are convex and 

concave unlike the observation made earlier 

[8.6, 8.17], except ethyltrichloroacetate in n

hexane at 9.8 and 24.6 GHz both ofwhich show 

the convex variation. Such type of behaviour is 

explained by the fact that unlike increase of -r 

[8.25] it decreases with Wj probably due to solute-solute or solute-solvent molecular associations. 

All the experimental values of c1 and c2 are placed in Table 8.3 for comparison with the theoretical 

c1 and c2. 

In order to test the non-rigid relaxation behaviour of the molecules the symmetric and 

asymmetric distribution parameters rand o were estimated from Eqs.(8.11) and (8.13) for fixed 

values of Xii'IXoiJ and Xii''IXoiJ at w1~0 from Figs.8.2 and 8.3. rand o are, however, related to 

symmetric and asymmetric relaxation times l"s and l"cs of Eqs.(8.12) and (8.14). The values of 

(1/t/i)log(cost/i) against ¢in degrees as shown in Fig.8.4 is essential to get t5. Knowing¢ from the 

curve ofFig.8.4; 8s were found out. Both y, o and rs, Tcs are placed in Table 8.3. The values of r 
establish the non-rigid and symmetrical distribution of dielectric parameters of the molecules in n

hexane and n-heptane at all the frequencies unlike £5, as they are found to be very low [8.26]. 
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The dipole moment,s f.12 and f.JI of polar molecules as presented in Table 8.4 were estimated 

from Eq.(8.19) in terms of dimensionless parameters b's of Eq.(8.20) and slope p of the familiar 

zvLwi curves of Fig.8.5 as seen Table 8.4. The variation of Xii' with w1 are almost similar as seen 

'Fig.8.5 and Table 8.4 like 

conductivity measurement presented 

elsewhere [8.23]. Estimated dipole 

moments are found in agreement with 

the reported p' s to signifY the 

applicability of the present method. 

p/s are found to increase from 24.6 

GHz to 4.2 GHz electric field 

showing the maximum values at 9.8 

GHz for both chloral and 

ethyltricWoroacetate in benzene. This 

type of behaviour may be due to 

strong absorbtion of electric energy at 

9.8 GHz and solute-solvent 

association of polar solute with 

benzene ring. But p/ s for chloral in 

n-heptane and ethyltricWoroacetate in 

Weight fraction w, 
Figure 8.5: Variation of real part of dielectric susceptibility 

xi/ witht Wj of solutes at 30°C. 
l(a), I(b) and I(c) for chloral in benzene (-D-, -•-, -aJ-); 

II(a), II(b) and II( c) for chloral inn-heptane (-0-, -e-,
&-); III(a), III(b) and III(c) for ethyltrichloroacetate in 

benzene(-~-, -A-, -A -)and IV(a), IV(b) and IV( c) for 

ethyltrichloroacetate in n-hexane (-V-, - T -, - V -) at 
4.2, 9.8 and 24.6 GHz electric fields respectively 

n-hexane increase gradually from 4.2 GHz. This sort of variation is probably due to rupture of 

solute-solute and solute-solvent molecular associations in the hf electric field and the corresponding 

increase in the absorbtion for smaller molecular species [8.27]. 

The p2 and p1 for chloral inn-heptane and ethyltricWoroacetate inn-hexane at 4.2, 9.8 and 

24.6 GHz as well as p2 of those liquids in benzene (Table 8.4) are, however, compared with f.ltJreo's 

due to available bond angles and bond moments 8.0, 5.0, 0.3 and 2.4 multiple of I o-30 Coulomb 

metre (C.m) for the substituent polar groups of C<:=O, C<:=Cl, C~C and C~OCH3 (making an 

angle 57° with bond axis) respectively with the parent molecules of Fig.8.6. f.ltheo's are entered in 

column 12 of Table 8.4. Chloral shows slightly larger f.ltheo for solute-solute molecular associations 

[Fig.8.6 (ii)] in the comparatively concentrated solution as expected [8.28]. The solute-solute 

molecular association arises due to interaction of fractional positive change ~ on C-atom and 

negative change 8' on 0-atom of >C<:=O group of two solute molecules. Only >C<:=O exhibits 

electromeric effect. The solvent CJL; on the other hand, is a cyclic compound with three double 

bonds and six p-electrons on six C-atoms. Hence 1C-1C interaction or resonance effect combined with 
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inductive effect known as mesomeric effect is expected to play an important role in the measured hf 

J.li· Special attention is, therefore, paid to study the solute-solvent molecular association with C6EL;. 

This is explained by the interaction between C-atom of carbonyl group and 7r-delocalised electron 

(I) 

(II) 
-...:... ~--~ <I<" 

\O.Ol Ul-02 
On C.m 

(Ill) 
8 • 'rSJ . =:>em 

(IV) 

Figure 8.6: Conformational structures of chloral and ethyltrichloroacetate from bond angles and bond moments 
(expressed in multiple of 1 o·30 Coulomb.metre ). 

(I) Solute-solvent molecular association of chloral in benzene, (II) Solute-solute molecular association of 
chloral in n-heptane, (III) Solute-solvent molecular association of ethyltrichloroacetate in benzene and (IV) 

Soltru>-solute molecular association of ethyltrichloroacetate in n-hexane 

cloud of benzene ring. Ethyltrichloroacetate, on the other hand, shows Jltheo in agreement with the 

estimated p's in C6EL;. This is due to solute-solvent molecular association as sketched in Fig.8.6(i) 

and (iii). Larger values of measured p's are explained by the solute-solute molecular interactions in 
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solvent n-hexane due to interaction between adjacent C and 0 atoms of >C~O groups of two 

molecules as shown in Fig.8.6(iv). However, the reduced bond moments by f.lexptl f..ltheo corroborate 

f..ltheo's in agreement with the experimental p's to measure mesomeric, inductive and electromeric 

effects of the substituent polar groups of the molecules. 

8.6. Conclusion : 

Theoretical considerations for the effective utilization of the established symbols of 

dielectric terminologies and parameters in terms of dielectric susceptibilities from dielectric relative 

permittivities appear to be more topical, significant and useful contribution in the study of dielectric 

relaxation mechanism as they are directly concerned with orientation polarisation of the polar 

molecules. The significant formulations so far derived in terms of zv< z;/' and Xoij measured under 

the single frequency measurements of relative permittivities help one to grasp a new physical insight 

into the molecular interactions. The single frequency measurement of relaxation parameters provide 

a unique method to get macroscopic and microscopic relaxation times and hence dipole moments of 

the whole and the flexible part of a molecule. The estimation of -r1 and -r2 from the linear Eq.(8.3) is 

simple and straightforward to get J..l from Eq.(8.19) in terms of slope of familiar Zif ~Wj curve. The 

correlation coefficient and chi-squares values signifY the minimum error introduced into the desired 

parameters. The molecules under identical state of environment show interesting phenomena of 

double or even single relaxation depending upon the solvent used. Aliphatic polar molecules have 

the greater probability of showing double relaxation in non-polar aliphatic solvents. Various types of 

molecular associations like solute-solute and solute-solvent association are thus inferred from the 

usual departure of the graphical plots of XiJ'IZoif and Zif''l%oiJ with w.i following Bergmann's 

equations. Non-rigid characteristics of the molecules are ascertained by the symmetric distribution 

parameter in solvents. The molecular associations are supported by the conformational structures of 

the molecules in which the mesomeric, inductive and electromeric effects play and important role. 

The correlation between the conformational structures of the compounds with the observed results 

enhances the scientific contents and adds a new horizon to understanding the existing knowledge of 

dielectric relaxation. 
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CHAPTER 9 

RELAXATION PHENOMENA OF POLAR NON
POLAR LIQUID MIXTURES UNDER LOW AN]) 

HIGH FREQUENCY ELECTRIC FIELD 
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9.1. Introduction: 

The dielectric relaxation phenomena of dipolar liquid molecules in non-polar solvents under 

high frequency electric field is of special importance to study the structure as well as different inter 

and intra molecular interactions besides solute-solvent and solute-solute molecular associations [9.1-

9 .2]. Nowadays, it is being thought to be an essential tool to investigate the inductive, mesomeric 

and electromeric moments of the substituent polar groups present in the polar molecule through the 

time and frequency domain AC spectroscopy [9.3] or dielectric orientation susceptibility [9.4] or 

conductivity measurement technique [9.5]. The hf conductivity lY'iJ is concerned with only bound 
·, 

molecular charges while the hf susceptibility XiJ contains only orientation polarisation of the dipolar 

molecule. The dipole moment /lj and the relaxation time 'rj are, however, easily measured from the 

conductivity measurements. 

Purohit et a/ [9.6-9.7] and Srivastava & Srivastava [9.8] had measured the real &iJ: 

imaginary &i/' parts of the complex relative permi~vities &/, static or low frequency and infinite 

frequency relative permittivities &oij and &cx:ij of some aliphatic molecules (j) chloral [CCbCHO], 

ethyltrichloroacetate [CChCOOCH2CH3], trifluoroethanol [CF3CH20H], trifluoroacetic acid 

[CF3COOH] and octanoyl chloride [CHJ(CH2)~0Cl] in non-polar solvents (i) under 9.8 GHz 

electric field at 30°C ,25°C and 35°C respectively. The inductive, mesomeric and electromeric 

moments of the substituent polar groups attached to the parent molecules play the vital role in the . 

formation of solute-solute (dimer) and solute-solvent (monomer) molecular associations. Chloral is 

widely used in medicine as a drug to induce sleep and relieve pain and in the manutacture of DDT 

as insecticides. Ethyltrichloroacetate, on the other hand, is used as artificial fragrance of fruits and 

flowers. Trifluoroethanol and Trifluoroacetic acid in CJI6 have a tendency to form either monomer 

or dimer formations through hydrogen bonding except octanoyl chloride. The liquids were of puram 

grade ofM/s BDH, England but octanoyl chloride was of puram grade ofM/s Fluka, AG. 

We, therefore, thought to restudy all these polar molecules from hf complex conductivity 

c:Ti./ in terms of the internationally accepted symbols of dielectric terminologies and parameters in sr 

units to predict their 1" and p. The molecules have often a tendency to exhibit double relaxation 

times r1 and r2 due to rotation of their flexible polar groups attached to parent molecules and the 

whole molecules themselves [9.9] under a single frequency electric field of GHz range at a given 

temperature. The polar molecules showed double relaxation phenomena in a particular solvent when 

the measured data are adjusted to chi-squares minimization [9.10]. The most effective dispersive 

region of almost all the polar molecules lies in the neighbourhood of 10 GHz electric field [9 .11]. 

Moreover, the com~arison of hf J..l.J· obtained from hf conductivity O'ij measurement with the static lls 

from the measured static parameter Xij seems to be interesting to see how far J..l.jinvolved with ; 
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Table 9.1: Static relative permittivity &aij, in,finite frequency relative permittivity. &aij, real part &ii' 

and imaginary part &y·" of complex relative permittivity &ij• of chloral, ethyltrichloro acetate, at 
30°C,trifluoroethanol, trifluoroacetic acid at 25°C and octanoyl chloride at 35°C in different non 
polar solvents under 9.8 GHz electric field. 

System with sl. no 
Weight Weight 

.&mol.wt 
fraction &oij &octj fraction ey' ey" 

w- w· 

0.0255 2.314 2.2350 0.0152 2.26 O.Ql5 

(I) Chloral 
0.0977 2.441 2.2293 0.0899 2.42 0.035 
0.1813 2.622 2.2216 0.1711 2.56 0.057 in benzene 
0.2511 2.785 2.2147 0.1903 2.60 0.066 

Mj=O.l475 Kg 
0.3493 3.011 2.2067 0.2510 2.75 0.087 
0.4019 3.189 2.2020 0.3476 2.97 0.116 

0.0224 1.925 1.9154 0.0224 1.93 0.017 

(II) Chloral 
0.0807 2.048 1.9209 0.0807 2.01 0.029 
0.1416 2.140 1.9254 0.1416 2.09 0.036 

in n-heptane 
0.2003 2.240 1.9301 0.2003 2.19 0.050 

Mj=0.1475 Kg 
0.2683 2.390 1.9372 0.2683 2.32 0.055 
0.3324 2.516 1.9438 0.3324 2.47 0.080 

0.0207 2.368 2.2365 0.0207 2.32 0.023 

(III)Ethyltrichloro-
0.0498 2.475 2.2344 0.0498 2.38 0.046 
0.0802 2.596 2.2317 0.0802 2.44 0.079 

acetate in benzene 
0.1193 2.753 2.2266 0.1193 2.52 0.115 

Mj=0.1915 Kg 
0.1764 2.996 2.2201 0.1764 2.64 0.194 
0.2444 3.295 2.2126 0.2444 2.82 0.226 

0.0266 1.980 1.8837 
0.0210 1.92 0.021 
0.0595 1.99 0.041 

(IV)Ethyltrichloro- 0.0639 2.072 1.8878 
0.0649 2.00 0.066 

acetate in n-hexane 0.0845 2.119 1.8892 
0.1137 2.09 0.093 

Mj=0.1915 Kg 0.1193 2.223 1.8933 
0.1722 2.24 0.126 

0.1683 2.377 1.8988 
0.2360 2.34 0.190 

0.0030 2.284 2.1994 0.0113 2.332 0.007 
(V) Trifluoro- 0.0060 2.301 2.2132 0.0215 2.396 0.041 
ethanol in benzene 0.0226 2.405 2.3061 0.0313 2.458 0.073 
Mj=0.1000 Kg 0.0311 2.456 2.3537 0.0416 2.515 0.118 

0.0411 2.525 . 2.4109 0.0523 2.638 0.189 

0.0066 2.327 2.2370 
0.0130 2.315 0.035 

(VI) Trifluoroacetic 
0.0130 2.368 2.2731 0.0271 2.350 0.056 
0.0271 2.411 2.3082 

acid in benzene 
0.0391 2.449 2.3452 

0.0391 2.377 0.069 
Mj=0.1140 Kg 0.0515 2.484 2.3671 

0.0515 2.398 0.084 

0.0630 2.519 2.3940 
0.0630 2.420 0.100 

0.0183 2.369 2.2218 0.0181 2.306 0.033 
(VII) Octanoyl chloride 0.0349 2.444 2.2176 0.0358 2.350 0.076 
in benzene 0.0497 2.526 2.2142 0.0516 2.393 0.111 
Mj=O.l625 Kg 0.0648 2.582 2.2110 0.0702 2.439 0.147 

0.0808 2.661 2.2080 0.0802 2.486 0.184 
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agree with J.ls and J.liJreo· A systematic comparison of Tj'S with the reported z's and the estimated TJ 

and r2 of the molecules by double relaxation method [9.9] enables one to conclude either a part or a 

whole molecule is rotating 

under GHz electric field. 

J.ltheo's were, however, 

obtained from available bond 

angles and bond moments of 

the substituent polar groups 

attached to the parent 

molecule [9.9-9.10]. Earlier 

investigations on different 

polar molecules [9.5] showed 

that a part of the molecule is 

rotating under hf electric field 

of nearly 3 em wavelength. 

The purpose of the present 

paper is thus to observe how 

the ap~ntly rigid aliphatic 

polar molecules behave under 

static or low frequency and 

9.8 GHz electric fields. 
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Figure 9.1: Variation of measured experimental parameter Xg with 
weight fraction Wj of solutes, 

I Chloral in benzene (-e-); II Chloral in n-heptane (-.A-); III 
Ethyltrichloroacetate in benzene (- l'-); IV Ethyltrichloroace-tate in 
n-hexane (-®-); V Trifluoroethanol in benzene (-0-); VI 
Trifluoroacetic acid in benzene (-A-) and VII Octanoyl chloride in 
benzene ( -0-). 

The static or low frequency p/s were measured from the linear coefficient of the variation 

of Xij's with wj's of a polar solute. The variables Xij is, however, related with &oij and &«if of the 

polar liquids. lis's are estimated from the measured data of Table 9.1 and placed in Table 9.3 in 

order to compare with the hf f.i/S involved with ;·'s measured from Eqs.(9.9) and (9.10) as derived 

later on. The concentration variation ofXy's are displayed in Fig.9.1 by Newton-Raphson's method 

with the experimental points placed upon them. 

The percentage of errors in getting X y-Wj curves was computed from correlation 

coefficients 'r' for all the systems. The errors introduced in a1 's are very low because r's are very 

close to unity establishing the fact Xy's are correlated almost exactly with W/s of Table 9.1. The 

ps's of Table 9.3 are found to be almost equal with hf pfs except systems V (-0-) and VI (-.1--). 

f.i/ s are estimated from the linear coefficient p s of the curves of hf cOnductivity O"ij' s against wj' s of 

polar liquids at infinite dilution and the estimated ;·'s. ;·'s are, however, obtained from the linear 

slope of CTij'!-uij' curves of Fig.9.2 and the ratio of individual slopes of CTy·" and O"ij' with Wj curves 
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at Wr~O shown in Figs.9.3 and 9.4. ;'s are placed in Table 9.2 and were used to calculate JL/S of 

Table 9.3. JL/ s from both the methods are found to agree excellently for all the systems except 

ethyltrichloroacetate and octanoyl chloride in benzene. 

Table 9.2: Slope of a-y'~ay' curves, correlation coefficients r, percentage of error in regression 
technique, relaxation time ; using Eq.(9.9), ratio of slopes of ot/~WJ and aif~w1 curves at Wj ~0, 

percentage of error in cry-'~wj and CTif~Wj curves, corresponding ; using Eq.(9.10) and reported 1 
for chloral, ethyltrichloroacetate at 30°C, trifluoroethanol, trifluoroacetic acid at 25°C and octanoyl 
chloride at 35°C in different non-polar solvents under 9.8 GHz electric field. 

tiX1012 Ratio ofslopes %of error in 
System Slope of· Corrl 

%of 
1 , regression 7]X 1012 Rept 

with Uy"-Uy .coef 
sec of uiJ -w_;& technique sec from 'l"X 1012 

error from Eq ufJ ~w1 curves sl.no curve r cr;,;"-w1 (jij~Wj Eq.(9.10) sec (9.9) at Wj~O curve curve 

(!)Chloral in 
6.8735 0.9987 0.07 2.36 6.5416 0.08 0.11 2.48 1.78. 

benzene 

(II) Chloral in 
8.9472 0.9881 0.65 1.82 8.8940 0.02 1.53 1.83 0.46· 

n-heptane 

(III) Ethyltrichloro 
2.2289 0.9820 0.98 7.29 1.3768 0.03 0.79 11.80 6.5-

acetate in benzene 

(IV) Ethyltrichloro 
2.5845 0.9826 0.95 6.28 3.1959 0.27 0.95 5.08 5.7-

acetate in n-hexane 

(V)Trifluoroethanol 
1.6508 0.9982 0.11 9.84 3.2082 0.50 0.16 5.06 13.85+ 

in benzene 

(VI)Trifluoroacetic 
1.6337 0.9973 0.16 9.94 2.1001 0.05 0.14 7.73 9.23+ 

acid in benzene 

(VII) Octanoyl chlo 
1.2019 0.9989 0.07 3.51 0.8443 0.31 0.38 19.24 18.60++ 

ride in benzene 

*= Cole-Cole plot,. 
**= Gopalakrishna's method, 
+=Calculated by Gopalakrishna's method, 
+t = Higasi' s method. 

J-1:/s thus obtained are compared with the theoretical dipole moment J.ltheo's derived from the 

available bond angles and bond moments of the substituent polar groups of the molecules [9.9-9.10] 

and presented in Table 9.3. In Fig.9.6 conformations of five dipolar molecules are displayed by 

taking into account of the reduced bond length by a factor J.ls I f..ltheo due to inductive, mesomeric and 

electromeric effects of the substituent polar groups attached to the parent molecules. 
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9.2. Theoretical Formulation of X;i to Estimate Sbilic f.ls: 

The low frequency or static dipole moment fls of a polar solute (j) in a non-polar solvent (i) · 

at any temperature TK is given by [9.12]: 

&oif -1 

&oif + 2 
..... ( 9.1 ) 

where &oif and &cx:ij are the dimensionless low and infinite frequency relative permittivities of solution 

(ij) of Table 9.1. The molar concentration Cj can be expressed by weight fraction Wj of the polar 

solute: 

pifwj 
C·=--

1 M. 
) 

ka is the Boltzmann constant, N is the Avogadro's number and &0 = permittivity of the free space= 

8.854xl o-12 Farad.metre-1
• 

The weight W; and volume Vi of a non-polar solvent is mixed with a polar solute of weight 

Uj and volume Vj to give the solution density Pi;: where, 

..... ( 9.2) 

The weight fraction Wi and Wj of solvent and solute are: 

_ wi _ wj 
w.- and w. ----=---
' wi + wj 1 wi + wj 

such that w; + w j = 1 and y = (1 - p; I p j) where p; and Pi are densities of pure solvent and 

pure solute respectively in SI units. 

Now Eq .(9 .1) may be written as : 

or, . 

. .... ( 9.3) 

The above equation can be expressed as a best fitted polynomial equation ofwj like 
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..... (9.4) 

Now equating the coefficients offlfSt power ofwj ofEqs.(9.3) and (9.4) one gets; 

( )

l/2 
= 27&c)i jkBTa1 . 

Jls N 
Pi 

. .... ( 9.5) 

where ar is the slope ofXy-Wj curve ofFig.9.1. But .Us from the coefficients ofhigher powers ofwj 

of Eqs.(9.3) and (9.4) are not reliable as they are involved with various effects of solvent, relative 

density, solute-solute association, internal field, macroscopic viscosity etc, .Us from Eq.(9.5) along 

with a1 are placed in Table 9.3 to compare with hf f.l/s as well as /li and ,U2 from double relaxation 

method and /ltheo from the available bond angles and bond moments. 

Table 9.3: Values of coefficients ofX!f = ao + a1wj +a2w/ and O"if = a+ f3wj +l;w/ curves, static 
and hf dipole moment Jls, and Jl.j , theoretical dipole moment ,Utheo. reported dipole moment .u and 
estimated JLI and .U2 of the flexible part and the whole molecule by double relaxation method for 
chloral, ethyltrichloroacetate at 30°C, trifluoroethanol, trifluoroacetic acid at 25°C and octanoyl 
chloride at 35°C in different non-polar solvents under 9.8 GHz electric field. 

Coeff Coeff. 
J..L/X Jl/X 

Rept Corrc 
of of J..LsX f.ltheo · 

J..IX __!:2_ f.ltmo 
J..IJX J..lzX 

System with sl.no. 
Xg-Wj O"g-Wj 

1030 1030 1030 X1030 
1030 Xl030 

1030 1030 

&mol.wt in in in in Jltheo . in in 
curve curve 

C.m C.m C.m C.m 
in m 

C.m C.m 
ao.a1.a2 a. /3.? C.m C.m 

(I) Chloral in 0.0017 1.2206 
benzene 0.0992 0.9559 5.28 5.27 5.27 10.02 4.87 0.53 5.31 5.27 19.32 
Mj=O.l475 Kg 0.0207 0.5611 

(II) Chloral in -0.0013 1.0419 
n-heptane 0.1053 0.5311 6.17 4.85 4.85 10.02 6.00 0.62 6.21 4.83 9.07 
Mj = 0.1475 Kg -0.0144 1.1538 

(Ill) Ethyltricbloro- 0.0028 1.2468 
acetate in benzene 0.2049 0.9425 8.65 6.46 7.29 10.50 6.50 0.82 8.61 11.07 
Mj = 0.1915 Kg -0.0719 1.0703 

(IV) Ethyltrichloro 0.0027 1.0198 
acetate in n-hexane 0.1299 1.1260 7.96 8.71 8.52 10.50 8.67 0.76 7.97 8.13- 14.53 
Mj = 0.1915 Kg 0.1231 -0.0323 

(V) Trifluoroeth- 0.0047 1.2535 
anol in benzene 0.0144 1.3716 1.64 5.93 5.31 2.78 9.98 0.59 1.64 
Mj = 0.1000 Kg 0.2276 41.238 

(VI) Trifluoroace- 0.0049 1.2430 
tic acid in benzene 0.0077 1.5621 1.28 6.77 6.40 8.47 5.58 0.15 1.27 8.77 
Mj = O.ll40 Kg 0.2279 -5.3871 

(VII) Octanoyl 0.0028 1.2396 
chloride in benzene 0.2870 0.8981 9.54 6.99 8.33 11.62 9.14 0.82 9.55 7.02 
M· = 0.1625 Kg -0.4601 6.9372 

J..L/=hfdi:pole moment by using ~ofEq.(9.9) J..L/=hf dipole moment by using ~ ofEq.(9.10) 



9.3. Formulation of h/Conductivity U;j to Estimate; and hf Jli: 

The complex relative dielectric permittivity e;/ under hf electric field is: 

c , . , 

&if =eif -:1 &if 

where &if' and &if" are the real and imaginary parts of e;./. The hf complex conductivity CTiJ * 

of a polar-nonpolar liquid mixture for a given weight fraction Wj is (9.12] 

* '+" , CTif =crif 1 O"if 

or, 
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--- .. ( 9.6) 

where (J)f;o&ij"=crv-' and (J)f;0 &ij'=o-ij'' are the real and imaginary parts of complex conductivity, e0 = 

permittivity of free space= 8.854 X 10-12 F.m-1 andj is a complex number= ..f-1. 

The total hf conductivity O"if is given by: 

--- .. (9.7) 

Again, o-ij'i.s related to ot/by 

--- .. ( 9.8) 

CTa:iJ is the constant conductivity at infinite dilution of Wj=O and ;- is the relaxation time of a dipolar 

liquid. Eq.(9.8) on differentiation w.r.to CTij'yields 

dcrZ- =-1-
d crij (J)T .i 

--· .. (9.9) 

which provides a convenient method to obtain iJ of a polar. molecule. It is, however, better to use the 

ratio of the individual slopes of variation of O"if" and CTiJ' with w.i in order to avoid the polar -polar 

interaction at w1~0 in a given solvent to get 'if from: 

1 
..... (9.10) 

where OF21lj andfis the frequency of the applied hfelectric field. 

In hf region of GHz range, it is generally observed cr;/~ CTiJ as evident from Figs.9.3 and 

9.5 hence Eq.(9.8) becomes 
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p =_I (do-if] 
OJ'r. dw. 

J J wr-)() 

..... (9.11) 

Here /3 = (da iJ I dw 1 t __.o is the slope of o-9-w1 curves ofFig.9.5 at wr~O. 
J 

The real part O"ij 'of a polar-nonpolar liquid mixture of Wj at T K is [9 .12] given by: 

..... (9.12) 

Now, comparing Eqs.(9 .11) and (9 .12) one gets the hf Jlj from : 

[ 
27M -k8 Tp ]Yz 

f.J - J 
j- Np;(E;+2)2 ah 

..... ( 9.13) 

wherer, 

..... ( 9.14) 

is a dimensionless parameter involved with ;·'s obtained from Eqs.(9.9) and (9.10). The other 

symbols used in Eq.(9.13) are N= Avogadro's number, Pi = density of the solvent, c; = relative 

permittivity of the solvent, M;= molecular weight of the solute and kB= Boltzmann constant All are 

expressed in SI units. All the computed hf f.J.j'S in terms of ps and b's are presented in Table 9.3. 

They are compared with f.JJ and J.l2 of the .flexible part and the whole molecule by the double 

relaxation method [9.9] as entered in Table 9.3. The computed ;'s are, however, placed in Table 9.2 

to compare with those by other methods and freshly calculated Gopalakrishna's method for the last 

three systems. 

9.4. Results and Discussion: 

The dipole moments ps' s of the polar molecule under static or low frequency electric field 

are estimated from the slope a1 of the Xy-Wj curves of Fig:9.1. Xij is related to static and infinite 

frequency relative permittivities Eoij and Eq;jj of Eq .(9 .1) at different Wj 's of polar solutes presented 

in Table 9.1. All the curves of X9-against Wj were, however, drawn by best-fitted regression analysis 

made on available experimental data extracted from Table 9.1 in order to plot Fig.9.1. Each system 

consists of a polar solute in different non-polar solvents usually shows almost same slopes as seen in 

Fig.9.L This signifies the almost same polarity of the molecules under investigation [9.13]. 
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Polarisations are found to be slightly larger for ethyltrichloroacetate in benzene, n-hexane and 

octanoyl chloride in benzene in comparison to other molecules. The increase in polarisation is due to 

1.6 

1.5 

c 
~- 1.3 

1.2 

1.1 

1. 0 ._,__...___...._...___,_..L--.....___.__~ ......... 
0.00 0.03 0.06 0.09 0.12 

Figure 9.2: Linear plot of aiin against aii 'for different weight 

fraction w-" 
I. Chloral in benzene (-e-); II. Chloral in n-heptane (-.&-); 
III. Ethyltrichloroacetate in benzene (-T-); IV. 
Ethyltrichloroacetate inn-hexane(-®-); V. Trifluoroethanol in 
benzene (-0-); VI. Tritluoroacetic acid in benzene (-.!\-) and 
VII. Octanoyl chloride in benzene ( -0-). 

the increase in dipole moment 

which means that dimerisation 

takes place in such a manner that in 

the dimeric molecule, the dipoles 

are inclined . at an angle less than 

90° so that the dipole moment is 

more than that of the monomer. The 

correlation coefficients r' s m 

getting the coefficients of Xy-Wj 

curves ofFig.9.1 were very close to 

unity i.e, 0.9993, 0.9978, 0.9999, 

0.9998, 0.9693, 0.9574 and 0.9980 

for seven systems of tables and 

figures respectively and hence 

percentage of errors in terms of r's 

were very small. 

The relaxation time ; of 

the molecules are estimated by 

using the linear slope of O"y·'~aif' curve of Murthy et a/ [9 .14] and the ratio of individual slopes of 

O"y·'~w1 and O"if~WJ at w1~0. It is evident from Table 9.2 that ;'s agree well in both the methods 

except ethyltrichloroacetate (III), trifluoroethanol (V) and octanoyl chloride (VII) all in benzene. 

This behaviour is explained on the basis of solute-solute (dimer) molecular association in the higher 

concentration region which turn into solute-solvent (monomer) association due to rupture of dimer. 

In such case it is better to use the ratio of individual slopes of ot/' and ay' in C::r1m-1 against Wj at 

infinite dilution as seen in Figs.9.3 and 9.4 where polar-polar interaction is almost avoided 

completely to compute ;. The curves of O"y·'~aif' in Fig.9.2 are not perfectly linear with the 

experimental data according to Eq.(9.9) for the systems Ill(- T-), N (-®-)and V (-0-). In such 

cases polar-polar interaction in the higher concentration region or solute-solvent association in the 

lower concentration region may be the cause for such non-linear behaviour. The almost parallel 

nature of the curves I and II; ill and N in Fig.9.3 of ay.t~w1 curves indicates the same polarity of 

the molecules of chloral and ethyltrichloroacetate in different solvents. The higher magnitude of O"y" 

in o·1m-1 in benzene for each solute ofFig.9.3 may reveal the solute-solute (dimer) interaction ofthe 

polar molecules. Curve VI ( trifluoroacetic acid in benzene) of Fig.9.3 are found to increase 
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gradually to show maximum at Wj =0.1401. This type ofbehaviour may be due to transition of phase 

[9 .15] occurred after a certain concentration of the solute. Like systems II and IV in n-heptane and 

n-hexane, the other curves ofFig.9.3 for solvent benzene meet at a point on the ordinate axis 1.2206 

~ O"iJ" ~ 1.2526 at wrO exhibiting the probable solvation effect of polar solute in same non-polar 

solvent. It is evident from Fig.9.3 that all the curves are almost same as total /if conductivity O"iJ in 

Q-1m-1 plotted against Wj in Fig.9.5. This indicates the validity of the approximation Oi/~O"ij in 

Eq.(9.11). All the curves of a;/ in Fig.9.4 increase gradually with Wj and become closer to yield 

O"ij~ at Wj=O. Such nature of curves are explained on the basis of the fact that absorbtion of /if 

electric energy increases with concentration. The magnitude of absorbtion is maximum for 

trifluoroethanol in benzene (V) and minimum for chloral in n-heptane (ll) although concentration of 

polar solute of the latter system is higher than the former. 
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Figure 9.3: Variation of imaginary part of hf · 
complex conductivity a0 "with weight fraction wi 

I. Chloral in benzene (-e-); II. Chloral in n
heptane (-.A-); III. Ethyltrichloroacetate in benzene 
(- 'Y-); IV. Ethyltrichloroacetate in n-hexane ( -®
); V. Trifluoroetbanol in benzene (-0-); Vl. 
Trifluoroacetic acid in benzene ( -~) and Vll. 
Octanoyl chloride in benzene ( -0-). 
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Figure 9A: Variation of real part of hf complex 
conductivity cr0 'with weight fraction wi. 

I. Chloral in benzene (-e-); II. Chloral in n
heptane (-A-); III. Ethyltrichloroacetate in 
benzene (-T-); IV. Ethyltrichloroacetate in n
hexane (-®-); V. Trifluoroethanol in benzene (-
0-); VI. Trifluoroacetic acid in benzene ( -~-) and 
VII. Octanoyl chl~de in benzene ( -0-). 

The high frequency dipole moments ,u1 of the polar liquids are estimated in terms of slope f3 

of O'y-WJ curve ofFig.9.5 and dimensionless parameter b's in order to show them in Table 9.3. They 

are compared with ,Us, JiJ, ,U2 and reported ,u's respectively. All the curves of total hfconductivity CTij 

in Q-1m-1 against Wj ofFig.9.5 are parabolic as evident from the coefficients a, jJand ;-of Table 9.3. 

This indicates that conductivity of the mixture with the absorbtion of hf electric energy increases 

with Wj's of solute except system VI. These curve when extrapolated beyond the experimental data 
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exhibits maximum t:YiJ at Wj = 0.1401 and then decreases gradually thereafter like uy'~wj curves of 

Fig.9.3 probably due to transition of phase [9.15] occurred at that concentration. This type of 

behaviour invariably demands experimental measurement beyond this concentration of polar liquid 

already taken up. 

The hf 111' s are found to agree well with the static Ps for chloral, ethyltrichloroacetate and 

octanoyl chloride in benzene, n-heptane and n-hexane ( system I, ll, Ill, IV, and Vll ). It reveals the 

fact that dimerisation takes place both 

in static and high frequency electric 

field probably the available data of 

relative permittivities are in higher 

concentration regions. 11/ s of 

trifluoroethanol and trifluoroacetic 

acid are higher than Ps indicating the 

strong solute-solvent association due 

to hydrogen bonding. 11/ s when 

compared with /11 and /12 by double 

relaxation method indicate that chloral 

m benzene, n-heptane and 

ethyltrichloroacetate in n-hexane show 

double relaxation phenomena in X

band electric field. This is due to 

rotations of the whole molecules as 

well as the flexible parts attached to 
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Figure 9.5: Variation oftotal hfconductivity CTywith 

weight fraction Wj 

I Chloral in benzene (-e-); II. Chloral inn-heptane(-£.-); 
Ill. Ethyltrichloroacetate in benzene (- 'Y -); IV. Ethyltri
chloroacetate in n-hexane ( -®-); V. Trifluoroethanol in 
benzene ( -0-); VI. Trifluoroacetic acid in benzene ( -~) 
and VII. Octanoyl chloride in benzene (-0-). 

the parent molecules. The other systems show the mono relaxation behaviour due to their solvation 

effect with benzene. 

Assuming the planar structure of the molecules the theoretical dipole moments f.ltheo's for 

the polar molecules were estimated from the available bond angles and bond moments of C~Cl, 

C~C, C~F, C<:=O, C~OH and C~OCH3 of 5.00, 0.30, 4.67, 8.00, 4.67 and 4.40 times of 10-30 

Coulomb.metre (C.m) making angles 62° and 57° with th~ bond axis by C~OH and C~OCH3 
groups only and were shown elsewhere [9.9-9.10]. f.ltheo's thus obtained are placed in Table 9.3. A 

little disagreement among the estimated Ps and Pi with /Jtheo occurs due to inductive, mesomeric and 

electromeric effects of the substituent polar groups attached to the parent molecules under static or 

hf electric field. The so called mesomeric moments have significant values. This is caused by the 

permament polarisation of different substituent groups acting as pusher or puller of electron towards 
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I. Chloral, Ill. Ethyltrichloroacetate, V. Trifluoroethanol, VI. Trifluoroacetic acid, VII. Octanoyl chloride 

or away from C-atoms of the compounds. The larger values of f.ltheo's from the available bond 

angles and bond moments in comparison to f.ls indicate that the bond length of the substituent polar 

groups of the dipolar molecules are reduced by a factor p./ J.ltheo· The reduction in bond moments 
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evidently occurs in all polar liquids by a factor p/fltheo lying in the range 0.5 to 0.8 except 

trifluoroacetic acid (0.15) to conform to the exact /ls· The structural conformations of five 

compounds with reduced bond lengths, in agreement with f-li or f.ls are sketched in Fig.9.6. 

9.5. Conclusion : 

A convenient and useful method is thus suggested to calculate the relaxation time ; and 

hence hf dipole moment /lj under the most effective dispersive region of 10 GHz electric field along 

with the static f.ls in SI units of some non-spherical rigid aliphatic polar molecules in non-polar 

solvents. The existing method by using the slope of hf aif'~Oi/ curves of Murthy eta/ (1998) to 

obtain ; when compared with those from the ratio of the slopes of the individual variations of O"if '~ 

w1 and O"y· ~ w1 at Wj--+0 reveals the fact that both the methods yield almost the same ;' s both in 

higher and lower concentration of dipolar molecules. The latter method to get ; is a significant 

improvement over the former one as it eliminates the polar-polar interaction almost completely in a 

given solvent. The slope ps of hf ay-WJ curves could, however, be used to calculate hf f.l.j's in terms 

of ;·'s by the latter method. The comparison of f.1.j and /ls with f.ll and 112 of the flexible part and the 

whole molecules by double relaxation method and f.ltheo from available bond angles and bond 

moments of the substituent polar groups seems to be interesting phenomenon to offer deep insight 

into the dielectric relaxation mechanism. The P:i's and f.ls are almost equal in some cases revealing 

the fact that f.ls are little affected by frequency of the electric-field in higher concentration region 

while lower f.ls' s than 11/ s in tpe lower concentration region support monomer and dimer formation 
. . . 

· in the· stati~ and hf electric field respectively. Moreover, the Xy-Wj curves can be used to taste the 

accuracies of the measurement of all the relative permittivities. The Xg's are involves with the low 

and infinitely hf Eov· and E~f pennittivities of a given polar-nonpolar liquid mixtures. The 

computation of ;, f..iJ and Jls from CTif and Xy· measurement of a polar unit in a given solvent appears 

to be more simple, straightforward and unique to locate their correlation coefficient r's and 

percentage of errors involved. In this method it is claimed that ;·, J.li and f.ls are claimed to be 

accurate within 10% and 5% respectively. Both Pi and f..is are found to agree with /11 only to show 

that a part of the molecule is rotating under GHz electric field. p/ Jltheo' s are almost constant for all 

the molecule under study revealing the material property of the systems. The reduct;ion in bond 

moments of the substituent polar groups by the factor 11/ f.ltheo exhibits the presence of mesomeric, 

inductive and electromeric moments in them under static or low and hf electric fields. 
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CHAPTER 10 

MATERIAL PROPERTY OF DIPOLAR LIQUID IN 
NONPOLAR SOLVENT THROUGH RELAXATION 

PHENOMENA UNDER HIGH FREQUENCY 
ELECTRIC FIELD -A NOVEL IDEA 

.. 
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10.1. Introduction: 

Relaxation phenomena _is an important tool to measure relaxation time ;, dipole moment !Jj, · 

shape, size as well as molecular interactions of a dipolar liquid molecule in a non-polar solvent 

under high frequency (hf> electric field [10.1-10.2]. There are various established techniques (10.3-

10.4] like thermally stimulated depolarisation current (TSDC) and isothermal frequency domain AC 

spectroscopy by which one can estimate J.L.i and ;- of a polar liquid molecule. Nevertheless, one can 

use Debye and Smyth model to determine ; and /Jj of a dipolar liquid molecule because of its 

simplicity and straightforwardness. Crossley et al [10.5] and Glasser et al [10.6] proposed that the 

normal and isomeric octyl alcohols were expected to show triple relaxation times under hf electric 

field of GHz range when they are diluted with non-polar solvent n-heptane. Alcohols show double 

relaxation times (10.7-10.8] r2 and -rz due to end over end rotation as well as rotation ofthe flexible 

part of the molecule at all frequencies of3.00, 925 and 24.33 GHz electric field. 

We, therefore, thought to study these alcohols again because of its diverse nature in different 

environments. The alcohols are hydrogen bonded polymer type molecules. Some of the octyl 

alcohols are isomers. They usually showed a, f3 and y relaxation in hf electric field. It was observed 

[1 0.9] that J.L;·'s of alcohols vary slightly when measurements are done in terms of either relative 

permittivities &;/s or conductivity Uif's in SI units. The other parameter ;-,however, remains same 

in both cases. Nowadays, it is the practice to study the relaxation phenomena in terms of orientation 

susceptibilities zy's [10.10-10.11] rather than &y·'s or Uif's_ &;f includes all types of polarisations 

whereas CF;f is concerned with the bound molecular charges. XiJ-' s, on the other hand, are related to 

orientation polarisations of the molecule. The purpose of the present paper is to study the existence 

of double relaxation times of alcohols between two limiting t's in terms of hf zy's. The chemical 
. - -

systems under consideration are identical and they are in same environment. If any system shows 

double relaxation times at one frequency it will show the same double relaxation times -rz and T2 at 

all the frequencies because the double relaxation phenomenon is the material property of the system. 

Saha et al and Sit eta/ [10.12-10.13) proposed a very simple and easy technique to measure the 

double relaxation times of a polar-nonpolar liquid mixture at a given experimental temperature 

under a single frequency of the electric field. The estimated t's are different in different frequencies 

of the electric field. Moreover, r1 and T2 from the single frequency measurement technique is not so 

reliable [10.14-10.15]. 

In this context, we propose a graphical technique to estimate -rz and r2 of some alcohols (j) 

in a non-polar solvent (i) in terms of real xv' and imaginary Xif" parts of hf complex dielectric 

orientation susceptibilities x/ under 3.00, 925 and 24.33 GHz electric field and low frequency 
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Table I 0 .I: Concentration variation of the real part X if' and imaginary part X if" of dimensionless 
complex dielectric orientation susceptibility Xif " and the static dielectric orientation susceptibility 
Xog which is real of some normal and isomeric octyl alcohols inn-heptane under 3.00, 925 and 
24.33 GHz electric fields. 

Frequency 
Weight Weight 

finGHz 
fraction xt/ X!;" XoiJ fraction Xu' xu" Xou 

w w 
I. 1-Butanol II. 1-Hexanol 

0.0451 0.049 0.0114 0.055 0.0459 0.033 0.0065 0.044 
0.0697 0.072 0.0188 0.093 0.0703 0.051 0.0117 0.063 

3.00 
0.1163 0.123 0.0460 0.197 0.1028 0.070 0.0214 0.094 
0.1652 0.180 0.0782 0.381 0.1688 0.123 0.0446 0.207 
0.2072 0.224 0.1119 0.601 0.2335 0.184 0.0755 0.358 

0.2901 0.232 0.1097 0.562 
0.0451 0.040 0.0121 0.055 0.0459 0.026 0.0083 0.044 
0.0697 0.057 0.0220 0.093 0.0703 0.038 0.0121 0.063 

9.25 
0.1163 0.088 0.0416 0.197 0.1028 0.045 0.0226 0.094 
0.1652 0.121 0.0637 0.381 0.1688 0.085 0.0454 0.207 
0.2072 0.152 0.0956 0.601 0.2335 0.126 0.0688 0.358 

0.2901 0.161 0.1000 0.562 
0.0451 0.036 0.0147 0.055 0.0459 0.024 0.0131 0.044 
0.0697 0.053 0.0236 0.093 0.0703 0.032 0.0190 0.063 
0.1163 0.082 0.0425 0.197 0.1028 0.031 0.0296 0.094 

24.33 0.1652 0.105 0.0644 0.381 0.1688 0.048 0.0425 0.207 
0.2072 0.124 0.0818 0.601 0.2335 .0.086 0.0569 0.358 

0.2901 0.116 0.0748 0.562 
III. 1-Heptanol IV. 1-Decanol 

0.0735 0.053 0.0111 0.056 0.0572 0.032 0.0051 0.036 
0.1175 0.086 0.0216 0.109 0.1351 0.067 0.0194 0.086 

3.00 0.1909 0.128 0.0456 0,236 0.2140 0.098 0.0371 0.157 
0.2465 0.173 . 0.0651 o:313 0.2640 0.121 0.0496 0.212 
0.2970 0.217 0.0864 0.456 0.3353 0.156 0.0690 0.316 

0.0735 0.040 0.0129 0.056 0.0572 0.028 0.0090 0.036 
0.1175 0.060 0.0232 0.109 0.1351 0.047 0.0228 0.086 

9.25 0.1909 0.090 0.0438 0.236 0.2140 0.065 0.0386 0.157 
0.2465 0.112 0.0609 0.313 0.2640 0.069 0.0484 0.212 
0.2970 0.149 0.0774 0.456 0.3353 0.093 0.0656 0.316 

0.0735 0.030 0.0182 0.056. 0.0572 0.025 0.0120 0.036 
0.1175 0.050 0.0265 0.109 0.1351 0.039 0.0273 0.086 

24.33 0.1909 0.087 0.0482 0.236 0.2140 0.046 0.0400 0.157 
0.2465 0.095 0.0567 0.313 0.2640 0.056 0.0513 0.212 
0.2970 0.118 0.0694 0.456 0.3353 0.067 0.0637 0.316 

V. 2-methyl 3-heptanol VI. 3-methyl 3-heptanol 

0.0437 0.040 0.0040 0.041 0.0450 0.040 0.0043 0.040 
0.1299 0.086 0.0137 0.093 0.1334 0.099 0.0131 0.103 

3.00 0.2522 0.143 0.0309 0.165 0.2538 0.162 0.0272 0.176 
0.4081 0.215 0.0583 0.276 0.4085 0.242 0.0489 0.277 

0.0437 0.037 0.0088 0.041 0.0450 0.034 0.0103 0.040 
0.1299 0.078 0.0244 0.093 0.1334 0.079 0.0263 0.103 

9.25 0.2522 0.108 0.0412 0.165 0.2538 0.126 0.0458 0.176 
0.4081 0.164 0.0710 0.276 0.4085 0.192 0.0766 0.277 . 

0.0437 0.030 0.0156 0.041 . 0.0450 0.031 0.0187 0.040 

24.33 
0.1299 0.056 0.0362 0.093 0.1334 0.061 0.0394 0.103 
0.2522 0.088 0.0565 0.165 0.2538 0.099 0.0674 0.176 
0.4081 0.115 0.0809 0.276 0.4085 0.131 0.0928 0.277 
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Frequency 
Weight Weight 

[inGHz 
fraction Xq' Xq" Xoij fraction Xq' Xq" Xoii 

W· W· 

~- 4-n1etllyl3-heptrunol VIII. 5-metllyl 3-heptrunol 

0.0466 0.039 0.0046 0.040 0.1228 0.084 0.0143 0.092 

3.00 
0.1326 0.090 0.0147 0.096 0.2489 0.134 0.0337 0.164 
0.2590 0.156 0.0338 0.174 0.3898 0.202 0.0554 0.275 
0.4124 0.224 0.0572 0.287 

0.0466 0.034 0.0091 0.040 0.1228 0.068 0.0225 0.092 
0.1326 0.076 0.0262 0.096 0.2489 0.095 0.0441 0.164 

9.25 0.2590 0.112 0.0472 0.174 0.3898 0.143 0.0706 0.275 
0.4124 0.168 0.0766 0.287 

0.0466 0.028 0.0146 0.040 0.1228 0.051 0.0297 0.092 
0.1326 0.055 0.0376 0.096 0.2489 0.071 0.0511 0.164 

24.33 0.2590 0.093 0.0616 0.174 0.3898 0.107 0.0675 0.275 
0.4124 0.115 0.0849 0.287 

IX 2-octanol X 4-<>ctrunol 

0.1236 0.078 0.0156 0.065 0.1201 0.081 0.0129 0.092 
3.00 0.2479 0.137 0.0419 0.199 0.2445 0.120 0.0302 0.151 

0.3844 0.207 0.0791 0.374 0.3838 0.181 0.0549 0.251 

0.1236 0.061 0.0227 0.065 0.1201 0.063 0.0198 0.092 
9.25 0.2479 0.093 0.0467 0.199 0.2445 0.087 0.0397 0.151 

0.3844 0.133 0.0786 0.374 0.3838 0.128 0.0616 0.251 

0.1236 0.047 0.0285 0.065 0.1201 0.052 0.0266 0.092 
24.33 0.2479 0.072 0.0513 0.199 0.2445 0.070 0.0449 0.151 

0.3844 0.105 0.0680 0.374 0.3838 0.109 0.0659 0.251 

susceptibility XoiJ which is real. The data set for alcohols and octanols are presented in Table 10.1. 

Several values oflnl0.7 and ln£02 ( OJJ>OJ:2) are chosen for same J( OJJc) plotted against lnOJJc in Fig. I 0.1 

at constant OJ. r1 and r2 are estimated from the intersection points oflnOJI vs ln0J:2 curve ofFig.102. 

They are placed in Table 10.2. TJ and Tz are also estimated from the linear plot of (xo;.rXi.iYXi.i' 

against Xv-'1XiJ at different wj's .as shown in Fig.l0.3 and are presented in Table 10.2. f.LJ and f.ll are 

calculated in terms of slope p of Xv·~WJ curve (Fig.10.4). All the f.L's along with theoretical J.ltheo's 

from Fig.10.5 are placed in Table 10.3 for comparison. 

10.2. Theoretical Formulations for r1 and Tz: 

Debye equation for a polar-nonpolar liquid mixture in terms of the complex hf z;/ for a 

distribution of Tis : 

x; = 7 f(r~dr 
Xoij 0 (1 + }OJT) 

..... (10.1 ) 

where f( r) is the Frohlich distribution function for the relaxation time such that: 



1 
j(r) =

Ar 

=0 

. '( 2 
and A= Frohhch parameter= In-

TI 
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..... ( 10.2) 

Table 10.2: Intercepts of zy-'7z9-'against Wj curve at Wj~O, values oflnlVl and Inm1 from Fig.10.2 
and their average r2 and 'rJ, T2 and TJ from single frequency measurement ofEq.(l0.8) under 3.00, 
9.25 and 24.33 GHz electric fields of some normal and isomeric octyl alcohols inn-heptane at 25°C. 

Frequency Intercept of Average T2 and 'f1 Average 
System with sl. 

f Xq'1%q~Wj 
Values oflnW:1 and lnw1 -r2 and r1 

from single 
'f2 and r1 no from the Fig.10.2 frequency inGHz at wr~O inpsec ' inpsec 

measurement 

a) 3.00 0.1262 ab) 23.5015 30.8189 211.41 9.10 
I. 1-Butanol b) 9.25 0.2120 be) 24.2051 29.8712 48.41 0.08 101.87 3.73 122.63 4.96 

c) 24.33 0.3231 ca) 23.6737 30.ll01 54.60 2.04 

a) 3.00 0.1246 ab) 23.2412 31.8059 204.26 9.17 
II. 1-Hexanol b) 9.25 0.1933 be) 24.1343 30.4314 57.03 0.04 85.24 3.76 110.44 5.01 

c) 24.33 0.2928 ca) 23.5801 30.6780 41.81 2.10 
a) 3.00 0.0711 ab) 23.8767 33.6138 208.81 9.20 

ill. 1-Heptanol b) 9.25 0.1306 be) 26.4479 27.0234 18.80 0.91 '83.03 3.30 113.91 4.98 
c) 24.33 0.4503 ca) 25.2871 27.7518 49.89 2.43 

a) 3.00 0.0438 ab) 25.5281 27.9946 135.66 6.89 
IV. 1-Decanol b) 9.25 0.1620 be) 24.5801 30.5149 13.12 0.29 83.14 5.61 83.68 5.27 

c) 24.33 0.2631 ca) 25.3244 29.7019 32.25 3.30 

a) 3.00 0.0700 ab) 24.9650 28.6944 73.31 5.41 
V. 2-methyl3- b) 9.25 0.1974 be) 25.6712 27.3056 11.19 0.90 49.61 4.10 50.96 4.3 
heptanol c) 24.33 0.4952 ca) 25.1384 27.6667 29.96 3.39 

a) 3.00 0.0921 73.55 6.17 
VI. 3-methyl b) 9.25 0.2882 25.0098 27.4128 13.75 1.24 43.34 4.37 43.80 4.41 
3-heptanol c) 24.33 0.5807 14.52 2.68 

a) 3.00 0.0892 84.34 6.71 
VII. 4-methyl b) 9.25 0.2174 25.8707 26.9313 5.81 2.01 45.08 4.21 51.61 4.74 
3-heptanol c) 24.33 0.4932 25.40 3.31 

a) 3.00 0.0358 101.22 6.58 vm. 5-methyl b) 9.25 0.1040 26.4103 27.3200 3.39 1:36 52.36 4.21 57.13 4.15 
3-heptanol c) 24.33 0.3276 17.83 1.66 

a) 3.00 0.0604 160.41 7.83 
IX. 2-octanol b) 9.25 0.1964 24.8271 29.2251 16.51 0.20 92.00 5.11 94.46 4.94 

c) 24.33 0.3447 30.97 1.89 

a) 3.00 0.0286 85.13 4.72 
X. 4-octanol b) 9.25 0.0699 26.4780 28.0264 3.17 0.67 42.74 2.64 49.55 3.ll 

c) 24.33 0.2409 20.77 1.97 
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Separating the real and imaginary parts of both sides of Eq.(IO.l), the following equations· 

are obtained. 

xij ~_.!_ J dr 

XoiJ A r1 -r(l+a?r2) 
..... (10.3) 

xij = _.!_ f oxh 
Xoij A r1 (1 + a?r2

) 
----- ( 10.4) 

where XiJ'=(eiJ'-eai_i), zif''=eij'' and Xoi.J=(eo;_reai_i), are the real, imaginary and low frequency 

dielectric susceptibilities XiJ's expressed in terms of relative permittivities liiJ's. 

Dividing Eq.(l 0.4) by (1 0.3) and evaluating the integral one gets: 

xif = 2[tan-1(m-r2) -tan-1(mrl)] 
I 2 (1 2 2) XiJ 1n r 2 +m r1 

"12 (1 + m2ri) 

..... ( 10.5) 

Assuming smaller relaxation time -r1 = ljm1 , larger relaxation time 

rearrangement ofEq.(l0.5) becomes [10.16]: 

r 2 = ljm2 and on 

where, 
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Figure 10.1: Variation off{ lV!) with lnlVR: for 1-hexano~ 2-methyl 3-heptanol and 2-octanol in n
heptane under 3.00, 9.25 and 24.33 GHz electric field at 25°C. 
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The term z;/7zy' of Eq.(l0.6) is a function of weight fmction Wj of polar solute at a 

temperature T and angular frequency OJ of the electric field. The factor/( Olk) is, however, made 

constant for a fixed 'CJ and r2 at a given angular frequency OJ by introducing the following term in 

the Eq.(l0.6). 

f< ) ( xij J In( 2 2) 2 tan_, ., OJk = -, OJk +OJ + - ..... ( 10.7) 
X·· OJk 

lJ wr-+0 

Table 10.3: Slope f3 of Xif~Wj curve at w1--70, dipole moment from Eq.(l0.13), dipole moment from 
single frequency measurement and theoretical dipole moment J.ltheo from the available bond angles 
and bond !lloments in Coulomb.metre (C.m). 

f.1Xl 030 (C.m) from f.1Xl 030 (C.m) from 
Theoretical 

Frequency Slope j3of dipole 
System with sl. no 

f z9 ~wiat 
average 'f2 and 'f1 single frequency moment 

&mol. wt ofFig.l0.2 measurement inGHz wr~O f.Lt~~e;Jl.. 1 030 
J.l2 J.lJ J.l2 J.li inC.m 

I. !-Butanol 
a) 3.00 1.028 4.67 3.45 17.44 4.30 

Mi=0.074Kg 
b) 9.25 0.627 8.04 2.69 22.07 3.77 4.95 
c) 24.33 0.796 22.69 3.04 29.17 3.63 

a) 3.00 0.608 4.57 3.11 16.87 4.30 
ll. 1-Hexanol b) 9.25 0.330 7.95 2.29 18.77 3.80 4.35 
Mi=0.102 Kg c) 24.33 -0.089 21.20 3.43 

a) 3.00 0.447 3.02 2.85 17.40 4.33 
lll1-Heptanol b) 9.25 0.213 2.91 1.97 18.40 3.80 4.05 
Mj=O.ll6Kg c) 24.33 0.588 9.94 3.30 27.01 3.73 

a) 3.00 0.383 3.17 3.08 11.94 4.40 
IV. 1-Decanol b) 9.25 0.192 2.74 2.18 18.40 3.93 3.15 
Mj=0.158Kg c) 24.33 0.133 4.06 1.81 17.24 3.83 

a) 3.00 0.530 3.36 3.28 6.93 4.10 
V. 2-methyl3-heptanol b) 9.25 0.376 3.30 2.77 11.30 3.80 5.85 
Mj=0.130 Kg c) 24.33 0.359 5.35 2.73 16.00 3.83 

a) 3.00 0.663 3.79 3.67 7.27 4.30 
VI. 3-methyl 3-heptanol b) 9.25 0.477 3.99 3.12 10.70 4.07 5.85 
Mi=0.130Kg c) 24.33 0.414 6.75 2.95 8.60 30.83 

a) 3.00 0.643 3.64 3.62 7.83 4.20 
\niT. 4-methyl3-heptanol b) 9.25 0.413 3.06 2.92 10.64 3.90 5.85 
Mi=0.130Kg c) 24.33 0.424 3.93 3.07 13.90 3.90 

VIII. 5-methyl 3- a) 3.00 0.277 2.38 2.37 8.47 3.97 
heptanol b) 9.25 0.038 0.90 0.88 11.17 3.60 5.85 
Mi=0.130 Kg c) 24.33 0.024 0.79 0.71 9.50 3.37 

a) 3.00 0.420 3.06 2.92 12.94 4.10 
IX. 2-octanol b) 9.25 0.207 2.84 2.05 18.90 3.63 3.58 
Mj=0.130 Kg c) 24.33 0.143 4.63 1.71 16.00 3.43 

x. 4-octanol 
a) 3.00 0.142 1.70 1.70 7.10 3.77 
b) 9.25 0.053 1.06 1.04 9.07 3.43 3.58 

MrO.l30Kg c) 24.33 -0.041 10.97 3.43 
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where (x9-'7zy}wj~ is the intercept of X!i'7zy' against Wj curve at Wj~O. The graphs are drawn by 

adopting least squares fitting technique of the experimental data at different wj's of solute of 

TablelO.l. The values of (xy-'7XifJwj~ are placed in Table 10.2. Curves of.f(Olk) against lnlVk 

[10.16] for 1-hexan9l, 2-methyl 3-heptanol and 2-octanol are drawn in Fig.IO.l by varying lVk 

independently for a constant angular frequency wto get two values oflnlVl and Inw1 (l"02<ro1) for 

same .f( OJt). Finally graphs of Inw1 vs lnl"02 are plotted in Fig.IO .2 for three different values of 

~=21if),fbeing the frequency of the electric field of 3.00, 9.25 and 24.33 GHz respectively. The 

points of intersection of the curves yield the values of r2 and r1 of the polar molecules. They are 

placed in Table 10.2 along with those from double relaxation method by single frequency 

measurement technique [10.7-10.8]. 

r's are also estimated from the following equation [10.11]: 

..... ( 10.8) 

The term (x09-xv·YX!i'vs Xv-''IX!i on both sides ofEq.(10.8) are functions ofwj's of polar solute at a 

constant angular frequency wand fixed r1 and r2. Graphs of Crov-X!iYXii' with Xv''lzv-' are drawn 

against different wj's at 3.00, 9.25 and 24.33 GHz electric fields to get fixed intercepts and slopes 

from which r/s and r/s were obtained. They are placed in Table 10.2. Three sets of TJ and r2 are 

obtained for alcohols at 3.00, 9.25 and 24.33 GHz electric fields respectively. The average TJ and r2 

are placed in Table 10.2 for comparison with the graphical method. 

10.3. Estimation of Jli and /l2 from r1 and r2: 

The Debye equation[10.17] for a polar-rio_npolar liquid mixture under hf electric field in 

terms of Xii's is written as: 

dzij 
--=wr 
dzij 

..... (10.9) 

'dx~-jdw .) ~ !J J W-~ 
-r----r-=-1 - = wr 
(dx~-/dw .) 

lJ } WJ~ 

..... (10.10) 

Again, the imaginary part X!i "of the complex hf susceptibility z/ as a function of Wj of a solute can 

be written as[l0.17] 
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which on differentiation with respect to Wj and at Wj~O yields: 

..... (10.11) 

where the density of the solution PiJ becomes Pi= density of solvent, (&71+2)2 becomes (&i+2)2 at 

Wj~O, ks=Boltzmann constant, N= Avogadro's number, &F relative permittivity of solvent and &0 = 

permittivity of free space= 8.854 x 1 o-12 Farad. metre-1
. All are expressed in SI units. 

Comparing Eqs.(10.10) and (10.11) one gets: 

..... ( 10.12) 

where f3 is the slope of l'if~WJ curves of Fig.10.4 at Wj~O. Here no approximation in determination 

of f-L;· is made like the conductivity measurement technique[10.9]. After simplification, the hf dipole 

moment f.1.j is given by: 

The dimensionless parameter bin terms of rofEq.(l0.13) is given by: 

b = 1/(1 +ali) 

..... (10.13) 

..... ( 10.14) 

where r is estimated from the graphical plots of lnm1 vs ln€02 of Fig.10.2. All the r's are placed in 

Table 10.2. 

10.4. Results and Discussions: 

The data of Xif~ X if" and Xoif at different wj's of dipolar alcohols inn-heptane at 25°C under 

3.00, 9.25 and 24.33 GHz electric fields are extracted from the measured pennittivities &iJ's of 

Crossley el a/ [10.5] and Glasser el a/ [10.6] as presented in Table 10.1. The terms XiJ'1z~;'for each 

alcohol are plotted against different wj's for 3.00, 9.25 and 24.33 GHz electric fields. Eventually, the 

least squares frtted curves are found to be parabolic in nature. The values of intercepts of (XiJ'1 XiJr 
-

w1 curves at Wj~O are placed in column 3 of Tablel0.2. For several arbitrary values of angular 

frequency lUk, three graphs off(Olk) against lnlVk: ofEq.(10.6) for each alcohol are drawn for 3.00, 

9.25 and 24.33 GHz electric fields. The variations ofj(lQJc)against lnl'Uk are shown for three peculiar 

dipolar alcohols like 1-hexanol, 2-methyl 3-heptanol and 2-octanol at 3.00, 9.25 and 24.33 GHz 

electric fields. They are sketched in Fig.IO.l. The graphs are drawn by using a PC which show the 
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gradual decrease of./{ aJt) with the increase of lnaJt to exhibit minimum at a certain frequency aJt 

and then increase afterwards [10.16]. A large number of arbitrary values of lntu.? and Inw1 (lntu.? < 

Inw1) are selected for a fixed./{~) in order to draw the graphs of Inw1 vs lntu.? at 3 .00, 9.25 and 

24.33 GHz electric fields. All the graphs as shown in Fig.10.2 are similar in nature. They show 

larger values initially and decrease gradually in order to cut at a point for all most all the dipolar 

liquids to yield significant values of 'i2 and 'iJ respectively. Unlike other systems, 1-butanol, 1-

hexanol, 1-heptanol, 1-decanol and 2-methyl 3-heptanol, the curves meet at three points to exhibit 

three values of x-2 and x-1. This type of behaviour may be due to some uncertainty in measurements 
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Figure 10.2: Plot oflnw1 against lnw2 for some normal alcohols and isomeric octyl alcohols inn
heptane under 3.00, 9.25 and 24.33 GHz electric fields at 25°C. 



176 

of experimental data (Table 10.1) of polar-nonpolar liquid mixtures at different hf electric fields. 

The average of the three r's along with single 'f2 and 'fJ for the rest five systems are placed in Table 

10.2. 

Tz and Tz are also calculated from the slopes and intercepts of straight line Eq.(l0.8) from 

single frequency measurement technique [10.11]. The plots of CXo!r%ij'YX~/ against %ij'1zij' at 

different w/s of alcohols for 24.33 GHz electric field are shown in Fig.l0.3 only to see the 

soundness of the theory. The alcohols usually show peak at 24.33 GHz electric field when dielectric 

loss (%;/'=&;./) is plotted against angular frequency OJ (=21if), f being the frequency of the electric 

field at a fixed weight fraction w/s of solute (10.9]. The estimated -r2 and -r1 are placed in ninth and 

tenth column of Table 1 0.2. They are found to be dependent on frequency of the applied electric 

field. The alcohols under investigation are in the same environment and are expected to show fixed 

-r2 and -r1 at all the three frequencies in order to exhibit the material property of the systems. The -r2 

and -r1 thus obtained from the straight line Eq.(l0.8) are made average and placed in the 11th 

colulnn of Table 10.2. They are compared with those of graphical technique adopted here. The 

values from single relaxation technique are greater than the graphical method. 'f2 from graphical 

method agree well with -r1 of Eq.(l0.8) for almost all the octyl alcohols except 2-methyl3-heptanol 

and. 2-octanol.This type of behaviour may reveal the applicability of both the methods for the 

systems under study. Moreover, the graphical technique based on Debye-Frohlich model provides 

better understanding to reflect the material property of the systems. 
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different W/s under 24.33 GHz electric field at 25°C. 
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Figure 10.4: Variation of real part of complex 
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The alcohols show effective dispersive region nearly 24.33 GHz electric field as observed 

elsewhere [10.9]. The dipole moments J12 and Jil of the whole and flexible parts of the dipolar 

alcohols in terms of '!2 and Z"1 ofEq.(10.13) and slope f3 of Zv~Wj curves are calculated at 3.00, 9.25 

and 24.33 GHz electric fields. They are shown in Table 10.3. Plot of Zif' against Wj for all the 

alcohols at 24.33 GHz electric field are made in Fig.10.4. The variations are parabolic in nature. The 

graphs are almost same for the systems 5-methyl 3-heptanol (VITI), 2-octanol (IX) and 4-octanol (X) 

respectively. This may be due to almost same polarity of the molecules [10.18]. The convex or 

concave nature of all the curves may perhaps reveal the solute-solute molecular association in the 

higher concentration region due to hydrogen bonding. Besides 24.33 GHz electric field dipole 

moments are almost constant for all the systems at 3.00 and 9.25 GHz electric fields. Difference in 

112 and Jli are, however, observed in case of 1-butanol (I), 1-hexanol (ll) and 1-heptanol (ill). This 

may indicate that the accurate measurement of &ccij is needed [10.7] to get a sharp cutting of plot of 

lnw1 against lnlV;1 instead of little spread in Fig.1 0.2 for such molecules. 112 and f.ii are in agreement 

with the single frequency measurement technique. Little disagreement among j..ls may be due to 

steric hindrances and various effects like inductive, mesomeric and electromeric effects present in 

the substituent polar groups. The theoretical dipole moment f.itJreo' s are sketched in Fig.1 0.5 

considering planar structure of the alcohols. The available bond moments ofHr~C, C~, C~ 

and 0--+H (making an angle 105') substituted polar groups are 1.23 C.m, 0.3 C.m, 3.33 C.m and 

5.00 C.m respectively. In these polar molecules inductive and mesomeric effects among substituted 

groups play vital role to yield conformational structure. They can be taken into account by taking the 

ratio of Ji/Jltheo which may be multiplied to the bond moment value to get f.ltheo's in exact 

agreement with calculated 111' s. 
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The subject matter of the thesis work titled «Relaxation phenomena of dielectropolar liquid 

molecules under low and high frequency electric fields" has been divided into a large number of 

chapters. All the chapters are highly informative to shed more light on the relaxation phenomena of 

dipolar liquid molecules in non-polar solvents under low and high frequency (hf> electric fields. 

A brief account of early works on dielectric relaxation of liquids (DRL) by different groups 

of workers has been presented in Chapter 1. The fundamental theories to explain the relaxation 

phenomena of polar molecules both in pure state and in suitable non-polar solvents have been well 

discussed in this chapter in C.G.S. units. An extensive review of polarisation is included at the end 

of this chapter in order to get a chronological development of the subject. 

The theoretical formulations recently derived and used by the present author to estimate hf 

relaxation time ;·, static or low frequency dipole moments J..ls, hf dipole moment J.lj, double 

relaxation times and dipole moments 'l), r:2 and J..lJ, J.l2 under hf electric fields of GHz range are 

presented in Chapter 2. The aim of this chapter is to provide a comprehensive theoretical 

formulation in SI units in order to study the relaxation phenomena of polar-nonpolar liquid mixtures 

in terms of the measured relative permittivities under low and hf electric fields. The concept of 

relaxation mechanism of polar molecules in non-polar solvents is, however, gained through J.ls, f.l:j, 

J..li and J..l2 based on Smyth's model. The different thermodynamic energy parameters of enthalpy of 

activation &-1-p entropy of activation AS',. and free energy of activation ..1F,. can, however, be 

obtained from the temperature variation of measured T/ s of polar molecules in non-polar solvents to 

throw much light on the concept of rigid phase rotators of the molecules in a given solvent. The 

Chapter 2 approaches with different objects in view: It provides an archetypal example of the 

application of dielectric relaxation, to help and elucidate the shape, size and structure of 

dielectropolar molecules in liquid states. 
'-

The theoretical formulations, so far derived in Chapter 2, were tested by an experimental 

measurement as shown in Chapter 3 · to support the applicability of the method based on Debye

Smyth model. The block diagram of the experimental set up of HP 4192A Impedance Analyser has 

been sketched along with a brief description of measurements of &if', &;./' &oif and &ocif at various 

concentrations and temperatures of aprotic polar liquids like dimethylsulphoxide (DMSO), N,N

diethylformamide (DEF), N,N-dimethylformamide (DMF) and N,N-dimethylacetarnide (DMA) all 

in CJL;. From the linear curve of (&o;r&;./)1(&;./-&cci;) against &;/'1(&;./-&ccij) it was observed that all 

the systen1s show double relaxation times r:2 and r:1 due to end over end rotation of the whole 

molecules as well as the flexible parts attached to the parent molecules. The r:1, in agreement with 

reported r:, signifies that a part of the molecules is rotating under 10 GHz electric field. The support 

of this fact came from the measured thermodynamic energy parameters iJH -p AS',. and AF .- from 
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ln( ;T) against 1 IT for DMSO. The theoretical values c 1 and c2 of weighted contributions towards 

dielectric relaxations for the measured l) and r2 were ascertained from Frohlich theoretical 

equations. They are compared with the experimental c I and c2 as obtained by the graphical 

technique. The corresponding dipole moments 112 and IJI were obtained from r2 and r1 in order to 

compare with the static ps's, reported J.1 and theoretical dipole moments Jltheo's from the available 

bond angles and bond moments of the substituent polar groups attached to the parent molecules in 

De bye units. The molecular conformations are, however, sketched by f.lcaz from J.ls I Jltheo which takes 

into account of the existence of mesomeric and inductive effects of different polar groups of such 

molecules. 

Chapter 4 presents a beautiful study of the relaxation phenomena of some polysubstituted 

benzenes in CJL; through hf conductivity Oi/S measurements. ;-'s measured from the ratio of the 

slopes of the individual variations of imaginary part Oi/' and real part Oi/ of complex hf 

conductivity a/ with wj's in the limit Wj=O at a given temperature is more reliable in comparison to 

the direct slope of the variation of ay"-aij' at different wj's. ZJ's were found in close agreement with 

the reported values. &/ ,, & , and AF, were computed by applying Eyring's rate theory with the 

measured r in order to get solvent environment. The estimated values of rand &/ 77 show the solid 

phase rotators of the molecule in a solvent. &I 77 is involved with the translation and the rotational 

energies. The comparison of the Kalman factor ;T!rf and Debye factor ;TITJ suggests the 

applicability of Debye model of dielectric relaxation for such dipolar liquid molecules. The excellent 

agreement of the measured Jli's in terms of measured ;-'sand slope P's of ay- Wj curves with the 

reported p's establishes the basic soundness of the conductivity measurement technique used. The 

slight disagreement between JL/s and Jltheo's reveals the existence of mesomeric, inductive and 

electromeric effects within the polar groups attached to the parent benzene ring. The temperature 

dependence of ;-'s and J..L/s is much more significant to conceive the solvent environment of the 

polar molecules and the molecular dynamics of the systems. It sheds more light on their structural 

conformati<;>ns. 

The Chapter 5 reports the measured ; and JlJ of some methyl benzenes and ketones in C~ 

at 25°C under 9.585 GHz electric field from the measured &y-' and &ij" at various wj's. The 

methodology to get ; from the ratio of the individual slopes of av" and aij against Wj seems to be a 

significant improvement over the existing one of the linear slope of O";/'-a;/ curve. The variation of 

ay-Wj like aij'-Wj curve is often convex in nature indicating the probable occurrence of phase 

change of the liquid state after a certain concentration. The estimated f1J by using ; from both the 

methods are compared with those of Gopalakrishna and theoretical ones to establish the applicability 

ofthe method. 
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The double relaxation phenomena in apparently rigid aliphatic polar liquids like chloral and 

ethyltrichloroacetate in non-polar solvents benzene, n-heptane and n-hexane under 4.2, 9.8 and 24.6. 

GHz electric field at 30°C have been extensively studied in Chapter 6. Five systems of polar

nonpolar liquid mixtures show r1, r2 and /-lh /-12 due to rotation of their flexible parts and the whole 

molecules. The probability of showing double relaxation phenomena is greater in aliphatic solvents 

at 9.8 and 24.6 GHz electric fields indicating their non rigidity. This is also supported by the 

symmetric and asymmetric distribution parameters y and J estimated from the values of X [=(&y'

&ccij)f(&otr&a:iJ)] andy [=&t/'l(&oy-&a:i])] at Wj ~0. The unusual variations of x andy with wj's 

predict their probable solute-solute and solute-solvent molecular associations under hf electric field. 

/-lthea's in terms of the available bond angles and bond moments conform the estimated f-l/S only to 

establish the existence of mesomeric, inductive and electromeric effects in them. 

In Chapter 7, the relaxation phenomena of some disubstituted benzenes and anilines in CJL; 

and CC4 through hf susceptibility XiJ measurement technique have been presented. The main 

advantage of this method is that it is directly linked with the orientation polarisation and excluded 

the fast polarisation process. 1:2 and 1:1 were obtained from the intercept and slope of a linear 

equation of (Xoi.rXiJ}IXy' against Xy''lxy' for different W/s. r_/s were calculated from the ratio of 

the individual slopes of Xt/' and xv' with wj's at Wj ~ assuming single Debye like dispersion and 

compared with those of Murthy et a/ and Gopalakrishna. The relative contributions c 1 and c2 

towards dielectric relaxations for 1:1 and 1:2 can, however, be obtained from the Frohlich theoretical 

formulations of Xy'IXoif and Xif''IXoiJ and compared with those from the experimentally measured 

values of (Xy'IXoiJ:htj ....o and Cxtt''~Xoy:htj ....o graphically. The symmetric and characteristic relaxation 

times rs and res were determined in order to establish the different relaxation behaviours for such 

polar molecules. /-12 and f-l1 for the rotations of the whole molecules as well as the flexible parts were 

ascertained from r2 and r1 and the linear coefficient f3 of Xii'-wj curve. p_/s were finally compared 

with the reported p and /-ltheo to conclude that for disubstituted anilines a part of the molecule is 

rotating while the whole molecular rotation occurs for disubstituted benzenes. 

Chloral and ethyltrichloroacetate showed double relaxation phenomena in aliphatic solvents 

through chi-squares minimization of the measured data. High frequency susceptibility XiJ 

measurement under 4.2, 9.8 and 24.6 GHz electric fields at 30°C has been applied. The findings 

were .. - displayed in Chapter 8. The measured r2, r1 and }12, }11 were found to be little 

deviated from hf Uif measurement technique. The hf Xif measurement, although is very simple, it 

does not include any approximation in the calculation of Pi· Nevertheless, the variation of XiJ'IXoif 

and Xy"lxoij with wj's remain almost unaltered with respect to Oij measurement technique. The 

measured f.!:j's when compared with }lthea's established the associational aspects of the polar 



184 

molecules with solvents and solutes. The mesomeric and inductive moments of the molecules could, 

however, be studied. The existence of fractional +ve charge 5' on C-atom and -ve charge ~ on 0-:

atom of C<:=O group in both the polar liquids showed the electromeric effect tO form n--complex 

with the n--delocalised electron clouds of benzene ring. 

In Chapter 9, the static or low frequency Jls of some aliphatic polar liquids in different non

polar solvents were studied in terms of static experimental parameter XiJ. XiJ's are related with &oij 

and &ociJ of polar-nonpolar liquid mixtures at different w/s. A comparison is, however, made with 

the hf JlJ from hf CYtJ measurement technique and /1theo- A little disagreement is caused by the 

permanent polarisation of different substituent polar groups acting as pusher or puller of electrons 

towards or away from C-atom of the compounds. The reduction in bond moments evidently occur in 

all the polar liquids by a factor pJ /1theo to conform to the exact f.ls or JlJ· 

With all these discussions made above, a -·:.-: ~,.,~~!. conclusion regarding the relaxation 

phenomena can, however, be reached by other and our groups. The findings are presented in 

Chapter 10. In course of our prolonged studies on relaxation phenomena of polar-nonpolar liquid 

mixtures it reveals that the existence of double re~axation phenomena reflects the material property 

of the chemical system under investigation and is not dependent on the measurement frequency. 

Although relative permittivities &;/ and &a:if, dielectric loss cif' vary with frequency, the fundamental 

dielectric parameters such as dielectric decrement and relaxation time which describe the relaxation 

properties of the system, do not. The theoretical consideration in the chapters 6 and 8 appears to be 

sound in getting 'I and -'2· But chloral in CJ-!6 in Chapter 6 exhibited double relaxation behaviour at 

9.8 GHz. This should be reflected at all the frequencies. The analysis is expected to produce the 

same r1 and -r2 at all the three frequencies. We then applied the chi-squares minimisation on the data 

set in Chapter 8 io predict 'ri and -r2 of chloral and ethyltrichloroacetate in aliphatic solvents. Under 

such context we, therefore, decided to restudy a number of normal and isomeric octyl alcohols in n

heptane at 25°C under 3.00, 9.25 and 24.33 GHz electric fields through hf susceptibility Xii's 

measurements. Three graphs of./{ lVk) against lnlVk were drawn at those frequencies for a number of 

arbitrary angular frequencies t:Uk's. lnW] and lnlV} for a fixed value of./{lVk) of./(lVk}-lnm,. curve, 

however yield the same -r2 and r1 for a system from the intersection points of lnm1 against lnlVl 

curve for three different frequencies. -r2 and 'rJ were then compared with the average rs of our 

single frequency measurement technique stated elsewhere. The estimated /12 and Jli in terms of the 

linear coefficients P's of z;/-wi curves and the measured -r2 and 'ri by different methods showed 

that p's were slightly different in different frequencies because rotation of the whole molecule as 

well as the flexible parts are probably affected by the frequency of the applied alternating electric 

field. The measured f.l/ s were then compared with Jltheo' s of almost all the alcohols. 
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The dielectric theories are presented in SI units in some chapters. SI units used are of 

unified, coherent and rationalised nature. The curves with the available experimental points in all the. 

figures of different chapters show the validity of the theoretical formulations so far derived. The 

·correlation coefficient i''s,% of errors and chi-squares minimisation_testing computed on the various 

data at a given experimental temperature go to support the reliability of the derived formulations. 

Theories of dielectric relaxations have been formulated in terms of relative permittivities &;/s. 

Measurement of ;'s and Jl.i'S were carried out in terms of hf conductivity Ciij which is concerned 

with bound molecular charges of polar molecules. 

Nowadays, the study of dielectric relaxation phenomena is preferred in terms of dielectric 

orientation susceptibility %ij's in SI units as seen in Chapters 7, 8 and 10 of this thesis. z;/s are 

supposed to be involved only with orientation polarisation of molecules. It is to be noted that the 

dielectric susceptibilities z's are given by the subtraction of either 1 or &a: from relative permittivity 

&r. If 1 is subtracted, the ~usceptibility due to all operating polarisation processes results, while if &a: 

is subtracted from the low frequency value of &r, the susceptibility due only to orientation 

polarisation processes is given. But Thermally Stimulated Depolarisation Current Density (TSDCD) 

and Isothermal Frequency Domain AC Spectroscopy (IFDS) can recently be used to study the 

dielectric relaxation phenomena. These may give a firm answer to the problem of polar-nonpolar 

liquid mixtures with which the present author is concerned. But the latter two methods consist of a 

tedious computer simulated calculation unlike O""ij or %ij measurement quoted above. Thus the 

methods appear to be much simpler, straightforward and easy to arrive at the expected conclusion. 

Moreover, the polar-nonpolar liquid mixtures can be studied by taking into account of the concept of 

other models like Ot1sager, Kirkwood, Frohlich etc. But those models are not so simpler like Debye

Smyth. Further work can be carried out to predict the relaxation phenomena by assuming moment of 

inertia of the polar molecules under uhf electric field. Numerical calculation on relaxation 

parameters may be carried out on the basis ofNewton-Raphson method to arrive at the results. 

The thesis thus provides the future workers in liquid dielectrics to open a new and vast 

scope to work further on the interesting dielectropolar liquids in non-polar solvents under hf electric . . 
field. It can thus be concluded that the relaxation phenomena of highly non-spherical polar liquid 

molecules in non-polar solvents C<X'I"ttr, -";; ., ~--,_s.·.~-: be explained by the Debye-Smyth model which 

was supposed to be applicable to the nearly spherical molecules of simpler configuration. The 

correlation between the conformational structures obtained from the available bond angles and bond 

lengths with the observed results enhances the scientific contents and adds a new horizon of 

understanding to the existing knowledge of dielectric relaxation phenomena. 
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The double relaxation phenomena in apparently rigid aliphatic polar liquids (j) like chloral 
and ethyltrichloroacetate in nonpolar solvents (i) benzene, n-hexane and n-heptane under 4.2, 
9.8 and 24.6 GHz electric fields at 30°C have been studied. Only five systems of polar-nonpolar 
liquid mixtures show the double relaxation times "t1 and "t2 due to rotation of their flexible parts 
and the whole molecules. The probability of showing the double relaxation phenomena is greater 
in aliphatic solvents at 9.8 and 24.6 GHz electric field~ indicating their nonrigidity. This is also 
supported by the symmetric and asymmetric distribution parameters y and 8 estimated from 
values ofx andy at wi ~ 0 involved with dimensionless dielectric constants k;j, kij, ko;iand k..o;i of 
solutions. The variation of x andy with weight fractions w/s of solutes are fOtmd to be unusual 
predicting their probable solute-solvent and solute-solute molecular association under high 
frequency (hf) electric fields. The dipole moments !11 and !12 of the flexible parts and the whole 
molecules from the slopes Ws of hf conductivities crii's with w/s and the estimated "t1 and "t2 

reveal their solute-solute associations in the aliphatic solvents. The theoretical dipole moments 
!ltheo's in terms of available bond angles and bond moments conform the estimated lli's only to 
establish the existence of mesomeric, inductive and electromeric effects in them. 

© 2000 Elsevier Science B. V. All rights reserved. 

1. INTRODUCTION 

Dielectric relaxation studies of polar liquids in nonpolar solvents are of much importance as 
they provide interesting information on solute-solvent and solute-solute molecular formations 
[1-2] under high frequency (hf) electric field. In order to predict associational aspects of polar 
liquids one must analyze the measured relaxation parameters to know the relaxation time "t and 

. the dipole moment 11 of a polar liquid by Cole-Cole [3], Cole-Davidson [4] plots or by single 
frequency concentration variation method [5]. 

Srivastava and Srivastava [6] studied the relaxation behaviour of chloral and 
ethyltrichloroacetate in different nonpolar solvents under 4.2, 9.8 and 24.6 GHz electric field 
frequencies from the measured relaxation permittivities like real £;j imaginary t';j, static £0 ;i and 
infinite frequency permittivity £~;i of polar solute (j) in different nonpolar solvents (i) at 30°C to 
predict their solute-solvent or solute-solute molecular associations. They, however, inferred that 
such molecules may possess two or more relaxation processes towards dielectric dispersion 
phenomena [6]. The molecule chloral is widely used in medicine and in the manufacture of 

0167-7322/00/$- see front matter© 2000 Elsevier Science B.V. All rights reserved. 
PI! S0167-7322(00) 00142-2 
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D.D.T. as insecticide. Ethyltrichloroacetate, on the other hand, is used for artificial fragrance of 
fruits and flowers. 

All these facts inspired us to use the measured relaxation data [6] for such polar liquids only 
to detect the double relaxation times 't1 and 't2 from the single frequency measurement technique 
[7-8]. Earlier investigations have been made on different chain like polar molecules. like alcohols 
in a nonpolar solvent [9-1 0] .to see the double relaxation phenomena at three different electric 
field frequencies. However, no such study is made so far on such rigid aliphatic polar liquids in 
different nonpolar solvents under various electric field frequencies by the double relaxation 
formalism derived from single frequency measurements of dielectric relaxation parameters 
[7-8). Moreover, their measured permittivities [6) have dimensions of Farad metre··l (F.m-1) in 
SI units. It is, therefore, better to replace them in terms of dimensionless dielectric constants in 
SI units because of its rationalised coherent and unified nature. 

Five systems out of twelve as presented in Table 1 show the double relaxation times 't2 and '!1 

due to rotation of the whole and the flexible part of the molecule. 't2 and 't1 were calculated from 
the slope and intercept of the linear equation (7) (see later). All the straight lines are shown 
graphically in Figure I. 
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Figure 1 : Linear variation of (k01i-k;j) I (k1j- k..1i) against k 'ij I (k;j- k..1i) for different w/s of chloral 
and ethyltrichloroacetate under three different hfelectric fields at 30°C. I(a), I(b) and I(c) for 
chloral in benzene (I, 0, T) ; II(a), II(b) and II( c) for chloral inn-heptane((), 6, 0); III( a), 
III(b) and III(c) for ethyltrichloroacetate in benzene (.A, •. ¢)and IV(a), IV(b) and IV(c) for 
ethyltrichloroacetate inn-hexane <•. e, ED) at 4.2, 9.8 and 24.6 GHz electric fields respectively. 
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, The dipole moments J.12 and J.l, of Table 2 due to . 
p s of total hf conductivity cr .. a . t 't'2 an~ 't', were computed in terms of slopes 
conductivities crii's with w.'s areu fo~~:~ :Vi curves ~f Fzgure 2. All the parabolic curves of 

J o Increase wzth frequency of the electric field. 
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,.'~tgure 2 : ~f conductiv:ty crii x I 0-12 in .Q-' m-1 against W; of solutes at 3ooc. I( a), I(b) and I( c) 
. i £cr chloralm benzene (•, ~· 'Y); II( a), II(?) and II( c) for chloral inn-heptane((), .6, 0); III( a), 

. · ./ ;h(b) o/d III(c) for e~hyltnchloroacetate m benzene (A, •. 9) and IV(a), IV(b) and IV(c) for 
7 lethylvi'chloroacetate m n-hexane (+, e, EEl) f!t 4.2, 9.8 and 24.6 GHz electric fields respectively. 

/ I '· 
;fhe calculated' J.l's are compared with the theoretical dipole moment llmeo due to available 

· Jond angles and bond moments which are sketched in Figure 3 showing the associational aspect 
/~fthe polar molecules with solvents to observe the mesomeric and inductive moments in them 

/ under hf electric field. They are finally compared with the reported J.l's and J.11 obtained from 
J.11"'Jl.lc/c2)

1
' 2 assuming two relaxation processes are equally probable. 

The relative contributions c, and C2 towards dielectric dispersions for the five systems were 
obtain~d from the theoretical values of x = (k;j- k.;i) I (k,;i- k,.~) andy= k:j I (k0;i- k,.~) of 
Frohlich's theory [11] in terms of estimated 't'2 and 't'1 ofTable I. They were also computed from. 
the valuesofxandyatwi-? Oofgraphical technique [7-8] and placed in Table 3 for comparison 
with Frolilich's c, and c2 • The variations ofx andy with wi of solute of Figures 4 and 5 are the 
least squires fitted parabolae with the experimental data. They are of convex and concave shapes 
except ethyltrichloroacetate inn-hexane at 9.8 and 24.6 GHz electric fields. This sort ofbehaviours 
was not 6bserve'd earlier [7-8]. With these values of x and y at wi -? 0 the symmetric and 
asymme:ric distribution parameters yand·o of the molecules at those frequencies are computed 
and are rlaced in Table 3 to indicate the nonrigidity of the molecules in hf electric field. 
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2. THEORETICAL FORMULATIONS 

Assuming the mol~cules to possess two separate broad dispersions under hf electric field, 
Bergmann equations [12] are : 

E;j-E~;i Cj 
+ 

Cz 
(1) 

Eoij-E~;i 1+CD21:,2 1 +())2 1:/ 

___tL (J)'t, 
+ 

())1:2 
(2) c· c2 I 1 +())2 1:,2 1 +CD2 'tz2 Eoii-E~;i 

such that the sum of the relative weight factors c1 and c2 towards dielectric dispersion is unity i.e. 
c1 + c2 = 1. 

When the dielectric relaxation permittivities in equations (1) and (2) are expressed in tenns of 
i~tema~ionally ~ccept~d symbols l~ke re~l k;j ( = E;j/ E0), ima~ina?'k~j ( = E;j/ E0 ) parts of complex 
drmens10nless drelectnc const~n~ ~;i, statrc kou ( = E0;/ E0) and mfimte frequency dJelectric constant 
k~;i ( = E~;/ E0 ) where E0 =permtttlVlty of free space= 8.854 X I0-12 F.m-', the Bergmann equatio 
(I) and (2) are given by : ns 

k'~ __ •J_ 

koij-~ij 

+ 

Solving equations (3) and (4) for c
1 

and c
2 

one gets, 

(xa2-y) (l+cx,2) 

a.2- a., 

(y -xa1) (l+a./) 

a.2- a., 

(4) 

(5) 

(6) 

wherex=(k;j-k ·)/(k-·-k -)andy=k"/(k ~) 
however, related ~~0 1:, ;~d 't;~espectivel;. oii- ii ·The tenn a= CD 1: and suffices I and 2 are, 

Adding equations (5) and (6) one gets, 

k~' 
IJ 

k;j-~ij (7) 
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as a linear.equation having intercept- m2-r1-r2 and slope m ('t'1 + 1:2) which are obtained from the 
measured dielectric constants at different w/s of solutes under a single frequency electric field at 
a given temperature by applying linear regression technique and m = the angular frequency 
= 2n:f,fbeing the frequency in GHz. 

Assuming a single broad Debye like dispersion for the polar molecuies the equation (7) is 
reduced to the form (8] with :t1 = 0 ; 

k'.~ u (8) 

in order to get 't'2 for seven polar-nonpolar hquid mixtures placed in the 11th column ofTable 1. 

Table- 1 :The estimated relaxation times 't'2 and 't'1 from the slopes and intercepts of the straightline 
equ (7) with errors and correlation coefficients (r) together with measured 't' from cr;j'- cr;J curve 
and -r/s from single broad dispersion for apparently rigid aliphatic molecules at 30°C under 
different frequencies of electric fields. 

System with Fre- Intercept & slope Corre %of Estimated Mea Repo 't,'s in 
sl. no. & quency · ofequ (7) lation error values of sur rted psec 

mol.wt. in in coeffi in 't2 and 't'1 in ed 1:in from 
Kg. GHz cient regre- psec 'Lin psec .. single. 

(f) (r) ssion psec. broad 
tech- dis per-
nique sion of 

m c e u 8 
(I) chloral in (a) 4.2 -0.3872 -0.0732 -0.91 5.54 5.27 4.77 4.78 
benzene (b) 9.8 3.7238 0.5497 0.99 0.09 57.98 2.50 2.36 1.78* 
Mi= (c) 24.6 -0.1936 -0.2161 -0.41 25.08 2.45 1.73 2.01 
0.!475Kg 

(II) chloral in (a) 4.2 -2.7611 -0.4191 -0.78 12.81 5.44 3.74 40.87 
n-heptane (b) 9.8 1.6593 0.1040 0.93 3.89 25.89 1.06 1.82 0.46* 
Mi= (c) 24.6 1.7458 0.1752 0.95 2.56 10.60 0.69 0.91 
0.1475Kg 

(III) ethyltri ·(a) 4.2 0.3545 -0.0699 0.37 23.75 18.78 23.00 18.71 
chloroacetate (b) 9.8 1:5123 -0.1797 0.96 1.87 26.36 7.28 6.5** 32.53 
in benzene (c) 24.6 -2.7470 -3.3227 -0.24 25.86 5.88 3.34 37.19 
Mi= 
0.1915Kg 

(IV) ethyltri (a) 4.2 -1.7251 -0.9325 -0.26 25.68 16.38 16.53 20.13 
chloroacetate (b) 9.8 1.5182 0.0549 0.66 15.40 24.05 0.60 6.28 5.7** 
inn-hexane (c) 24.6 2.9891 1.6141 0.98 0.83 14.76 4.58 5.76 
Mi= 
0.1915K 

* Cole-Cole plot ** Gopalakrishna's method 

\ 
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Again, the complex hf conductivity cr;i is related to k;j and k'ij by the relation : 

where crij = ro E0k ~j and cr;j' = ro Eok;j are the real and imaginary parts of the complex conductivity ,cr;i. 

The magnitude oftotal hfconductivity is given by: 

(9) 

crij' is related to <r;j by the relation : 

crij' = cr~;i + (11 ro't) cr;j (10) 

where 't is the measured relaxation time of a polar unit and <J~;i is the constant conductivity at 
wi --7 0. 

In the hfregion, total conductivity <J;i=: <J;j', hence equation (10) is written as: 

The real part ofhfconductivity crij at T K for wi of a solute is [13-14]: 

On differentiation with respect to wi and at wi --7 0, equation (12) becomes: 

( 
d<r;j ) _ Np;!l/ ( E; +2 ) 2 ( ro2't ) 
dwi w; ~ 0 . 3E0k8 TMi 3 .. · 1 + ro2t 2 

where all the symbols expressed inS I units carry usual meanings [14]. 
From equations (11) and "(13) one gets hf dipole moment !li from : 

II. = 
I""J ( 

27E0k 8 TMi l ) Yz 
Np; ( t;+2 )2 rob 

The dimensionless parameter b .is related to 't by : 

(11) 

(12) 

(13) 

(14) 

(15) 

All the !l/S, b's and P's as computed for chloral and ethyltrichloroacetate are presented 
in Table 2. 
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Table-2 : Estimated intercept and slope of cr .. - w. equations dimensionless parameters b b 
U J ' '' I 

[ equ. (15)], estimated dipole moments f.l
2

, f.1
1 

[ equ (14)], f.lu,cJrom bond angles and bond mom~nts 
together with f.l 1 from f.l

1 
= f.l2 (c

1 
I c

1
) 112 and reported f.l in Coulomb-metre (C.m). 

System Fre- Intercept & Dimension- Estimated Repor- Estimated Jltheo 
with quency slope .of crjj less dipole moments ted !J.1 X 1030 in X 1030 

sl. no. & in against Wj parameter · inC.m. !J. X 1030 ' C.m from in 
mol.wt. in GHz equations m !J.,= 

Kg. (f) o:x f3x f.loX f.l,x C.m f.l1 (c,/c2)''2 C.m 
10-10 10

.,. b, bz 1030 1030 

(I) 
chloral in (a) 4.2 5.990 4.208 0.981 5.02 5.01 * 
benzene (b) 9.8 13.791 10.800 0.977 0.073 19.32 5.27 4.87** 13.26 10.02 
Mi= (c) 24.6 34.880 26.010 0.875 5.46 5.28* 
0.1475Kg 

(II) 
chloral in (a) 4.2 5.058 3.619 0.980 5.78 5.72* 
n-heptane (b) 9.8 11.772 6.001 0.996 0.282 9.07 4.83 6.00** 9.71 10.02 
Mi= (c) 24.6 29.631 16.513 0.989 0.271 9.69 5.08 5.10* 9.63 
0.1475Kg 

(Ill) 
ethyltri 
chloroacet (a) 4.2 5.990 9.057 0.803 9.27 9.72* 
ate in (b) 9.8 14.100 10.334 0.275 11.07 6.50** 10.5 
benzene (c) 24.6 34.188 39.357 0.548 9.67 8.05* 

/Mi= 
0.1915Kg 

(IV) 
ethyltri 
chloroacet (a) 4.2 4.984 5.599 0.843 8.97 8.99* 
ate in (b)9.8. 11.522 12.722 0.999 0.313 14.53 8.14 8.67** 17.15 10.5 
n-hexane (c) 24.6 28.160 36.525 0.666 0.161 21.66 10.65 11.64* 16.37 

Mi= 
0.1915K 

** Ref[5] * Computed from the conductivity. 

The molecules under consideration are of complex type and only a few data are available 

under single frequency measurement. In the case of a continuous distribution of 't's between the 

two extreme values [12] of'ti and 't2, Frohlich's theory [11] based on distribution of't yields: 

k;j- k~ii l ( 1 +ro' 'tz2 ) (16) X = - In 
koij-k~;j 2A 1+roz1:,z 

k'~ 1 
(17) y 

__ •J_ - [ tan-1 ( ro't2) - tari-1 (ro't,)] . 
koij-k~u. A 



236 

where A= Frohlich parameter= In (1"2 I 1"1). The theoretical values of x andy of equations (16) 
and (17) were used to get c, and c~. The values of c1 and c2 can be had from the graphical plots oJ 
x andy at wi ~ 0 as seen in Figures 4 and 5 respecdvely. c1 and c2 thus obtained by both the 
methods are shown in Table 3 for comparison. 

Table - 3. Frohlich parameter A, relative contributions c1 and c2 due to 1"1 and 1:2, 

theoretical values of x andy from Frohlich's equations (16) and (17) and from fitting 
equations as shown in Figures 4 and 5 at wi ~ 0 and symmetric and asymmetric 
distribution parameters y and o for the five polar- nonpolar liquid mixutres at 30°C. 

Theo-
Froh- retical Theo-

System Frequ- lich values of retical Esti-mated Estimated Estimated 
with sl. no. encyin para- x andy values· values ofx values of values 

GHz meter from of · andy at c, and c2 ofyand o 
(f) A= equs.(16) c1 and c2_ Wj ~ 0 

ln('t211:,) & (17) 
X y c, c2 X y c, Cz y 0 

(I) chloral (b) 9.8 3.14 0.587 0.364 0.52 1.10 0.362 0.228 0.32 0.69 0.42 0.38 
in benzene 

(II) chloral (b) 9.8 3.12 0.803 0.296 0.65 0.56 0.610 0.318 0.43 0.64 0.26 0.42 
in (c) 24.6 2.73 0.763 0.336 0.60 0.61 0.671 0.287 0.54 0.52 0.29 0.35 
n-heptane 

(IV) 
ethyltrichlo (b) 9.8 3.69 0.843 0.255 0.69 0.49 0.44 0.284 0.26 0.59 0.34 0.42 
roacetate in (c) 24.6 1.17 0.394 0.463 0.42 0.73 -0.32 0.383 -1.07 2.41 -0.62 
n-hexane 

The molecules under five different environments show double relaxation phenomena 
(Table 1) indicating their nonrigidity. In such cases dielectric relaxation behaviour may be 
represented by (3- 4] : 

kij-k~ij 
(18) 

koij-~ij l+(jro 1", ) 1-Y 

kij-k~ij 
(19) 

koij-k~ij (1+ }Ol'L"cs )S 

where y and o are symmettic and asymmetric distribution parameters which are, however, related 
to symmetric and characteristic relaxation times 'L"s and 'tcs respectively. 

Separating the real and the imaginary parts from equation (18) we have, 

2 X 
y=- tan-1 [(1-x) ~ - y] 

1!: y . 
(20) 

where x = (kij - k~;j) I (koij - k~;i) and y = k 'ij I (koij - k~;i) are obtained at wi ~ 0 from 
Figures 4 and 5 respectively. 



Similarly, 8 can be calculated as : 

tan (8~) = y I x 

log ( cos<j> ) 1'0 
log (xI cos <j>8) 

<!>8 

237 

(21) 

(22) 

where tan<j> = CO'tcs· To get 8, a theoretical curve of log ( cos<jl) 1'¢ against <jl is drawn as seen in 
Figure 6. Knowing 8<jl from equation (21), <j> can be found out from curve of Figure 6. With the 
known <j>; 8 can be estimated. y and o are_entered in the 12th and 13th columns of Table 3. 

3. RESULTS AND DISCUSSIONS 

Figure 1 showed the linear variation of(koii- k;j) I (k;j- k .. ;i) against k';j I (k;j- k..;i) for different 
w/s of chloral-and ethyltrichloroacetate in different nonpolar solvents under 4.2, 9.8, and 24.6 
GHz electric field frequencies at 30°C. The linearity is expressed in tenns of correlation 
coefficients r's as seen in Table 1. The percentage of errors in terms of r's in the regression 
technique were calculated in. order to place them in Table 1. The estimated values of-r2 and 1:1 

from intercepts and slopes of equation (7) are shown in the 7th and 8th columns of Table 1. 
Double relaxati"on phenomena are, however, observed for chloral in n-heptane and 
ethyltrichloroacetate in n-hexane at 9.8 and 24.6 GHz electric field. Chloral in benzene at 
9.8 GHz also showed the same phenomenon. This observation reveals that the probability of 
showing double relaxation phenomena in aliphatic nonpolar solvents at ·higher frequencies is 

·maximum for such rigid aliphatic polar liquids.The electrostatic interaction of polar molecules 
with n:- delocalised electron cloud of C6H6 - ring increases the rigidity to show 't2 only for the 
whole molecular rotation. The interaction appears to be absent for aliphatic polar liquids in 
alicyclic aliphatic nonpolar solvents and thus the double relaxation times 't2 and 't1 are seen to 
occur in higher frequencies for their flexibility. Chloral in C6H6 at 9.8 GHz is exception probably 
due to the fact that the effective dispersive region [15] lies near 10 GHz electric field for such 
system. 't2 ' s for the rest seven systems showing single relaxation phenomena were also calculated 
assuming single broad Debye like dispersion [8] in them. They are placed in the 11th column of 
Table 1. It is interesting to note that 't1 's for the five systems agreewell with the measured 't from 
equation (1 0) of conductivity measurement. This fact shows that hf conductivity measurement 
always yields the average microscopic 't whereas the double relaxation phenomena offer a better 
understanding of microscopic as well as macroscopic molecular 't as observed elsewhere [9]. 't2 

of Table 1 is higher at 9.8 GHz and decrease gradually both at 4.2 GHz and 24.6 GHz electric 
fields in different solvents. This type of behaviour is probably due to larger size of the rotating 
unit in the effective dispersive region of nearly 10 GHz due to solute-solvent or solute-solute 

· molecular associations which breakup with the increase or decrease from nearly 10 GHz electric 
field frequency. All the 1: and 't1 agree well with the a~ailable reported 't placed in the lOth 
column of Table 1 establishing the fact that the rotation of a part of the molecule is possible 
under hf electric field [16]. 

The dipole moments 11-z and !-11 ofthe polar molecules were calculated in terms of dimensionless 
parameters b 's involved with -r's of equation ( 15) and slope J3 of crij- wi curve of Figure 2 as seen 
in Table 2. The polar liquid in a given nonpolar solvent behaves as a bound charged species due 
to polarisation under GHz electric field in order to have very large hf conductivity 
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O"u x 1012 .Q-I m-1 for different w/s; although they are insulators. The parabolic variation of 
cru x 10-12 

.Q-1 m·1 with w/s. increases with the electric field frequency as found in Figure· 2 
yielding different slopes Ws which are usually used to calculate hf lli of a ploar liquid from 
equation (14) and (15) at a given temparature. J.Lz's are found to increase from 4.2 GHz electric 
fields for chloral inn-heptane and ethy1trichloro-acetate inn-hexane. This type of behaviour is 
probably due to rupture of solute-solute and solute-solvent molecular association in the hf electric 
field and the corresponding increase in the absorption for smaller molecular species [17]. But 

(i) 

_(ii) 

(iii) 

(iv) 

Figure 3 : Conformational structures of chloral and ethyitrichloroacetate from bond angles and 
bond moments in multiple of 10-3° Coulomb-metre. (i) Solute-solvent association of chloral in 
benzene; (ii) Solute-solute association of chloral; (iii) Solute-solvent association of 
ethyltrichloroacetate in benzene and (iv) Solute-solute association of ethyltrichloroacetate in 
n-hexane. 
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chloral apd ethyltrichloroacetate in benzene show higher values of Jl2 at 9.8 GHz and decrease 
gradually from 24.6 GHz to 4.2 GHz electric fields. Such type ofbehaviour may be due to strong 
absorption of electric energy at 9.8 GHz and solute-solvent association of the polar solute with 
benzene ring. !12 and Jl1 are,-however, compared with the llthea's due to available bond angles and 
bond moments 8.0 x I 0·30, 5.0 x 1 0·30 0.3 x 1 0·30 and 2.4 x 1 0·3° Coulomb-metre for> C 2:::: 0, 
C-<-Cl,.C-<-C and C--'OCH3 (making an angle 57° with bond axis) respectively as displayed in 
Figure 3. Jl111,a's are placed iri the 11th column of Table 2. The molecule chloral shows slightly 
larger )1,11, 0 

probably due to solute-solute molecular associations [Figure 3(ii)] in the comparatively 
concen-trated solution as expected. The solute-solute association may arise due to interaction of 
fractional positive charge 8+ on C atom and negative charge 8- on 0 atom of> C 2:::: 0 group 
between two solute molecules. The solute-solvent association with benzene is explained on the 
basis of the interaction between C atom of> C 2:::: 0 group and 1t- delocalised electron cloud of 
C6H6 ring. Ethyltrichloroacetate, on the other hand, shows Jl,11, 0 in agreement with the estimated 

'f 
-"' 

I 

-"' 
.~ 

1. 

0o~----.~0.71----~0~.~2----~~--~0h 

--------+Weight fraction, wi 

Figure 4: Variation ofx"" (kij- k~ii)/(kou- k~u) 
against different W/ s of chloral and 
ethyltrichloroacetate at 30°C under various fre
quencies of GHz range. I(b) for chloral in ben-

. zene at 9.8 GHz ( 0 ); Il(b) and II( c) for chloral 
in n-heptane at 9.8 and 24.6 GHz ( !::., 0 ); 
IV(b) and IV( c) for ethyltrichloroacetate inn
hexane at 9.8 and 24.6 GHz. ( e, EEl) 

.. 

-Weight fraction, wi 

Figure 5 : Variation of y "" k'ij I (koii - k~ii) 
against different w/s of chloral and 
ethyltrichloroacetate at 30°C under various fre
quencies of GHz range. l(b) for chloral in ben
zene at 9. 8 GHz ( 0 ); Il(b) and II( c) for chloral 
in n-heptane at 9.8 and 24.6 GHz ( !::., 0 ); 

. IV(b) and IV( c) for ethyltrichloroacetate inn
hexane at 9.8 and 24.6 GHz. ( e, EEl) 
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!J./S in C6H6• This is due to solute-solvent association as sketched in Figure 3[(i) and (iii)] which 
confirms the orientation of the bond angles and bond moments of the substituents polar groups 
ofthe molecules in C6H6 • The slight disagreement between the observed and the theoretical !J.'s 
may be either due to the steric · 
hindrances or the mesomeric, inductive 
and electromeric effects existing within 
the polar groups attached to the parent 
ones. Larger values of measured !J./S 
invariably suggest the so1ute-solute 
interactions in alicyclic solvent n
hexane due to interaction. between 
adjacent C and 0 atoms of> C ±::: 0 
groups of two molecules as shown in 
Figure 3 [(ii) and (iv)]. However, the 
reduced bond moments by )l/ !ltheo's in 
agreement with the estimated !J./S 
reveals the mesomeric, inductive and 
electromeric effects within the polar 
groups of the molecules under 
consideration. 

The relative contributions c1 and c, 
toward dielectric dispersions due to 1:1 

"' 0 
u 

r 
__.,. 4> in degree. 

Figure 6: Plot of( I I<!>) log (cos<!>) against <P 

in degree. 

and 1:2 are : however, calculated from x = (k;j- k~;i) I (kaij - k~;i) and y = k 'ij I (kaii - k~;i) of 
equations (I6) and (I 7) of Frohlich's methods [11]. They are compared with those due to x and 
y from graphical methods of Figures 4 and 5 at wi ---7 0. Both the methods yield c1 + c, = I 
suggesting the applicability of the methods. The nature of variation ofx andy with wi is convex 
and concave (except ethyltricchloroacetate inn-hexane at 9.8 and 24.6 GHz) which is not usual 
as observed earlier [7 - 8]. Such type of behaviour explained that unlike increase of 't [I8] it 
decreases with wi probably due to solute-solute and solute-solvent molecular association. All 
the values of c, and c1 are placed in Table 3 for comparison. In order to test the rigidity of the 
molecules the symmetric and asymmetric distribution parameters"{ and o were estimated from 
equations (20) and (2I) for fixed values of x andy at wi ~ 0 of Figures 4 and 5. The values of 
(II<!>) log ( cosq>) against<!> in degree as shown in Figure 6, is essential to get o knowing$ from the 
curve of Figure 6 : o's were obtained. Both "{and o are placed in Table 3. The values of"{ 
establish the fact that the molecules obey the symmetric relaxation phenomena as o's are very 
low [19]. 

4. CONCLUSION 

The study of dielectric relaxation mechanism by dimensionless dielectric constants gives a 
new insight into polar-polar.and polar-nonpolar molecular interactions. The single frequency 
measurement of dielectric relaxation parameters provides a unique method to get macroscopic 
and microscopic relaxation times 1:2 and 1:1 and hence dipole moments !12 and !J.1 of the whole and 
the flexible part ofthe molecule. The estimation of'ti or 't 1 and 't2 from a linear equation is very 
simple and straightforward to get !li or !J. 1 arid !J.2 in tenus of slope of crii- wj curve. The errors in 
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measurement of 'ti and /li can be computed by correlation coefficients and are claimed to be 
accurate within I 0% and 5% respectively. The molecules under different states of environment 
show interesting phenomena of double or single relaxation mechanism. When the solute-solvent 
molecular interaction is almost absent in the polar solute in alicyclic aliphatic solvent; flexible 
part alongwith the whole molecule rotates under hf electric field giving rise what is known as 
double relaxation. The solute-solvent association, on the other hand, favours the existence of 
single relaxation phenomena by the whole molecular rotations as n-delocalised electron clouds 
of solvent interact with the flexible parts to cease their rotations. The probability of showing 
double relaxation is, thus greater in aliphatic solvents. Various types of molecular associations 
like solute-solute and solute-solvent interactions .are inferred from departure of the graphical 
plots of x = (k;j- k~;i)/(koii- k~;i) andy = k'ij I (koii - k~;i) with wi of Bergmann's equations. 
Nonrigid characteristics of the molecules are confirmed by estimation of symmetric y and 
asymmetric distribution parameter o. The molecular associations are also supported by the 
conformational structures of the molecules in which the presence of mesomeric, inductive and 
electromeric moments due to> C ±::: 0 group are found to play their vital role. The correlation 
between the conformational structures of such polar liquids with the observed results enhances 
the scientific content of the paper in order to add a better understanding of the existing knowledge 
of dielectric relaxation phenomena. 
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ABSTRACf 

The real E;j and imaginary ~j parts of complex dielectric constant £;i of some aprotic polar 
molecules (j) like dimethylsulphoxide (DMSO): N, N-diethylformamide (DEF): N, N-dimethyl
formamide (DMF) and N,N-dimethylacetamide (DMA) in benzene (i) for different weight 
fractions w/s of solutes are located at different temperatures under nearly 10 GHz electric field 
together with the static and infinite frequency dielectric constants £0 ;i and £-ii. All the molecules 
show the double relaxation times '!: 1 and '!:2 for rotations of their flexible parts and the whole 
molecules by the single frequency measurement technique. The '!: 1 in agreement with reported'!: 
signifies that a part ofthc molecule is rotating under 10 GHz electric field. It is also supported by 
energy parameters ~H., .~S, and ~F, measured from In (1: T) against l /T curves for DMSO. The 
relative contributions c1 and c2 towards dielectric relaxations for '!: 1 and '!:2 are ascertained from 
Frohlich's equations and graphical technique. The corresponding dipole moments ~2 and~~ of 
the whole and the flexible part of the molecule are obtained from '!:2 and '!:1 and the slope ~ of 
high freq~tency conductivity cr;iagainst w;.in order to compare with the measured static~,. and 
reported~ 's. J..l 1 's are found to agree with J..li and static ~s· The molecular confonnational structures 
are obtained by Ileal from ,u) J..ltheo by considering mesomeric and inductive effects ofthe substituent 
polar groups. ~~thco's are obtained from available bond moments and bond angles. The comparison 
of all the J..l's shows little dependence on electric field frequency. 
© 2000 Elsevier Science B.V. All rights reserved. 

1. INTRODUCTION 

The absorbtion ofhigh frequency electric energy by aprotic polar liquids in nonpolar solvents 
has attracted much attention [1-2]. Such liquids have wide biological applications and act as 
building blocks of proteins and enzymes because of their high values of dielectric constants. 
They showed weak molecular association of monomer or dimer formation under the X-band 
( -1 OGHz) electric field. Many workers [3-4] studied their structural and associational aspects in 
high frequency (j) electric field by using the concentration variation method of Gopalakrishna 
[5]. However no attempt has been made so far to observe their double relaxation phenomena in 
nearly 10 GHz electric field which seems to be the most effective dispersive region [6] for them. 

0167-7322/00/$- see front matter© 2000 Elsevier Science B.V. All rights reserved. 
PH SOI67-7322(00) 00164-1 
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Table I. : Concentration variation of dielectric relaxation parameters like real part of dielectric 
constant ( E;j), dielectric loss ( E'ij), static dielectric constant ( E0;i), optical dielectric constant ( E~;i) 
of some aprotic polar liquids in benzene at different temperatures measured under high fre-
quency electric field of nearly 10 GHz. 

Temperature Weight fraction 
e';i E."·· 

Eoij at E~;j= n2
Dij 

in ° C w. IJ 1KHz 
DMSO in C6H6 at 9.174 GHz 

0.0022 2.311 0.0280 2.3230 2.2499 
0.0043 2.342 0.0420 2.3624 2.2530 

25 0.0047 2.350 0.0460 2.3731 2.2550 
0.0069 2.381 0.0616 2.4173 2.2579 
0.0086 2.414 0.0798 2.4602 2.2620 

0.0022 2.310 0.0274 2.3210 2.2470 
0.0043 2.341 0.0400 2.3610 2.2515 

30 0.0047 2.348 0.0440 2.3720 2.2500 
0.0069 2.370 0.0526 2.4045 2.2545 
0.0086 2.390 0.0648 2.4362 2.2560 

0.0022 2.290 0.0234 2.2993 2.2300 
0.0043 2.312 0.0330 2.3400 2.2320 

35 0.0047 2.316 0.0360 2.3470 2.2335 
0.0069 2.350 0.0496 2.3960 2.2396 
0.0086 2.370 0.0580 2.4270 2.2440 

0.0022 2.270 0.0170 2.2849 2.2201 
0.0043 2.302 0.0282 2.3300 2.2246 

40 0.0047 2.304 0.0286 2.3350 2.2256 
0.0069 2.338 0.0420 2.3838 2.2297 
0.0086 2.350 0.0500 2.4120 2.2345 

DEF in C6H6 at 9.695 GHz 
0.0023 2.2780 0.0256 2.3067 2.0939 

30 0.0042 2.2900 0.0288 2.3336 2.1141 
0.0079 2.3140 . 0.0384 2.3965 2.1543 
0.0095 2.3260 0.0448 2.4208 2.1727 

DMF in C6H6 at 9.987 GHz 
0.0027 2.324 0.0256 2.3446 2.2498 

25 0.0036 2.339 0.0302 2.3680 2.2518 
0.0048 2.359 0.0386 2.3968 2.2545 
0.0063 2.387 0.0484 2.4434 2.2579 

DMA in C6H6 at 9.987 GHz 
0.0026 2.3250 0.0213 2.3633 2.2432 

25 
0.0045 2.3475 0.0278 2.3988 2.2429 
0.0056 2.3625 0.0330 2.4278 2.2427 
0.0066 . 2.3795 0.0381 2.4508 2.2425 



113 

We, therefore, measured real E;j and imaginary E;j parts of complex dielectric constant eji of 
liquids (j) like dimethylsulphoxide (DMSO) at 25°, 30°, 35° and 40°C; N, N-diethylformamide 
(DEF) at 30°C; N, N-dimethylformamide (DMF) and N, N-dimethylacetamide (DMA) at 25°C 
in benzene (i) at nearly 10 GHz electric field by a Hewlett Packard Impedance Analyser 4192A 
together with the static and infinite frequency dielectric constants E0;i (at 1 KHz) and E~;i (=n2 Dii)by 
Abbe's refractometer within 1% accuracy [7-8]. The measured data of Table 1 were used to 
detect their possible existence of double relaxation phenomena by the recently developed single 
frequency measurement [9-10] method. 

The relaxation times <2 and <1 due to end over end rotation for the whole molecule as well 
as its flexible part attached to the parent one were obtained from the slope and intercept of a 
derived linear equation of (E0;i-e;j) I (E;]-e~;i) with E;jl (e;)-E~;i) as seen graphically in Figure I for 
different weight fractions wi of solutes [9-l 0]. The intercepts and slopes of the linear curves of 
Figure I together with% of errors in terms of correlation coefficients 'r' are placed in Table 2. 
1:1 in Table 2 is very close to reported 1: [5]. The relative contributions c1 and c2 towards dielectric 
relaxation due to 1:1 and 1:2 are calculated from the values of x = (e;j-e_;i) I (E0;i-E-;i) and 
y = E;jl (E0 ;i-E-;i) at wi -7 0 from their respective plots with w/s in Figures 2 and 3 respectively. 

D-65r-------------.-

055 

g 
I (].35 
~ 

0.25 

0:15'--":........<----'-'--'----'""-'-.JL.-----=:-' 
0.108 0.270 0.5L. - £ij I ( E;j-E_;i) 

Figure I. Variation of ( foii -e;j) I ( E;j-e_;i) against E;j I ( e;j-e_;j) for different weight fraction wi of 
some aprotic polar liquids in benzene : 
DMSO (- 0-,-6-,- D -,-¢-) at25°C, 30°C, 35°C and40°C respectively; DEF (-e-) at 
30"C; DMF (-A-) at 25°C; DMA (-*-)at 25°C 
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The estimated values of c1 and c2 together with those from Frohlich's equations [11-12] are 
presented in Table 3 for comparison. 

Table 2. : The estimated intercepts and slopes of straight line equation of (£0 ;; -£;j) I (c;j-£~;) 
against !t;jl (£;j-£~;;); correlation coefficients (r),% of error involved in regression technique, the 
most probable relaxation time 'C0 = "I/'C 1'C2 and reported 'C of some nonspherical aprotic polar 
liquids under hf electric field of nearly 10 GHz. 

Intercept & slope 
%of Most 

Tern- ofequ (II) 
Correia! error in 

Estimated 
probable Reponed -r 

System with pera- ton regre-
values of 

relaxation in psec. 
St. no. & mol.wt. ture in coefficie ssion time (O.K. 

oc nt (r) tech-
-r2 and < 1 in psec 'to=i-r, <2 Method) 

m c 
ni ue in psec 

(I) DMSO in C6 H6 25 0.5671 1.6817 0.9605 2.34 21.08 8.10 13.07 5.37 
Mi= 78gm. 

(II) DMSO in C6 H6 30 1.3024 3.4358 0.9429 3.35 52.11 7.53 19.81 4.96 
Mi = 78gm. 

(Ill) DMSO in 
c.H. 35 1.2899 3.8162 0.9377 3.64 59.73 6.51 19.72 4.70 
Mi= 78gm. 

(IV) DMSO in 
c.H. 40 0.5376 2.4880 0.9862 0.83 39.04 4.15 12.73 4.33 
Mi= 78gm. 

(V) DEF in C6 H,, 
30 0.2592 3.0829 0.9933 0.45 49.21 1.42 8.36 2.42 

Mi= 101.15gm. 

(VI) DMF in C6H6 25 1.0183 3.8186 0.8896 7.03 56.28 4.60 16.09 5.09 
MJ = 73gm. 

(VII) DMA in 
c.H, 25 0.4936 3.7032 0.9011 6.34 56.81 2.21 11.20 6.53 
M; =87gm. 

The dipole moments J.L2 and J.L 1 of the whole and the flexible part attached to the parent 
molecule due to 'C2 and 'r 1 in terms of slopes Ws of high frequency conductivities cr;; against w/s 
[13] of Figure 4 were estimated to present in Table 4. The variation ofJ.L2 and J.L1 ofDMSO with 
temperature and the estimated thermodynamic energy parameters from In( 'C2 T) and ln('C1 T) against 
!IT respectively supports the rotation of flexible parts of molecule under GHz electric field. We 
have also calculated the static experimental parameter Xu involved with £0;; and n2

0 ;; at different 
w/s of solutes [14] (Table 1). The slopes a1's ofX,;-W; curves of Figure 5 were then used to 
calculate static dipole moment J.L,. All the J.Ls's together with the slopes of Xu-w; curves are 
placed in Table 5. The ~l, of Table 5 when compared with J.L2 and J.L1 of Table 4 shows that J.L, 
agrees with J.L 1• The conformational structures ofmolecules in Figure 6 were obtained from J.lca1 

in terms of reduced bond moments by a factor J.L, I J.L111, 0 in order to take into account of the 
mesomeric and inductive effects of the substituent polar groups [14]. The theoretical dipole 
moment J.L11,.0

's of polar molecules are, however, derived from the available bond moments and 
bond angles of polar groups of the parent molecules. 
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2. EXPERIMENTAL SET UP 

The Block diagram for the measurement of dielectric relaxation solution (ij) data and 
experimental details [7] has been shown in the adjoining Figure A. It consists of sample J1older, 
temperature chamber, temperature controller and a Hewlett Packard Bridge 4192 A. A cell (Figure 
B) with a sample holder consists of two glass plates coated with conducting Indium Tin Oxide 
(ITO) in their inner surfaces. They are separated by mylar spacer of 40 ~m thickness and kept on 
temperature chamber Mettler Hot Stage FP 52. 
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Figure A : Block diagram of the experimental setup used for dielectric measurements 
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Figrure B: Inner surfaces of the lower and upper conducting glass plates. 
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The Hewlett Packard Impedance Analyser (HP 4192A) measures the complex impedance 
of the cell to evaluate capacitance and conductance values. Air capacitance C0 of the cell can be 
written as 

(1) 

where c~. is the capacitance of the empty cell excluding stray capacitance C5. When the cell is 
filled with the sample of known dielectric constant E;i, the measured capacitance will be : 

(2) 

The real part of the dielectric permittivity of the sample is given by: 

E;j= (C- C5)/(C0 - Cs) (3) 

The dielectric loss due to absorbtion is 

~j = Gu I 2rcjC0 (4) 

where Gii and fare conductance of the solutions and frequency of the electric field. 

The ITO electrode in GHz does not yield dielectric properties of the solution but rather 
those ofthe electrode materials because ITO is not sufficiently a good conductor and appropriate 
only upto a few MHz. The frequency range of the instrument HP 4192A was 5Hz to 13 MHz. t;j 
and t';j for a given wiof solute under a few MHz frequencies were carefully measured to construct 
the Cole-Cole semicircular arc. Both E_;i and £0 ;i were then accurately obtained along with E;j and 
c:j within 5% accuracies at nearly 10 GHz to report in Table I. The frequencies as quoted in 
Table I were found out from (dt';jldj)=O in t';j =a+ bf + cf at which E;j were again located. E_;i 

and £ 0 ;i were also verified by Abbe's refractometer and HP 4192A at 1KHz within 1% accuracy. 
The solvent C6H6 (Spec.pure) and aprotic liquids like DMSO, DMF, DEF and DMA 

(E Merck, Bombay) were used after distillation. The solutions of different concentrations were 
made by mixing a certain weight of solute in a solvent of known weight. They were kept in dried 
and clean capsules for the measurement. 

3. THEORETICAL FORMULATIONS 

3.1. Relaxation times 't2 and 't1 : 

The dielectric relaxation parameters under Gl-Iz electric field for two mutually independent 
Debye type dispersions [II] can be given by: 

t;j- t-ij Cl 
+ 

c2 
(5) 

Eoij-Eocij 1 +ro2 'tl 2 1 +ro2 't22 

~; (J) 't I 
+ 

(J)'t2 
(6) = Cl c2 

toij-£-ij I +ro2-cl2 1 +ro2-c22 

Here c1 and c2 are the relative contributions towards dielectric relaxations due to 't1 and '1:2 

respectively. 



Substituting (E;j-E~;) I (E0;i-E~;i) == x and ~j I (E0;i-E~ii) == y equations (5) and (6) become : 

where a== 1 I (I+ a 2), b = a I (1 + a 2) and Ol't =a 
The suffices I and 2 with a and bare related to 1:1 and 1:2 respectively. 
Solving equations (7) and (8) one gets : 

(xa2- y) (l+a12) 

a2-a1 

provided a 2 - a 1 :t= 0 and a 2 > a 1 

Now, using C1 + c2 = 1; one gets from equations (9) and (10) 

E.'-~ 
IJ 
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(7) 

(8) 

(9) 

(10) 

(11) 

which is a straight line of(E0 ;i-E;j) I (E;j-e~;i) against l!ijl (E;j-e~;i) with intercept- (1)21:11:2 and slope 
ro (1:1 + 1:2). Here ro =angular frequency of the applied electric field of frequency fin GHz. The 
equation (II) is fitted with the measured E;j, l!;j, eoii and e~;i ofTable 1 for each aprotic polar liquid 
in C6H6 for different w/s at a given temperature T K. The slope and intercept were used to yield 
1:1 and 1:2, as shown in Table 2, with the reported 1: [5]. 

Frohlich's theory of dielectric relaxation is based on the concept of a distribution of relaxation 
times with a minimum 1:1 and a maximum 1:2 values. The double relaxation method is, however, 
concerned with these two discrete relaxation times as the limiting values of Frohlich's theory 
[12]. c1 and c2 towards dielectric relaxations are, therefore, calculated from the theoretical 
formulations of x andy of Frohlich [12]. 

Ejj-E.ooij 1 In c+ e2Aro2•l) 
X = - (12) 

t0;j-E~;i 2A 1 +ro2•l 

E '-~ 
y = __ •J_ [ tan-1 ( eAro1:5) - tan-1 ( ro1:5)] (13) 

eoij-e~ii A 

and are shown in Table 3. Here 1:5 =small limiting relaxation time== 1:1 and A==Frohlich parameter 
= In (1:2 I 1:1). 'A' is a constant which can be expressed in terms of the difference in activation 
energies E2 and E1 of a rotating unit at a given temperature because 1:2 I 1:1 == exp (E2- E1) I k8 T 
where k8 is the Boltzmann constant. The values of x andy at wj ~ 0 from the graphical plots of 
Figures 2 and 3 can also be had to get c1 and c2. The L.H.S. of Bergmann's equations [11] are 
fixed for once estimated 1:1 and 1:2 from the intercept and slope of equation (11 ). 
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Table 3. : Frohlich parameter A, relative contributions c1 and c2 due to 1: 1 and 1:2, theoretical 
values of x andy due to Frohlich equations (12) and (13) and those by graphical method at 
infinite dilution for some aprotic polar liquids at different and single temperature under hfelectric 
field 

Theoretical Theoretical Estimated Estimated 

Tern Frohlich values of x andy values of values of values of c 1 

System with pera parameter from equations c 1 and c2 from xandyat and c2 from 
sl. no. turc A= 

(12) & (13) 
equations Wj -7 0 from graphical 

in °C ln("t/"t1) (9)&(10) figures 2 & 3 technique 
X y c, c2 X y c, c, 

(I) DMSO in 
25 0.9565 0.629 0.466 0.486 0.569 0.892 0.363 1.174 -0.178 

C,H,, 

(II) DMSO in 
30 1.9345 0.449 0.434 0.423 0.934 0.900 0.338 1.094 -0.206 

C., H., 

(lll)DMSO 
35 2.2165 0.454 0.419 0.425 1.043 0.834 0.295 0.958 -0.075 

in C6H6 

(IV) DMSO 
40 2.2415 0.610 0.409 0.507 0.794 0.848 0.225 0.885 0.067 

in C6 H6 

(V) DEF 
30 3.5454 0.677 0.328 0.588 0.924 0.988 0.055 1.006 -0.104 

in C.H. 

(VI) DMF in 
25 2.5043 0.497 0.405 0.451 1.086 0.872 0.210 0.959 -0.173 

C.,H,, 

(VII) DMA in 
25 3.2467 0.600 0.357 0.530 1.096 0.736 0.126 0.743 0.096 

c.H,, 

Table 4. : The estimated coefficients a, ~ and y of cr;i- wi curves (Figure 4), dimensionless 
parameters b2 and b1, dipole moments ~/sin Debye of some nonspherical aprotic polar liquids 
in benzene under hf electric field of nearly I 0 GHz at single and different temperatures. 

Tern Dimensionless 
Estimated dipole Reported 

System with 
Co-efficients ex, j3 andy of moments in dipole 

perat 
<i;;X1 Q-10 = (X+ j3w;+ yw/ parameters Debye moment 

sl. no. & mol.wt. ure 
in °C 

in n-'cm-l 
b2 b, 11-2 f.! I ll; in 

Deb e 
(I} DMSO in C6H6 25 1.047 5.649 157.35 0.4040 0.8212 4.67 3.28 3.79 M;= 78gm. 

(11) DMSO in C6H6 30 !.043 8.180 -231.74 0.0999 0.8416 11.47 3.95 3.83 M;= 78gm. 

(Ill) DMSO in C6H6 35 1.040 4.158 164.83 0.0779 0.8767 9.38 2.80 4.04 
M; = 78gm. 

(IV) DMSOin 
c.H. 40 1.023 8.897 -274.83 0.1650 0.9459 9.55 3.99 4.11 
M;= 78gm. 

(V) DEF in C6H" 
30 1.098 2.839 32.45 0.1002 0.9926 7.47 2.38 3.88 

M;= 101.15gm. 

(VI) DMF in C6H6 25 1.141 6.544 245.95 0.0743 0.9232 10.88 3.09 3.62 
M;= 73gm. 

(Vll) DMA in C6 H6 25 1.153 1.884 533.11 0.0729 0.9811 6.43 1.75 3.37 
M·=87 m. 



3.2. High frequency dipole moments !1-u !1-2 of 1:, 1:
2 

: 

The high frequency complex conductivity cr;i ofliquid mixture is expressed by 
cr;i = cr;j + jcr;j' while the total conductivity is 

G;i =(WI 47t) ( E;j 2 + E';j 2 )112 
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(14) 

as a function of wi. Although E';j offers resistance to polarisation, still in the hf region E;j >> E';j. 
The real part ofhf conductivity is [13] : 

a-~ = IJ 

Np;iJ.l/F;i 

3k8 TMi 

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

( 
dcr;j ) N p;J.l/F; ( w

2
1: ) 

dwi w --7 ~ 3k8 TMi 1 + w21:2 

J 

( 15) 

where Fu= the local field of the solution= (E;i+2)2 I 9. Fu becomes F; and p;i tends top; at wi --7 0, 
where F; = (£;+2)2 I 9. £;and P; are the dielectric constant and density of the solvent respectively. 
The other symbols carry usual significance [9,10]. 
Again, since cr;i = (WE;jl 47t) we have 

cr;i = cr_ii + ( 11 W't:) cr;j 

or, ( dcr;j I dwi) w --7 0 
J 

where ~ is the slope of crii- wi curve at wi --7 0. 
From equations (15) and (16) one gets 

).lj = ( 27kg ™j ~ ) y, 
Np; ( £;+2 )2 wb 

(16) 

(17) 

in order to obtain ).1 1 or ).12 in terms ofb1 and b2 where b1 and b2 are the dimensionless parameters 
involved with 1:1 and 1:2 i.e. 
b1 =11(l+w21:/) and b2 =ll(l+W21:/) (18) 
Both b 1 and b2 as well as the coefficients a,~ andy of crii- wi equations of curves in Figure 4 are 
shown in Table 4 together with ).1 1 and ).12 of the flexible part and the whole molecule of a polar 
liquid. 

3.3. Static dipole moments : 
The Debye equation for a polar nonpolar liquid mixture ofwi of a polar liquid under static 

or low frequency electric field at a given T K is [14] 

Eoij- nbij 

(Eoij + 2) (nb;i + 2) 

Eo;- 11b; 
-------- + 
(£0;+ 2) (nL;+ 2) 

47tNJ.l§P; 

27k8 TMi 

47tNJ.l§P; 47tN).l§p; 
or, Xii = X; + 27k

8
TMi wi + 27k

8 
TMi yw/ + ... 

where Xii and X; are the static experimental parameters of the solution and solvent. 
y= (I - p/ Pi), p; and Pi are densities of pure solvent and solute respectively. 
The usual variation of Xii with wi is of the form : 

(19) 
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(20) 

satisfying the experimental curves of Figure 5. The coefficients ao, a1 and a2 of equation (20) 
with the measured data ofT able I were, however, calculated and are placed in Table 5. Equating 
the first power ofwi of equations (19) and (20) and neglecting terms of higher powers ofwi for 
their involvement with various interactions [14] one gets the static !ls from : 

!ls = ( 27kB TMj al ) 1/2 

4n:Np; 

(21) 

in order to present them in Table 5 for comparison with !11 and !12 of Table 4 in terms of 1:1 

and 1:2 . 

Table 5. :Coefficients ao, a1 and~ in equation Xu= ao + a1wi + a2w/, static dipole moment !ls in 
Debye, and theoretical dipole moment !ltheo by considering inductive and mesomeric moments 
of substituents polar group of some aprotic polar liquids in benzene. 

System with Tempera! Co-efficients a,, a, a2 of lls in J..ltheo in llc•l in Debye 
J..ls/J.ltheo 

sl. no. & mol.wt. urc in °C Xij=a0+a 1wj+a2wi2 
Deb;re Deb;re (corrected) 

(I) DMSO in C,,H6 25 0.0022 0.7756 20.935 3.19 4.55 3.20 0.70 
M; = 78gm. 

(II) DMSO in C6H,, 
30 0.0019 1.0315 -17.183 3.72 4.55 3.72 0.82 

M; = 78gm. 

(Ill) DMSO in 
c.H. 35 0.0018 0.9346 0.000 3.58 4.55 3.58 0.79 
M;=78gm. 

(IV) DMSOin 
c,,H,, 40 0.0010 1.1913 -23.282 4.08 4.55 4.08 0.90 
M; = 78gm. 

(V) DEF in C6H6 30 0.0116 0.2047 0.000 1.89 3.99 1.89 0.47 M;= 101.15gm. 

(VI) DMF in C6 H6 25 0.0028 0.7301 61.438 2.99 3.82 2.99 0.78 
M; = 73gm. 

(VII) DMA in 
c,,H,, 25 0.0044 0.6545 53.798 3.09 4.02 3.09 0.77 
M·=87 m. 

4. RESULTS AND DISCUSSIONS 

The variation of experimental ( E0;i-E;~ I (E;f-E~;i) with E;j/ (E;f-E~;i) at different w;' s of solutes 
displayed in Figure 1 on fitted lines are derived to be linear as predicted by equation (11). The 
slopes and intercepts of equation (11) for aprotic polar liquids in C6H6 are presented in Table 2 
alongwith the estimated 1:2 and 1:1. The linear variation is supported by the correlation coefficient 
'r' and the corresponding % of errors placed in Table 2 in getting the straight lines of Figure 1. 
The errors within 10% indicate probably the accurate measurements of data of Table 1. It is 
evident from Figure 1 that all the straight lines ofDMSO in C6H6 shift towards the origin as the 
temperature increases from 25°C to 40°C. This sort of behaviour of DMSO invites a further 

""' I 
\ 
\ 
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study to see the existence of single relaxation at higher temperature. So, like electric field frequency 
(j), temperature is also a factor for such behaviour of molecules [1 0]. All the liquids show double 
relaxation times 12 and 11 as evident from the negative intercepts ofthe curves. 11 's of the molecules 
[2-3] agree well with the reported 1 in Table 2 due to Gopalakrishna's method [15-16]. It signifies 
that the electric field of 10 GHz frequency is the most effective dispersive region [6] for probable 
rotations of the flexible parts of these molecules [14]. Unlike 11's ofDMSO; 12 's are found to 
increase with temperature. The linear equation ofln(11 T) and ln(12T) with 1 IT were found out 
by [17] 

ln(11T) =- 32.1273 + 3.6861 X 103 (1 IT) 
ln(12T) =- 4.8261-4.0995 X 103 (1 IT) 

indicating that 11 obeys Eyring's rate process. The energy parameters like enthalpy of activation 
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Figure 2. Variation of measuredx = ( E;)-E~;i) I ( E0;i-E~;i) with weight 
fraction wi of some aprotic polar liquids : 
DMSO (- 0 -, - D. -, - D -,- ¢ -) at 25°C, 30°C, 35°C and 
40"C respectively; DEF (-e-) at 30°C; DMF (-"'--)at 25°C; 
DMA (-*-)at 25°C 

m,, = 7.32 Kcallmole and 
m,

2 
= - 8.13 Kcal/mole; 

entropy of activation ~S,, 
are 16.79, 16.50, 16.36, 
16.84Callmole/K and ~S,2 
are -36.96, -38.34, -38.21, 
-36.98 CallmoleiK. The 
corresponding free energy 
of activation M,

1 
and M,

2 

are 2.32, 2.32, 2.28, 2.05 
and 2.88, 3.49, 3.64, 3.44 
Kcallmole at 25°, 30°, 35° 
and 40°C respectively. The 
data thus obtained confirm 
the whole molecular 
rotation under 10 GHz 
electric field as a co
operative process while the 
reverse is true for rotation 
of the flexible group. The 
increase of 12 with the rise 
of temperature is due to 
elongation of size for 
monomer [18] formation 
with C6H6 (see Figure 6). 

For aprotic polar 
molecules of greater 
complexity where a few 
experimental data are 

available under a single -frequency electric field (Table 1) a continuous distribution of't between 
two limiting values could be used [11]. The c1 and c2 values towards dielectric relaxations in 
terms of estimated 11 and 12 were, therefore, calculated from x andy ofFrohlich's equations ( 12) 
and (13) based on distribution of relaxation times. They were also obtained from 
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x = (E1j-E_1;) I (E0 ;;-E-;;) andy= E;j/ (E0 ;1 E_;;) at wi ~ 0 from the graphical plots of Figures 2 and 3 
as presented in Table 3. The explanation of the nature of variation of x andy with wi in Figures 
2 and 3 is that as -r increases with wi [19] the R.H.S. ofBergmann's equations (5) and (6) become 
concave and convex cutting the ordinate axes to yield x andy respectively at wi ~ 0. As seen 
from Table 3; c1 and c2 for Frohlich's method are positive in almost all cases. But c2 is negative 
for graphical method probably due to the inertia of the flexible parts of the polar groups of the 
molecules [9]. 

The values of 112 and 111 in terms ofb's involved with -r2 's and -r1's and slopes Ws of cr1;-wi 

J 
I 
0 

w 

l 

O.L. 0 

0~----~------~------~------~----~ 
0 0.002 O.OOL. 0-006 O.OO'a 0.01 
~ weight fraction wi 

Figure 3. Variation ofmeasuredy = E;jl (E0;;-E-;;) with weight fraction 
W; of some a pro tic polar liquids : DMSO (- 0 -, - b. -,- D -,- ¢ -) 

at 25 11C, 30"C, 35°C and 40°C respectively; DEF (-e-) at 30°C; DMF 
(-.A.-) at 25 11C; DMA(- *-)at 25°C 

curves of Figure 4 
were estimated from 
equation (17) and 
placed in Table 4. 
The variation of cr1; 

with wi are parabolic 
governed by a, ~ and 
y coefficients prob
ably due to solute
solvent associations 
[2-3]. The polar liq
uid in a given 
nonpolar solvent be
haves as a bound 
charged species due 
to polarisation under 
GHz electric field in 
order to have very 
large conductivity cr1; 

of the order of 
1010 Q-1 cm-1 for dif
ferent w/s although 
they are insulators. 
They are found to de
crease with the rise 
of temperature for 
DMSO for the pres

ence of (p;F/T) in equation (15) in the limit wi = 0 [20]. It is interesting to note that 111 due to 
flexible part of the molecule agree well with the reported ~-t's [2-3] of Gopalakrishna's method 
[15-16]. This indicates that a part of the molecule is rotating under GHz electric field [14]. ~-t2 's 
are found to be higher in magnitudes for larger values ohz's according to equation (17). Both 112 

and 11 1 vary with temperature tin °C for DMSO in C6H6 : 

112 = -67.35 + 4.56 t- 0.066 t2 

Ill = 8.20- 0.32 t + 0.005 t2 

112 of the parent molecule attains maximum value of 11.41 D at 34.5°C with zero dipole moments 
at 21.4°C and 47.7°C respectively due to monomer formation [2-3] with C6H6 ring (see Figure6). 
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The.degree-ofsolubi lity of solutions-were kept- fair-ly constant- a tall temperatures and for the low 
concentrations of binary mixtures (Table 1), dimer formation [1-4] is not expected.~,, on the 
other hand, decreases to a minimum value of3.08 D at 32°C exhibiting the dimer formation of 

E 
u 

= 

i 
1.02L------L----'-------L-----'-------1 

0.0 0.002 0.004 0.006 0.008 0.010 

weight fraction wi of solute 

Figure 4. Vriation ofhf conductivity cr;i as a function of weight fraction wi of polar liquids: 
DMSO (- 0-,- /'::, -,-0 -,-¢-)at 25°C, 30°C, 35°C and 40°C respectively; DEF (-e-) at 
30°C; DMF (-.A.-) at 25°C; DMA (-*-)at 25°C 

the flexible parts for their active involvement in rotation under 10 GHz electric field, unlike the 
whole molecule. 

The static ~,'s of these liquids are also calculated from equation (21) with the measured 
data (Table 1) in terms oflinear coefficients a, 's of the static experimental parameter X;i against 
wi curves of Figure 5. The coefficients au, a, and a2 of the curves with the estimated ~' are 
presented in Table 5. All the curves are found to be of almost same intercepts and slopes for 
DMSO in C6H6 at different temperatures signifying the fact that the static polarisability is nearly 
constant at all temperatures. The curves of Xii - wi in case of DMF and DMA at 25°C are, 
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however, parabolic in nature probably due to the presence of the substituent- CH3 group attached 
to the parent molecules under indentical environment. But Xii varies with wi linearly in case of 
DEFat 30°C. All these curves in Figure 5 with the computed Jl,'s suggest that the measured data 
of Table I are more than accurate. 

The theoreticalJ1,11, 0 's of polar molecules assumed to be planar ones were defined by the 
vector addition of the available bond moments 2.350, 1.550 for polar groups S~CH3, O<=:S in 
DMSO; 0.64 D, 0.78 D, 0.37 D of N~CH3 , N~C2H5, CH3~C in DMF, DEF and DMA. The 
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Figure 5. Variation of the measured values of the experimental parameter Xii with weight fraction 
wi of some aprotic polar liquids in benzene : 
DMSO (- 0 -,- b. -,- D -,-¢-)at 25°C, 30°C, 35°C and 40°C respectively; DEF (-e-) at 
30"C; DMF (-A-) at 25°C; DMA (-*-)at 25°C 

other common bond moments are 0.3 D, 0.45 D, 3.10 D for C~H, C~N and C<==O respectively 
in them. TheN atoms in DMF, DEF, DMA and S atom in DMSO molecules are thought to be 
the site offractional positive charge of o+ with benzene to make monomer formations [2-3]. The 
solute-solvent molecular association arises from the interaction of the 1t--delocalised electron 
cloud of the benzene ring with the fractional positive charges 8+ on the N and S atoms of the 
amide groups. The bond moments of polar groups under the static and high frequency electric 
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field are, however, reduced by a factor J.l,IJ.1111, 0 in the range 0.5 and 0.9 due to inductive and 
mesomeric effects to yield J.lcaJ in agreement with J.l,. JJ.J J.l,11, 0 thus appears to exhibit the material 
property ofthe syetems. The conformational structures of the polar molecules with their monomer 
[2-3] associations in C6H6 are shown in Figure 6. J.l111, 0 's alongwith J.lcaJ and JJ.J J.l111, 0 are placed in 
Table 5 for comparison. 

(I) 
1.090 1.650 

(II) 
0.140 0.210 0-370 

0 CH 3 
II lo+ 

H-C- ~-CHJ 
t 

(III) @ 0.2300.3500.SO 0 

0 CH3 
II ib+ 

CH3- C- r;-J-CH3 

(IV) @ 
Figure 6. Conformational structures ofaprotic polar liquids in terms of reduced bond lenght due 
to mesomeric and inductive moments of the substituent polar groups : 
(I) DMSO in C6H6 ; (II) DEF in C6H6 ; (III) DMF in C6H6 ; (IV) DMA in.C6H6 

5. CONCLUSION 

The present measurements of dielectric relaxation parameters near 10 GHz electric field at 
different temperatures are found to exhibit double relaxation phenomena for rigid aprotic polar 
liquids. The procedure in obtaining 't'2 and 't'1 from the slope and intercept of a derived linear 
equation with Eoij• E~ij• t;j and ~j measured under the single frequency electric field appears to be 
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a significant improvement over the existing ones where data at two or more frequencies are 
required. The % of error in terms of correlation coefficient 'r' in getting !ntercept and slope is 
made because of the linearity of the curve. The estimated <2 and <1 of the whole and the flexible 
part attached to the parent molecule are reliable as 'tis claimed to be accurate within ±10%. It is 
interesting to note that unlike 't2, 't1 obeys Eyring's rate theory. The relative contributions c1 and 
c2 towards dielectric relaxations due to 't1 and 't2 are calculated by the graphical technique at 
wj -7 0 as well as Frohlich's method based on the concept of a distribution of't between 't1 and 't2. 

The !J.2 and !J.1 of the whole and the flexible part attached to the parent molecule· within ±5% 
accuracy are obtained from the slope ~ of cr;1 wj curves and 't2, 't1• The static !J., from the linear 
coefficient ofXu-wj curve when compared with !J.2 and !J.1 from high frequency absorbtion reveals 
that 11 's are little affected by the frequency (j) of the electric field. The Xu-wj curves and !J.;s 
may be used to test the accuracies of relaxation parameters. It is confirmed that a part of the 
molecule is rotating under 10 GHz electric field. Besides 'f', temperature is a factor to show 
mono or double relaxation behaviour for a molecule. The conformational structures of molecules 
from the reduced bond moments of polar groups by a factor !1/llthco due to mesomeric and inductive 
moments in them under static or low frequency electric field are in agreement with !J.,. !lohco is 
obtained from available bond moments of polar groups. Thus the methodology, so far advanced, 
seems to be simple, straightforward and useful to observe interesting phenomena ofhf absorbtion 
in polar-nonpolar liquid mixture. 
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ABSTRACT 

The relaxation times 't/S and the dipole moments J.l/S in SI units ofpolysubstituted benzenes 
like meta-diisopropylbenzene, para-methylbenzoylchloride and ortho-chloroacetophenone in 
benzene are estimated at 30°, 35°, 40° and 45 °C from the real k;j imaginary k;j' parts of the 
dimensionless complex hf dielectric constants kij measured under 3 em wavelength electric field. 
't/S measured from the ratio of the slopes of the variations of imaginary cr;j' and real cr;j parts of 
complex hf conductivity crij with the weight fractions w/s in the limit wi = 0 at a given temperature 
are reliable in comparison to the linear coefficients of variation of cr;j' against cr;J of different w/s 
(Murthy et a! 1989). In the former case the polar-polar interactions are fully eliminated. The 
thermodynamic energy parameters with the estimated 't/S reveal the cooperative process for 
p-methylbenzoylchloride unlike other two molecules besides the solute-solute and solute-solvent 
molecular associations. The variation of).l/s with temperature tin °C when compared to theoretical 
dipole moments J.ltheo's from available bond angles and bond moments establishes the temperature 
dependence of the inductive, mesomeric and electromeric effects ofthe substituted polar groups 
of molecules. 

© 2001 Elsevier Science B.V. All rights reserved. 

1. INTRODUCTION 

The dielectric relaxation phenomena of a polysubstituted dielectropolar benzenes in benzene 
under high frequency (hf) electric field are of much importance to yield the structural aspect of 
a polar molecule. There exist several methods [1,2] to measure relaxation time 'ti and dipole 
moment J.li of a polar molecule G) from the measured real t;j and imaginary eij parts of the relative 
hf complex permittivity Eij of the solution (ij). However, such investigation on the relaxation 
phenomena ofpolysubstituted benzenes has not yet been made from the conductivity measurement 
[3, 4]. Moreover, the most effective dispersive region for such polar liquids may exist at -1 OGHz 
(X-band) electric field [5]. Recently, Paul et a! [6] had measured E;j, ejj of some polysubstituted 
benzenes in C6H6 at 30°, 35°,40° and 45°C under nearly 10 GHz electric field. The purpose ofthe 
study was to see the variation of -c's and ).l's with temperature and concentration based on 
Gopalakrishna's method [ 1]. 

Although, the molecules appear to be of outdated interest, two polar molecules have identical 
molecular weights in comparison to the third one which is slightly higher. One molecule is a 
para-compound showing zero dipole moment at lower and higher temperatures. The substituted 

0167-7322/011$- see front matter© 2001 Elsevier Science B.V. All rights reserved. 
PII S0167-7322(01) 00197-0 
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polar groups are attached with the parent benzene ring with different angles. We are, therefore, 
tempted to use the measured relative permittivity [6] to get 'ti and Iii of these liquids by hf 
conductivity measurement method [7]. The methodology is, however, involved with the transfer 
of dipolar charge of a polar molecule in a given .solvent [8]. The present method of study in SI 
unit is superior because of its unified, coherent and rationalised nature. The dependency of-r/s 
and !l/S on tin °C is of much significance to get an idea of molecular environment and to shed 
more light on the structural conformations [9]. 

Table-!. The real and imaginary parts of dimensionless dielectric constants of different aromatic 
polar liquids in benzene for different weight fractions wj 's at various experimental temperatures 
in °C 

Weight k';j k." 
IJ k'ij k" ij k';j k" ij k'ij k·" IJ 

fraction. 
Wj 30°C 35 °C 40°C 45°C 

(I) meta-di-isopropylbenzene 

0.012 2.2990 0.0424 2.3062 0.0401 2.3151 0.0393 2.3271 0.0384 
O.D18 2.3323 0.0570 2.3425 0.0552 2.3541 0.0545 2.3660 0.0523 
0.025 2.3614 0.0721 2.3711 0.0692 2.3923 0.0660 2.4105 0.0595 
0.032 2.3852 0.1083 2.4084 0.0985 2.4212 0.0854 2.4462 0.0734. 
0.045 2.4104 0.1251 2.4234 0.1092 2.4451 0.0982 2.4671 0.0832 

(II) para-methylbenzoylchloride 

0.011 2.1603 0.0488 2.1663 0.0440 2.1723 0.0410 2.1783 0.0381 
O.D18 2.1960 0.0585 2.2018 0.0553 2.2078 0.0523 2.2140 0.0492 
0.028 2.2351 0.0690 2.2411 0.0662 2.2470 0.0632 2.2530 0.0603 
0.039 2.2754 0.0762 2.2812 0.0731 2.2872 0.0701 2.2931 0.0672 
0.050 2.3089 0.0928 2.3147 0.0899 2.3204 0.0872 2.3263 0.0842 

(III) ortho-chloroacetophenone 

O.Dll 2.1843 0.0351 2.1861 0.0330 2.1901 0.0310 2.1982 0.0294 
0.023 2.2198 0.0462 2.2322 0.0442 2.2394 0.0450 2.2456 0.0376 
0.032 2.2590 0.0573 2.2698 0.0552 2.2700 0.0491 2.2801 0.0421 
0.045 2.2991 0.0692 2.3002 0.0653 2.3204 0.0551 2.3324 0.0579 
0.051 2.3323 0.0810 2.3452 0.0791 2.3612 0.0770 2.3711 0.0650 

The measured dimensionless dielectric constants like real k;j and imaginary kij' parts of complex 
dielectric constant kij at 30°, 35°, 40° and 45°C are placed in Table 1. The real cr1j and imaginary 
cr1j' parts of the hf complex conductivity crij in Q-Im-1 are, however, related to kij' and k;j respectively. 
'ti 's are calculated from the linear slope of cr1j' against crij curves [1 0] for different w1 's of solute at 
a given temperature. The variation of cr1j' against crij is not strictly linear for different w1' s. (Figure 
1). The ratio of the individual slopes of variations ofcr1j' and crij with w/s in Figures 2 & 3 in the 
limit w1 = 0 may be used to get 1/s, in which polar-polar interactions are almost eliminated. All 
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the 't/ s are shown in table 2 and are smaller than the reported 't' s [ 6]. We, therefore, recalculated 
both 't's and ll's based on Gopalakrishna's method [1] which are in agreement with those of 
conductivity measurement. All 't's and ~·s are now presented in Tables 2 and 4 respectively for 
comparison. 
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Figure 1 : Variation of imaginary part cr;j' in .Q-1 m-1 against real part cr;j in .Q-1 m-1 of hf 
conductivity for different weight fractions wj's ofpolysubstituted benzenes in benzene under 10 
GHz electric field at various experimental temperatures. 

Thermodynamic energy parameters : enthalpy of activation ~H,, free energy of activation 
M, and entropy of activation ~S, for dielectric relaxations are also computed from the slope and 
intercept ofln ('tiT) against 1/T of Figure 4 with 't/s measured by both the methods [11]. The 
values are entered in Table 3 in order to infer molecular dynamics of polar molecu~~s in benzene. 
The enthalpy of activation~ for viscous process was, however, obtained from the linear slope 
yofln ('tiT) against lnl) and~ of eq (4). The coefficient ofviscosityl) of solvent C6H6 are 5.65 
x IQ-·3, 5.30 x lQ-3, 5.03 x lQ-3 and 4.70 x I0-3 poise at 30°, 35°,40° and 45°C respectively. 

Dipole moments ~i' s (shown in Table 4) are estimated from the linear coefficients P' s ofhf O";i 

against w/s as displayed in Figure 5 in the limit wi = 0. The variation of~/s and 't/s with tin °C 
are presented in Figure 6. The temperature dependence of the mesomeric and inductive moments 
of the substituted polar groups attached to the parent molecules [12] are taken into account to 
display the theoretical dipole moments ~the.'s in Figure 7. 
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Figure 2 : Variation of imaginary part cr;j' in Q-t m-1 ofhf conductivity with weight fractions 
wi 's ofpolysubstituted benzenes in benzene under 10 GHz electric field at various experimental 
temperatures. 

2. THEORETICAL FORMULATION 

Under electric field of giga her:tz range the hf compiex conductivity crij of polar-nonpolar 
liquid mixture is : 

(1) 

where ro E,~j (= cr~j) and ro E0 k'ij (= cr;p are the imaginary and real parts of crij. ro (= 2rr..f) is the 
angular frequency of the applied electric field of frequency f e" =permittivity of free space = 

8.854 x 10-12 F.m··1 andj is a complex number""' ...J-1. The magnitude of total hfconductivity is: 

O';j =: roeu ( k~j2 + ~j2)112 

crJ and cr;j' of a given weight fraction wi are, however, related to 'tj by : 

cr;j' = cr .. ;i + (11 OO'tj) cr;j 
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Table-2. The slope of linear relation cr1j'- cr1j curves of Figure l, correlation coefficient r, % of 
errors in regression technique, ratio of slopes of cr1j'- wi and cr1j- wi curves at wi --7 0 of figures 
2 and 3, estimated 'tj from eq (2) arid reported 'tin psec. 

Slope %of Ratio of Estimated 't; in psec 
of 

Corrl. 
error in slopes of from eq. (2) Rep or 

System cri/'- au' crij"-w1& from eq. with ratio of ted 1: 
in coef£ 

regres 
(2) with with Sl. no. oc curve (r) 

sion cr1/- w1at 
slope of 

slopes of in 
ofeq. technique Wj --7 0 cr1;"- w1 and psec. 

(2) of eq. (2) ofeq. (2) 
cr11"- au' 

O'r'- W· 

(I) m-diiso 30 1.217 0.972 1.67 1.809 13.08 8.80 10.92 
propyl benz 35 1.633 0.990 0.60 2.173 9.75 7.33 8.88 
ene in C6H6 40 2.183 0.990 0.60 2.916 7.29 5.46 6.54 

45 3.227 0.988 0.72 4.207 4.93 3.79 4.30 

(II) p-meth 30 3.491 0.988 0.72 5.858 4.56 2.72 3.85 
ylbenzoylc 35 3.369 0.989 0.66 4.828 4.73 3.30 4.04 
hloride in 40 3.342 0.988 0.72 4.931 4.77 3.23 4.05 
C6H6 45 3.339 0.988 0.72 4.910 4.77 3.24 4.18 

(III) o-chlo 30 3.268 0.999 0.06 3.793 4.87 4.20 4.43 
roacetophe 35 3.406 0.998 0.12 5.234 4.68 3.04 4.16 
none in 40 3.841 0.963 2.19 12.625 4.15 1.26 3.47 
C6H6 45 4.614 0.987 0.78 17.625 3.45 0.90 3.09 

The intercept and slope ofln ( 'tjT) against liT as shown in Figure 4 are, however, related to ~s. 
and ~ofmolecules.T] ofC6H6 is related to 1:j at different temperatures by: 

1:1 "" AT]Y I T (4) 

where yis the slope of the linear relation ofln (1:jT) against lnT]. Again, cr1j' may be approximated 
to cr1i for their identical nature of variations with wi' s as evidenced by Figures 2 and 5 respectively. 
Hence eq (2) can be written as : 

cr1i = cr~;i + ( 11 OYt) cr1j 

(5) 

where ~ is the linear coefficient of variation of 0"1i - wj curves of Figure 5 at wi ~ 0. All P' s are 
placed in Table 4. The real part O";j at T K is [13] : 

Np;ill/ 

27k8 TMj 
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Figure 4 : The linear plot of In ('tiT) against 1 IT of different polysubstituted benzenes in 
benzene under 1 0 GHz electric field. 

( dcr;') or -~ 
dwi 

(6) 
wi--t 0 

where N = Avogadro's number, p1 = density of solvent, k1 = dimensionless dielectric constant of 
solvent. Mi = molecular weight of the polar liquid (j) and k8 = Boltzmann constant. All the 
symbols are inS I units. From eqs (5) and (6) one gets J.li of a polar molecule in Coulomb metre 
(C.m): 

J.li = L)Yz. 
rob 

The dimensionless parameter b is related to 'ti by : 

b = 1 I (1 + ro1't{) 

(7) 

(8) 

The measured 't/S of the polar liquids presented in Table 2 are compared with the recalculated 
't's based on Gopalakrishna's [1] method: 

y 
3E;j 
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1: = ( 11 ro )( dy I dx ) (9) 

All the Jl/s with b's are finally found in Table 4 to compare with recalculated Jl's from : 

Jl=[9k8TMi {I+ (dy)2} ~]Yz (IO) 
41tN P; dx dwi 

All the computed Jl/s, reported Jl's along with llthe.'s of Figure 7 are seen in Table 4. 

Table-3 : The thermodynamic energy parameters:enthalpy of activation AH., entropy of activa
tion dS, and free energy of activation M,, value ofy from eq. (4), enthalpy of activation~, 
Debye factor and Kalman factor of the following aromatic polar liquids in benzene at different 
temperatures. 

Value 
dH~ from 

De bye 
System dH,in dS,in dF,in AH= Kalman 

ofy ~ factor 
with Sl. in KJ Jmole"1 KJ dH,/y factor 

oc mole· 1 KI mole"1 from (-c;T Ill) 
't;T/111 no. 

eq (4) inKJ X 107 

mole"1 

(I) m-diis 30 106.96 10.11 4.72 1I.74 
opropylbe 35 42.52 106.07 9.85 
nzene in 40 106.17 9.29 

4.26 13.08 
3.40 12.39 

4.29 9.9I 

C6H6 45 106.94 8.51 2.56 11.69 

(II) p-me 30 -59.41 7.16 1.46 2.78 X 10"12 

thylbenzoy 35 
-10.84 

-60.57 7.82 
!chloride 40 -59.96 7.93 

1.92 3.19 X 10"12 

2.0I 3.00 X 10"12 -1.10 9.85 

in C6H6 45 -59.58 8.11 2.19 2.83 X 10"12 

(III) o-chl 30 255.28 8.25 2.25 5.36 X I0 10 

oroacetoph 35 
85.60 

253.25 7.60 
enonein 40 255.99 5.48 

8.73 9.81 
1.77 6.89 X 1010 

0.78 4.58 X 1010 

C6H6 45 254.36 4.7I 0.6I 6.02 X 1010 

3. RESULTS AND DISCUSSION 

The relaxation times 1:/s ofpolysubstituted benzenes under 3 em wavelength electric field, 
were calculated simultaneously from eq. (2) with the slope of cr;j' against cr;j ofhf conductivity crij 
ofFigure I and the ratio of slopes ofthe variations ofcr;j' and cr;j with wi's ofFigures 2 and 3 from 
data ofT able I at different experimental temperatures. 1:/s (Table 2) from slope oflinear relation 
O;j'- oij curve (Figure 1) are slightl;y larger than the ratio of slopes of eq. (2). The latter method 
is reliable as the polar-polar interactions are almost eliminated. The variation of O;j' with crij is 
non linear(Figure I) for all the liquids like O;j' and O;jwith w/s ofFigures 2 & 3 respectively. The 
slopes of curves in Figure I are almost same for p-methylbenzoylchloride, but for 
o-chloroacetophenone the curves are of almost constant intercepts and slightly increasing slopes 
with temperature to yield almost same 1:i for their same polarity [I4] and identical structures. 
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Meta-diisopropylbenzene indicates the lower intercept and higher slopes as the temperature 
rises. 't/s from eq. (2) of cr;j'- crij curves decrease with temperature to obey Debye relaxation 
mechanism like the variation of cr;j' and crijwith w/s for the molecules at 30°, 35°, 40° and 45°C 
respectively. Nevertheless, the conductivity method yields microscopic 't/s [15]. The molecule 
m-diisopropylbenzene has greater 't because of larger size than those of isomeric p-methyl
benzoylchloride and o-chloroacetophenone. 't/s in Table 2 for these molecules having the same 
number ofC-atoms do not vary much from eqs (2) & (9) respectively probably for the different 
positions of the substituted polar groups attached to the parent molecules of Figure 7. 
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Figure 5 : Variation of total hf conductivity crii in .Q-1 m- 1 with weight fractions w/s of 
polysubstituted benzenes in benzene under 10 GHz electric field at various experimental 
temperatures. 

For m-diisopropylbenzene both cr;j' and crii in Figures 2 and 5 start from 1.228 .Q-1 m-1 to 1.236 
Q-1 m-1and increase gradually to assume maximum within 0.045 ~ wi ~ 0.051 and then decrease 
as w increases. This sort of behaviour arises for the transfer of localised charge species of such 
dipdles [16] which increases upto a certain wi and then ceases gradually in the higher 
concentrations. Similar observation is noted in p-methylbenzoylchloride showing maximum at 
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nearly wi = 0.096. Ail these facts indicate the phase transition oflower conductivity in the higher 
concentration [16] probably due to dimer formations. Ortho-chloroacetophenone showed a regular 
monotonic increase as coefficients of quadratic term of w1 in both cr;j' and cr;1 are positive. The 
variation of cr;j with w/s for ali polar molecules in Figure 3 decreases with t °C to exhibit the 
semiconducting nature while cr;j' and cr;i of Figures 2 and 5 showed the regular increase. The 
percentage of errors as welJ as correlation coefficients r's are made for eq (2) to get -ci's. It is 
interesting to note that 'Li for m-diisopropylbenzene and o-chloroacetophenone in C6H6 obey 
Debye relaxation mechanism. The energy difference between activated and normal states ofthe 
random dipole orientations increases with t °C to decrease t/s. -r/s for p-methylbenzoylchloride 
initialJy increases and then become constant with t °C indicating the non-Debye relaxation for its 
asymmetry gained by two polar groups in a line. The large difference between 'L/ s and reported 
-r's [6] prompted us to recalculate -r's placed in the 9th column ofTable 2 based on Gopalakrishna's 
method [1]. The recalculated -r's and 11's are now closer to 'L/S of columns 7 and 8 of Table 2 and 
l!i' s of column 9 of Table 4 based on the method of conductivity measurement [7]. 

Table-4. The coefficients ofhf conductivity cr;i of aromatic polar liquid with weight fraction wi in 
CJ16 at 30°, 35°, 40° and 45 °C in Figure 5, dimensionless parameters b's, computed, reported 
and theoretical dipole moments in Coulomb metre (C.m). 

Coefficients of cru- w1 
Dimensionless 

System eq. in n-• m-• of Fig. 5 
parameterb Computed Rep or Thea 

withsl. from J.11X 1030 in 
ted retical 

in cr11 = n + jJ w1+ 'YW/ from lLX !030 JlX 1030 
no.& oc eq.(2) eq.(2) Coulomb inC.m inC.m mol.wt. of metre (C.m) of Figs 2 eq. (10) ofFig.i n ~ 'Y Fig. I 

&3 

(I) m-diis 
30 1.236 4.016 -36.919 0.597 0.766 14.34 12.66 ':J.07 opropylbe 
35 1.228 5.110 -53.613 0.727 0.825 14.86 13.95 8.90 3.77 nzene 40 1.230 5.475 -56.900 0,827 0.895 14.61 14.04 8.84 

Mi= 45 1.228 6.196 -65.944 0.913 0.946 14.99 14.72 8.90 0.162 Kg. 

(II) p-met 30 1.171 3.059 -15.421 0.924 0.972 9.87 9.63 8.17 hylbenzoy 35 1.173 3.059 -15.464 0.919 0.959 10.03 9.82 8.27 8.80 
!chloride 40 1.177 3.064 -15.617 0.918 0.961 10.18 9.95 8.34 
Mi= 45 1.180 3.064 -15.685 0.918 0.960 10.31 10.08 8.44 
0.156 Kg. 

(III) o-chl 30 1.197 1.477 9.038 0.915 0.935 6.90 6.82 8.07 
oroacetop 

35 1.195 1.894 3.180 0.921 0.965 7.89 7.71 8.20 
henone 40 1.201 1.580 11.513 0.936 0.994 7.23 7.02 8.57 

7.40 
Mi= 45 1.204 1.615 11.737 0.955 0.997 7.34 7.19 8.74 
0.156 K . 
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The thermodynamic energy parameters MI.,, ~S~ and AF~ (Table 3) were calculated from 
ln('t1T) against 1 IT in Figure 4 with the measured 't/s by both the methods. In p-methyl
benzoylchloride- ~S, indicates the activated states are more stable supported by- .MI, also. ~S, 
for m-diisopropylbenzene and o-chloroacetophenone indicates the unstability of the activated 
states. Unlike p-methylbenzoylchloride, y > 0.5 for m-diisopropylbenzene and o-chloro-

. acetophenone indicates that they do not behave as solid phase rotators. Such polar liquids in 
C6H6 favour solutecsolvent molecular formation. ~ involved with translational and rotational 
energy are less than MI., due to high values of y for all the systems. They thus need maximum 
energy to rotate under hf electric field. The y's from the slope ofln ('tjT) against lnfJ are used to 
estimate Kalman factor 'tj T I fJY and De bye factor 'tjT I 11 to place them in Table 3. Kalman factors 
being proportional to the volumes ofthe rotating units are of different orders, but constant with 
temperature for a given system. Debye factors, on the other hand, are of the order of 10-7 for all 
systems. This suggests, the applicability of Debye - Smyth model of dielectric relaxation 
mechanism for all.'the liquids including p-methylbenzoylchloride although it is non-Debye in 
relaxation behaviour. 
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Figure 6 : Variation of observed dipole moment jlj in Coulomb metre and relaxation times 'tj 
in p-sec with temperatures tin °C .of different polysubstituted benzenes in benzene under 10 
GHz electric field. 
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lli's of the polar liquids at t °C are estimated from Ws of cr1i - wi curves of Figure 5 and 
dimensionless parameters b's of eq (8) involved with the measured 't/s from the ratio of the 
individual slopes of Figures 2 and 3 at wi ~ 0. The cr1i in Q-1 m-1 when plotted with wi' s increases 
with temperatures showing maximum at a certain wi for m-diisopropylbenzene and p-methyl
benzoylchloride like cr1j'- wi curves. This signifies the phase transition from.higher to lower 
conductivity for transfer of charged species of molecules. The slopes and interi:'eRts of cr1i - wi 
and crij'- wi curves for p-methylbenzoylchloride and o-chloroacetophenone are alm'dst the same 
for their same polarity [14] indicating cr1i = cr1j' in eq. (5). The usual variations of !li and''ti [17] 
with t °C are shown graphically in Figure 6. 't/s decrease with temperature for the curves I and 
III ofm-diisopropylbenzene and o-chloroacetophenone. The ll:i's from eq (7) increase gradually 
to maximum 14.49 x 1Q-3° C.m at44.88 °C, 10.54 x 1Q-3° C.m at 76.88 °C and 7.41 x 10-3° C.m. 
at 37.93 °C respectively signifying the largest asymmetry gained by all the molecules. 't/s are 
zero at 54.03 °C for the curve I and 16.22 °C, 63.88 °C for curve II. But for curve III; 'ti = 0 at 
t = oc. The Jl/S are 13.80 x 1Q-3° C.m, for the curve I and 9.07 X 10-3° C.m, 10.47 X lQ-3° C.m for 
curve II, but undefined for curve III respectively. The variation of'ti and !li with t °C are convex 
for curve II indicating the non-Debye relaxation behaviour to reveal solute-solvent molecular 
association as observed from y of Table 3. 

(I ) 

COCl 

(II)¢ 
1

10.03 Grn. 

1.23Cm. 

8·80 c.m. 
CH 3 

( Ill ) 

Figure 7 : Conformational structures of different polysubstituted benzenes. 
(I) meta-diisopropylbenzene 
(II) para-methylbenzoylchloride 
(III) ortho-chloroacetophenone 
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!!theo from the available bond angles and bond moments of the substituted polar groups of 
molecules ofFigure 7 is placed in Table 4 with the reported!! from eq. (1 0). The close agreement 
of J!/S of eq (7) with eq (10) suggests the bask soundness of the present method. The wide 
disagreement between ll:i and l!rheo ofTable 4 of the first molecule unlike the latter two suggest 
bond moments ofthe substituted polar groups are either stretched by a factor J.li I 1-lrheo of 3 .36, 
3.70, 3.72, 3.90; or shortened by 0.09, 1.12, 1.13, 1.50 and 0.92, 1.04, 0.95, 0.97 respectively in 
order to consider inductive and mesomeric effects in them. The electromeric effect caused by 
>C=O in second and third molecules may be the reason to make ll:i more closer to 1-lrheo [18]. 

4. CONCLUSION 

The study of dielectric relaxation phenomena of polysubstituted benzene in benzene under 
3cm wavelength electric field in terms of 't/s and J.l/S in SI units at various experimental 
temperatures in °C by the method ofhf conductivity measurement is more topical and significant. 
The use of ratio ofthe slopes of cr1j'- wi and cr1j'- w1 curves to obtain 'ti 's appears to be reliable as 
it aw>ias po}ar -polar interaction unlike the liiU:tar slope of a,J'- a,j curves. The appearance of 
peak in cr1i - wi and crij'- wi curves at different t °C for systems I and II indicates the change of 
phase of lower conductivity as w1 increases. 0-chloroacetophenone, on the other hand, showed 
the monotonic increase of cru and crij' with wi' s at all the temperatures. The temperature dependence 
ofiJ..i's and 't/s although they are measured in the limit ofw1 = 0 supports this behaviour. 'ti is zero 
for m-diisopropylbenzene at 54.03 °C while p-methylbenzoylchloride at 16.22 °C and 63.88 °C 
respectively indicating ordemess at those temperatures. 0-chloroacetophenone, showed -r/s 
decreasing with temperature and ·becomes zer() at t = =. The corresponding J.l/S are J!, = 
13.80 x 10-3° C.m form-diisopropylbenzene andJ.t,= 9.07 x IQ-3° C.m and J!, = 10.47 X lQ-3° C.m 
for p-methylbenzoylchloride respectively as static 1-ls· Both -r/s and J.l/s in tables and figures are 
within 10% and 5% accuracies. The increase or decrease of J.l/S with temperature tin °C is 
explained by asymmetric or symmetric configurations of the molecules. The energy parameters 
from In (-riT) against 1/Twith -ri's from the ratio of individual slopes ofcrij' -wiand crij- wi curves 
at various temperatures indicate the stability of random dipole orientations in the activated states. 
The deviation of J.lrheo from the bond angles and bond moments of polar groups of molecules 
from measured 1-Li in terms of -ri can be explained by inductive, mesomeric and electromeric 
effects. The correlation between the conformational structures with the observed results enhances 
the scientific contents and adds a new horizon of understanding to the existing knowledge of 
dielectric relaxation. 
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Abstract. The ·dielectric relaxation phenomena of rigid polar liquid molecules chloral and ethyl
trichloroacetate (j) in benzene, n-hexane and n-heptane (i) under4.2, 9.8 and 24.6 GHz electric fields 
at 30°C are studied to show the possible existence of double relaxation·times T2 and TI for rotations 
of the whole. •and the flexible parts of molecules. The probability of showing double relaxation is 
more iri alip)latic solvents indicating their nonrigidity. The symmetric and asymmetric distribution 
parameters y and o are obtained from xii/Xo;i imd xi}IXou at wi-+ o where xii and xi} are real and 
imaginary parts of the complex orientational susceptibility X~ and Xoij is the low frequency suscepti

bility which is real. Xij's are involved with the measured dielectric relative permittivities eij• eij. e0ij 
and e~ij of sol~tions. The th~oretical weighted contributions c I and c2 towards dielec~ric d!spersions 
by Frohlich's method are compared with the experimental ones obtained from the graphical variation 
of xV Xoii ·and xi}/ Xoii with weight fractio.ns w j's at w i -+ 0. The measured dipole moments Jlz and 

Jli of the whcile and the flexible part of a polar molecule in terms of the linear coeffici.ents {3 's of xij 's 
with w j 's a~d the estimated T2 and TI reveal their ~ssociations with aliphatic solvents. The theoretical 
dipole mom~nts llthe~ 's from the available bond angles and bond moments of the substituent polar 
groups of'the molecules with. the estimated Jl 's suggest the mesomeric, inductive and electromeric 
effects in them under GHz electric field. · 

'.; '· 

Keywords •. Relaxation time; hf conductivity; dipole moment. 

PACS No. · ·77.22.Gm 
,I,\ 

1. Introduction . ' . 

Dielectric relaxation studies of polar liquids in nonpolar solvents are of much importance 
as they provide interesting information of solute-solvent or solute-solute molecular asso
cilition [1,2] under high frequency (hf) electric fieid. The associational aspects of polar 
liqriids can, however, be inferred from the measured relaxation time "t" by Cole...:.Cole [3], 
Cole~Davidson [4] plot or by single frequency concentration variation method [5] and 
dipoh!'moment Jl from the measured hf conductivity aij and estimated "t" [6]. 

Sri':astava and Srivastava [7] measured the real efi and imaginary ef} parts of complex 
reJativ~ p~rmittiviW e;j of chloral and ethyltrichloroacetate in benzene,· n~heptane and n
hexarte in 4:2, 9.8 and 24.6 GHz electric field by Smyth's method [8] at 30°C. The polar 
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solutes(j) chloral (CCl3CHO) and ethyltrichlciroacetate (CC13COOCH2CH3) were of pu
ram grade of M/s. BDH, England, n-hexane and n-heptane from M/s. E Merck Darmstadt, 
Germany. 'Both solutes and solvents were doubly distilled before making solutions of 
varying concentrations called the weight fractions wj 's of solutes which are defined as the 
weight of the solute per unit weight of the solution up to four decimal places as shown 
in table 1 in each solvent. The static relative permittivity Coi) at 100 KHz and refractive 
index nDij of the solutions were measured. The purpose of this study was to observe the 
solute-solvent or;solute-:-solute n;10le~ular dnteract~qns. They, 4owever, inferred that tqese 
molecules may possess two or inore relaxation processes towards dielectric di~persioris. 

Now a days, the usual practice is to 'study the di~iectric relaxation proce'sses 'iri terms-·of 
hf dielectric orientational susceptibility Xij rather than e;j or hf conductivity a;j [9,10]. 
e;j includes within it all the polarization processes while a;j is more linked to trans
port of bound molecular charges. It is, therefore~ better to work with susceptibilities 
X;/S as they are concerned with orientational polarization. The dielectric susceptibilities 
real x[i(= e[j- e~;) and imaginary xfj(= _e[j) parts of complex dielectric susceptibility 
Xij(= e;j- e~;j) and the low frequency dieiectric susceptibility Xoij(= 'eo;j- e~;j) which 
is ,real were derived from measured relative perrriittiv.ities [7]. The experimental results 
thus collected together are placed in· table 1. One could not make .a strong conclusion of 
double relaxation phenomena of polar molecule in a nonpolar solvent based -on the single 
frequency measurement of relaxation parameters provided'_ the accurate value of Xoii in-

volved with e0ij. anq e~;j is not available. The use of n'bij _for e~u [7] often· introduces the 
additional error in the calculation. Nevertheless, the data of table 1 are accurate up to 5% 

u· 1 · · · · · · '· 
for Xij and 2% for Xij and Xoij r~spectively. . . . . 

The. nonspherical as well as nonrigid polar liqui~ molecules often possess two or more 
-r's in GHz electric .field for the rqtation of different flexible polar groups attached to th~ 
parent molecule and the whole molecule itself [11]. Bergmann et al [12], however, devise~. 
a graphic.al.m~thod to .obtain .-r1 ~nd -r2 for a pure polar liquid. The respective 'Yeighted con
tribut~ons c1 and c2 towards dielectric, relaxations were also estimated ~n terms of -r1.and'-r2 . 

A graphical method. [13.] was, soo~ employed from Fro~lich's distribution {miction [14] to 
get -r2 al)d -r1 of a p).lre polar solute .. The methods indicate tha(a single frequency mea
surement is not sufficient to have correct -r1 and -r2 • Bhattacharyya et-at [15] s~bsequently 
attempted to get -r1 , -r2 and c 1, c2 for a polar molecule with e', e11

, e0 and ~ measured at 
two different frequencies in GHz region. The graphical analysis made by Higasi ·et at [16] 
on polar-nonpolar liquid mixture was, also a crude approximation. 

Saha et at [6] and Sit et at [17] recently put forward an analytical method .based on 
single frequency measurement of relative permittivities e{j, e{j, e0ij and e~;j of polar
nonpolar liquid mixtures of different w j 's at a given temperature to get -r1 , h a~d c 1, c2 
respectively. Earlier investigation had been made on different chain-like polar molecules 
like alcohols in nonpolar. solvents [18, 19] to see .the double relaxation phenomena at three 
different electric field frequencies in terms of relative permittivities. However, no such 
study is made on the aforesaid rigid .[tliphatic polar liquid molecules in .differen~ solvents 
under various electric field frequencies from measured Xi/s of.table 1. Chloral is ».'J.dely 
used in medicine as drug to induce sleep and relieve pain and in the man.ufacture ofD.D.T . 

. as insecticides. Ethyltrichlorqacetate, on the other hand, is used for artificial fragran,ce of 
fruits and flowers. 
· Thus the object of the present paper is to detect the· existence of double. relaxation times 
-r1 and -r2 due to rotation of the flexible part and the whole molecules themselves using 
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Table 1. Contentration variation of the real Xfj ·and imaginary xf} parts. of dimension-
~ess complex dielectric orientational· susceptibility X;j and the static dielectric orienta-
tiona) susceptibility Xoij which is real derived from the measured relative permittivities 

efj, e!j, e0;j and e=ij of chloral and ethyltrichloroacetate in different non-polar solvents 
at 30°C. 

Frequency Weight xfi = efi - e~ii xf} = ef} Xoij = Eoij - e~ii 
fin GHz fraction, w i 

I chloral in benzene 

(a) 4.2 0.0255 0.0750 0.005 0.0790 
0.0977 0.2107 0.031 0.2117 
0.1813 0.3984 0.080 0.4004 
0.2511 0.565:3 0.088 0.5703 

(b) 9.8 0.0899 0.1803 0.041 0.2024 
0.1711 0.3377 0.057 0.3719 
0.1903 0.3695 0.072 0.4153 
0.2510 0.5149 0.083 0.5608 
0.3476 0.7333 p.099 0.8183 

(c) 24.6 0.0152 0.0632 0.047 0.0664 
0.0899 . 0.1603 .0.066 0.2024 
0.1711 0.3177 0.104 0.3719 
0.1903 0.3895 0.146 0.4153 
0.3476 0.7333 0.208 0.8183 

II chloral inn-heptane 

(a) 4.2 0.1349 0.1853 0.022 0.2052 
0.2008 0.2996 0.029 0.3238 
0.2706. 0.4128 0.045 0.4531 
0.3366 0:5356 . 0.060 ·o:fi787 

. (b) 9.8 0.0807 0.0891 0.029. 0.'1271 
0.1416 0.1646 0.036 0.2146 
0.2003 0.2599 0.050. 0.3099 
0.2683 0.3828 0.055 0.4528 
0.3324 0.5262 0.080 0.5722 

(c) 24.6 0.0795 0.0795 0.024 0.1079 
0.1349 0.1753 O.D38 0.2052 
0.2008 0.2696 0.054 0.3238 
0.2706 0.3928 0.068 0.4531 
0.3366 0.5256 0.091 . 0.5787 

III ethyltrichloroacetate in benzene 

(a) 4.2 0.0211 0.1031 0.043 0.1292 
0.0521 0.2061 0.095 0.2513 
0.0755 0.2885 0.154 0.3457 
0.1202 0.4432 0.224 . 0.5312 
0.1734 0.5891 0.310 0.7610 
0.2388 0.7969 0.454 1.0569 
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(b) 9.8 0.0207 0.0835 0.023 0.1315 
0.0498 0.1456 0.046 0.2406 
0.0802 0.2083 o.cl79 '0.3643 
0.1193 0.2934 0.1f5 · '0:5264 
0.1764 0.4199 0.194 0:7759 
0.2444 0.6074 0.226 1.0824 

(c) 24.6 0.0211 0.0331 0.010 0.1292 
0.0521 0.0761 0.025 0.2513 
0.0755 0.1385 0.059 0.3457 
0.1202 0.2132 . o.p86 0.5312 
0.1734 0.2391 0.105 0.7610 

IV eihyltrichloroacetate in n-hexane 

(a) 4.2 0.0595 0.1430 0.052 0.1700 
0.0649 0.1525 '0.066 0.1839 
0.1137 0.2673 0.108 0.3154 
0.1722 0.3908 0.185 0.4887 

(b) 9.8 0.0210 0.0369 0.021 0.0755 
0.0595 0.1030 0.041 0.1700 

' 0.0649 0.1125 0.066 0.1839 
0.1137 0.1973 0.093 0.3154 
0.1722 0.3408 0.126 0.4887 
0.2360 0.4333 0.190 0.6970 

· (c) 24.6 0.0639 0.0522 0.073 0.1842 
0.0845 0.1008 0.098 0.2298 
0.1193 0.1167 0.137 0.3297 
0.1683 0.1512 0.185 0.4782 

Xu's based on the single frequency measurement technique [6,17]. The aspect of molecu-
. Jar orientational polarization is, however, accomplished by introducing Xu's because £ooij 
which includes fast polarization, frequently appears as a subtracted term in Bergmann's 
equations. Thus in order to avoid the clumsiness of algebra and exclude the fast polariza
tion Bergmann's equations [12] in terms of established symbols of X[i, X[} and Xo;. can be 

• ' J 
wntten as . 

·x' ij ci C2 

Xo;j = 1 + ro2-r[ + 1 + ro2-r? ' 
(1) 

II 
X;,· ro-rl ro-r.2 -=c +c .. 
Xoij . I 1 + ro2-r[ 2 1 + ro2-r] , 

(2) 

assuming two separate broad dispersions for which the sum of c1 and c2 is unity. Equations 
(1) and (2) are solved to get 

I II 
Xou - Xij ( ) Xij 2 
---=.::'--:-, ___!_ = (J) 'r1 + 'r2 -, __, (J) 'r I 'r2 · 

Xu X;i 
(3) 

When the variables (Xoii- X[j)/X[j are plotted against x[}/X[j for different w/s of solute 
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Figure 1. Linear variation of (Xoij- xfj)/Xfj against xi}!XIj for different W/S of chlo
ral and ethyltrichloroacetate under three different hf electric fields at 30°C. Curves I( a), 
l(b) and I( c) for chloral in benzene ( -0-, -•-,- Hl-); curves U(a), Il(b) and II( c) 
for chloral inn-heptane ( -0-, -•-,- E9-); curves ill(a), ll(b) and ill( c) for ethyl
trichloroacetate in benzene ( -ll-; -:-A-,-&); curve N(a), _N(b) and N(c) for ethyl
trichloroacetate inn-hexane ( -V-, -Y-,-W-) at4.2, 9.8 and 24.6 GHzelectric fields 
respectively. · · 

under a given angular frequency w(= 2nf) of the electric .field, a st,raight line results 
with the intercept -ro2 -r1 -r2 and slope w( -r1 + -r2), as displayed in figure 1. The intercept 
and slope of eq. (3) are obtained· by linear regression analysis made on the measured 
susceptibilities for different W/S of chloral in n-heptane and ethyltrichloroacetate in· n
hexane of table 1 to get -r1 and -r2 as found in columns 7 and 8 of table 2 extracted from the 
data of table 1 based on minimum chi-square value. . 

Assuming a single Debye-like broad dispersion for a polar molecule in a given solvent, 
eq. (3) is reduced to [17] with -r1 = 0, 

I II 

Xoii- Xij =ro-t Xii 
X!. 2x!.' 

I) IJ 

(4) 

in order to get -r2 for the two polar liquids in benzene as seen in the lith column .of table 
2. Both the correlation coefficients r's and the minimum chi-square values are entered in 
the 5th and 6th columns of table 2. 

·The theoretical c1 and c~ towards dielectric dispersions for chloral a~d ethyltrichloroac
eta~e inn-heptane and, n-hexane were calculated from Frohlich's [14] theoretical equations 
of xUXoij and xf}lxoij with the estimated .. 2 and 't'l oftable 2. The experimental cl and 
c2, on the other hand, were computed from the values of xfi!ioij and xi}!Xoij at wi--+ o 
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by graphical method of figures 2 and 3 in order to place them in table 3 for comparison. 
The plot of x{1 I Xoij and xf} I Xoij against w 1 of the respective solutes in figures 2 and 3 are 
the least square fitted parabolae with the experimental data placed upon them. They are of 
convex and concave shapes except ethyltrichloroacetate in n~hexane at 9.8 and 24.6 GHz 
electric fields. With the values of x[1 / Xoii and x[j lxoij in thy limit of w 1 = 0 of figures 
2 and 3, and the graphical plot of (1/cl>)log(cosq>) against q> in degrees of figure 4, the 
symmetric and asymmetric distribution parameters y and 8 related to symmetric and c"har
acteristic relaxation times 'l"s and 'l"cs of the molecules were determined and are placed in 
table 3 to conclude the molecular nonrigidity and symmetric distribution as well. 

The dipole moments J.lJ. and 1-lt of table 4 from -r2 and -r1 of table 2 were· then measured 
in terms of the linear coefficients {3 's of the variations of x[1 with' w 1 's of figure 5. All the 
familiar parabolic curves of X[/s with w/s are found to incre~se with frequency (f) of 
the electric field. The measured J.L 's are compared with theoretic;:tl dipole moment 1-ltheo 's 
derived from available bond angles and bond moments of, the substituent polar groups 
attached to the parent ones as sketched in figure 6. The associatiimal.aspect of the polar 
molecules with solvents in figure 6 exhibits-the mesomeric, ·inductive and ·electromeric 
effects. All these effects are taken into account py the ratio of 1-lexptl 1-ltheo in agreement 
with the experimental results as seen in table 4. They are finally compared with the reported 
J.L 's and 1-lt 's obtained from J.L1 = J.lJ. (c1 I c2) 112 assuming both the relaxation processes are 
equally probable. 
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Figure 2 •. Variation of Xfi/'Xoii against different 'w/s of chloral and ethyltrichloro
acetate at 30°C under various frequencies of GHz range. Curves II(a), II(b) and II(c) 
for chloral inn-heptane ( -0-, -•-,- Ef)-); curve-IV(a), IV(b) and IV(c) for ethyl
trichloroacetate inn-hexane (-V'-, -T-, -'\!'-) at4.2, 9:8and 24.6 GHz electric fields 
respectively, 

Pramana.- ]. Phys., Vol. 57, No. 4, October 2001 



"'tt 
i:! 
~ ::: 
~ 
I 
:-. 
~ 
"' ~. 

~ :-
UJ 

~...:a 

z 
p 
~ 
0 ,., .... g. 
~ ,., 
N = = ...... 

-.1. 
00 ...... 

Table 2. The estimated relaxation times -r2 and -r1 from the slope and ·the intercept of straight line equation (3) with correlation tl 
coefficients (r) and minimum chi square values together with measured -r from' the slope of xf}- xfj of eq. (16) and 'I"z 's from single ~· 

n;-
broad dispersion from eq. (4) for rigid aliphatic polar molecules at 30°C under different frequencies of electric fields. ~ ..., 

r;· 

Mea5ured -r2 in psec from ~ 
System with Slope and intercept of eq. (3) 

Correlation Minimum chi 'tin psec Reported single bioad ~ sl. no. and 
mol. wt. Mj 

Frequency coefficient square value · Estimted -r2 and -r1. fromeq. -rin dispersion of 
inGHz{f) w(-r1+-r2) -w2-rl-r2 (r) of eq. (3) in psec (eq. (3)) (16) psec eq. (4) s· 

;::! 

'1:::s 
~ 

(a) 4.2 -0.3872 -0.0732 -0.91 -0.010 5.27 - 7.53 4.77 ~ 

(I) Chloral in benzene ;::! 
(b) 9.8 0.2101 -0.0733 0.49 0.006 6.42 1.88 !.78* 10.12 c 

Mj = 0.1475 Kg ~ (c) 24.6 -0.1936 -0.2161 -0.41 0.180 2.45 1.72 2.01 ~ 
;::! 

(a) 4.2 0.9995 0.0175 0.69 0.003 . 37.16 0.67 . 4.09 - ~ 
(II) Chloral in n-heptane 

(b) 9.8 1.6592 0.1040 0.93 0.053 25.89 1.06 1.78 0.46* 
Mi = 0.1475 Kg 

(c) 24.6 1.743 I 0.1748 0.96 0.020 10.60 0.69 '0.90 

(III) Ethyltrich1oroacetate (a) 4.2 0.3546 -0.0698 0.37 0.047 18.78 23.00 18.71 
in benzene (b) 9.8 1.5115 . -0.1800 0.97 0.005 26.36 7.28 6.50** 32.53 
Mj=0.1915Kg (c) 24.6 -7.4034 -4.8872 -0.76 0.337 3.95 3.18 35.35 

(a) 4.2 0.5843 0.0382 0.86 2.86 18.66 (IV) Ethyltrichloroacetate in 0.004 19.30 

n-hexane (b) 9.8 1.51SI 0.0548 0.66 0.153 24.05 0.60 6.28 5.70** 

Mj=0.1915Kg 
(c) 24.6 2.9886 1.6134 0.99 0.010 14.76 4.58 7.09 

*Cole-Cole plot; **Gopalakiishna's method. 
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Table 3. Frtlhlich's pararrietei· A, relative contributions c1 and c2 towards dielectric dispersion due to_ -r1 and -r2, theoretical and 
experimental values of XVXoij and xf}!Xoij of Frohlich's equations (7) and (8) and from fitting equations of figures 2 and 3 at wj-+ 0 
respectively and symmetric and asymmetric distribution parameter y and 8 related to symmetric and characteristic relaxation times 'fs 

and 'res for polar-nonpolar liquid mixtures at 30°C. · · 

Theoretical values Experimental values 
Frohlich's of xli I x.oij and of xf) Xoij and 

with Frequency parameter xfj/Xo;j from Theoretical values xf}lx.oij . Experimental values · Estimated values Ts and Tcs 

sl. no. inGHz A= ln(rdr1) eqs (7) and (8) of c1 and c2 at wi---+ 0 of c1 and c2 ofy and 8 in psec 

(IT) Chloral 
4.2 4.0137 0.9161 0.1886 0.7373 0.3512 0.880 0.161 0.7287 0.2927 0.29 0.18 4.60 59.71 
9;8 3.1956 0.8028 0.2958 0.6463 0.5639 0.615 0.320 0.4334 0.6492 0.25 0.42 10.52 35.51 

in n-heptane 
24.6 2.7319 0.7634 0.3355 0.6043 0.6111 0.675 0.289 0.5395 0.5211 0.28 0.36 3.13 13.49 

(IV) Ethyl- 4.2 1.9093 0.9411 0.2071 o.6310 0.3950 0.765 0.325 0.1494 0.7762 0.14 0.50 16.18 39.29 
trichloro- 9.8 3.6910 0.8429 0.2547 0.6891 0.4943 0.445. 0.286 . 0.2583 0.5968 0.33 0.43 20.48. 65.69 
acetate in 24.6 1.1702 0.3937 0.4629 0.4152 0.7264 -0.015 0.298 -0.3167· 1.2155 -0.21 18.73 
n-hexane 
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Table 4. Estimated coefficients of xfi -wi equations, dimensio.nless·panimeters b2 ,b1 (eq. (20)), estimated dipole moments J.Lz and lli 
fromeq. (19) and lltheo from bond angle and bond moment together with=Jl1 from Ill= J.Lz(c1/c2)1/2 and reported Jl in Coulomb-metre 
(C.m.). 

Coefficients of Estimated 
X!j- wj equation Dimensionless Jl X i(pO 

System with _,, 
xli = a+flwi+yw] parameter :: inC.m.·: Reported· - Estimated J.L1 x l(pL .. Conformational 

sl. no. and Frequency in Jl x HP0 in C.m. from lltheo X HPO in 
mol.wt.Mj GHz(f) a /3 y. bl b1 1!1 112' in C.m. · J.L1.=: ll2(cdc2 )

112 C.m. 

(I) Chloral in 4.2 0.0291 1.7212 1.6641 - 0.9810-- 5.21 5.17* 
benzene ... 9.8 0.0218 1.6402 l.l834 0.8648 · . 5.42 4.87** . . _;-· ' - 10.02 " 
Mi = 9-1475 Kg ,; 24.6 0.0333 1.4368 1.6836 . 0.8746 - 5.04' 4.73~· 

·:': ... , -·· 
(II) Chloral in 4.2 -0.0250 1.5050 0.4654 0.9997 0.5098 5.9.9. 839 6.13* 12.16 10,02 
n-heptane · 9.8 0.0150 0.7168 2.4649 0.9958 0.2824· 4.14 7.78 6.00** '8.33 
Mi = 0.1475 Kg 24.6 -0.0223 1.2478 l.l078 0.9888 0.2714 5.48 10.47 5.63* l,P.41 

-~· _ _,. . 

(III) Ethyl- 4.2 0.0295 .3.5204 -1.3400 0.8028 9:31 9.70* 
trichloroacetate 9.8 0.0490 1.7935 1.9676 - 0.2751.. - . ll.45 6.50** 
in benzene 24.6 -0.0309 2.7329 -6:6401 - 0.7285. 8.68. 8.13* ., 10.50 
Mi =0.191,? Kg -i:.., 

--;;"'' 

' 
>.l'"; 

.. - ... , .. 
(IV) Ethyl- . 4.2 -0.0084 2.62l5 -1.7604 0.9943 0.7940 9.16 10.28 10.30* 12.98 
trichloroacetate 9.8 -O.Ql08 l.97ll -0.2513 0.9986 0.3132. 7.95 14.19 8.67** 16.74 
in n-hexane. 24.6 +O:Q683. . 2.4108 -6.6385 0.6662 o.Hi12 10.76 21.87 13.27* 16.53 10.50 
Mi = 0.1915 Kg 

*Computed from the susceptibility measurement of eq. (16); **Ref. [7]. 
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Figure·J. Variation of x:}f Xo;J against d.ifferent w /s.of chloral and ethyltrichloro ac
etate at 30°C under various frequencies of GHz range. Curves II(a), II(b) and Il(c) 
for chloral inn-heptane ( -o-, -•-,- Ell-); curve JV(a), IV(b) and IV(c) for ethyl
trichloroacetate inn-hexane ( -V-,-T-, -W-) at 4.2, 9.8 and 24.6 OJiz electric fields 
respectively. · ··. 
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Figure 4. Pl~t of ( 1/1/>) lo.g(cos tf>) again~t tf> in.~egree. 

Ptamana -1: Phys.-, Vol. 57, No. 4, October 2001 

.·1-



Dielectric relaxation phenomena 

~ 
:.0 
:;:; 
c.. 
~ 
~ 0.6 
en 
(..) 

·c:: 
t) 
Q) 

.• Q2 ' .. 
-n :o3 ...... 
...,;.· . 
·0 

" -e ro 
c. 
ro , 
Q). 

·0:: 

Weight fraCtion ~j 

0.4. 

Figure 5. Plot of real part of dielectric sus~eptibility xli against w/s of solutes for 
4.2, 9.8 and 24.6 GHz electric fields at 30°C. Curves l(a), l(b) and I(c) for chloral in 
benzene (-0-,-•-,-EB-); curves ll(a), ll(b) and ll(c) for chloral inn-heptane 
(-:-o-, -•-, 1

- EB-); curves ill( a), ill(b) aTid lll(c) for ethyltrichloroacetate in ben
.zerie, ( -.:\-, -:-A-,-111.-) . Cu;_,e N(a), IV(q) andlV(c) for ethyltrichloroacetate in 
n-~exane (-\7-, _:- T-, -'f-) a~ 4.2\.?.8 and 24.6 GHz electric fields respectively. 

2. Theoretical formulations of c1 and _cz for -r1and -r2 

Equations (1) and (2) are solved for c1 and c2 to get .. 

Cx[p2 - xfj)(l +a[) · 
ci = ( ) ' Xou CXz· - at 

Cxf}- xfpt)Cl + ai) 
c2 = Xoij(exz- al) 

(5) 

(6) 

where a 1--= W't'f and CXz = W'rz, provided CXz > a 1. The molecules under consideration are 
of complex type and only a few data are available under single frequency measurement in 
the low·.concentration region. A continuous distribution of -r with two discrete values of 
-r1 and -r2 could, therefore, be expected [12). Thus from Frohlich's theory [14] based on 
distribution of 't' between the two extreme values of -r1 and 't2 one gets 
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( i ) 

( ii) 

(iii) 

. '~ i . ' 

'1':' 

. ~ . : 

Figure 6. Conformational structures of chloral and ethyltrichloroacetate from bond 
angies and bonti·ffioments '<expressed. in hiultipie·cif ·w-3° Coiilmilb.metre). (i) 

J .~ ·solute...:..solv~nt,!molecul~ association :~f ChlOral in.~benzene. (ii) Soiute-solute iiiOlec~ 
~ ' ' ' ' ' , \. • I ' • l' , ' • ',_ o • 

ular association· of chloral in n~heptane: (iii) Solute-solvent molecular association of 
ethyltrich£oroJce~ate i~ benzene. (iv) Sol~te-soiute ·molecular a~soci~ti6n of ethyl-
trichloroacei~te in ~-hexane. .,. · · · · ' ·: · ' . 
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X{i ~ 1· _ _.!_ ln ( 1 + ro2.ri·) 
Xou 2A 1 + ro2-rt ' 

(7) 

'X/· 1 . 
___.!}_ = -[tan-1(ro-r2)- tan- 1(ro-r1)], 
Xou A 

(8) 

where A== Frohlic)l parameter= ln(-r2/-r1)._ The theoretical values of X{i/Xo!,i l;l~d X{}fXou 
pf eqs (7) and (8) were used to get theoretical c1 and c2 from.eqs (l) and t2) m order to 
compare them with c 1 and c2 from the. graphical· pl,ots of xU Xou and x{} fx0ii: at w i --t 0 
as seen in figures 2 and 3. Both the theoretical and experimental c1 and-c2 are placed in 
table 3. 

3. Distribution parameters y and o related to 't"s and 't"cs 

All the chemical systems are almost identical for the three frequencies employed. Never
theless, the existence of double-·relaxations for chloral in n-heptane and ethyltrichloroac
etate inn-hexane reflects the material property of the chemical systems (table 2) indicating 

·the molecular nonrigidity. In such :case, the molecule may either show symmetrical circu-
lar arc or a skewed arc [20] when the values of x{j/ Xoij is plotted aginst x{i / Xou at w i --t 0 
for various frequencies of the electric field to yield 

X;j 1 
Xou = 1 + (jro-rs) 1-:Y' 

(9) 

xij 1 
-= {j" 
Xou (1 + jW't"cs) 

(10) 

Here, rand o l¥'e the symmetric and asymmytr;ic.~istributionparameters which are, related 
to symmetric and characteristic relaxation times 't"s and 't"c~ respectively. Separating the real 
and imaginary parts from eq. (9) one has 

[( 

I ) I 11 l _ 2 t -t 1 Xij Xu Xu 
r--an -- li-- ' 

n Xoii Xu Xou 
(11) 

' [ ;·· {. ( I·) . . . }]1/(l:.._y) ·. · ~ 1 · .X;j. ,. -,"(rn) · ... (rn) ·· 
't"-- 1 . - cos - -sm -

. s : . ro x!~ 2 . 2 . . . ' 
IJ 

(12) 

where X{j/Xo;i and xJ}!Xoii are obtained from figures 2 and 3 at wi--t 0. Again o and 't"cs 
can be had from eq. (10) as · 

and 

'• " . . X·· 
tan( <Po)= -!f 

X;i 

1 
't"cs ==- tan<P. 

(I) 
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Since t/J cannot be evaluated directly, a theoretical curve of (1/t/J)log(cost/J) with 1/) in 
degrees was drawn in figure 4 from which 

1 log[ (Xf) Xo;) I cos( t/J o)] 
~log(cost/J) = t/JO (15) 

can be found out. The known value of (1/4>) log(cost/J)'was then used to obtain 1/J. With 
known t/J and o,-rcs were fqund out from eqs (13) and (14). The estimated y and o are 
entered in 12 and 13 with 'rs and 'res in columns 14 and 15 of table 3 to conclude the 
symmetric relaxation behaviour for such liquids. 

4. Theoretical formulation for dipole moments ~ and J..L1 

The Debye equation [14] for a polar-nonpolar liquid mixture under hf electric field in 
terms of X;i 's is written as 

(d //) (d I ) Xii . = ro-r X;i . 
dw. dw. 

1 wr~O 1 wj-+0 

(16) 

-r's. of the polar liquids could, however, be estimated from eq. (16) in order to place in 
column 9 of table 2. Again, the imaginary part of dielectric orientational susceptibility xf} 
as a function of w i of a solute can be written as [21 ,22] 

" NpiiJ.LJ ( . ro-r ) ( )2 
Xii = 27e k TM. 1 + ro2-r2 E;i + 2 wi' 

0 B 1 

Differentiation of the above equation with respect to w i and at w .i -t 0 yields 

(
d ") N 2 ( ) Xii P;J.I.i ro-r 

2 
2 

dw. = 27e k TM. 1 +ro2-r2 (e;+ ) ' 
J w--+0 :_;; 0 B J 

J 

(17) 

where the density of the solutionpij becomes P; =density of solvent, (e;i+2) 2 -t (e; +2)2 

at wi -t 0, k8 = Boltzmann constant, N = Avogadro's number, E; = relative permittivity 
of solvent and Eo = permittivity qf free space = 8.854 x w- 12 F.m-1. All are expressed in 
SI units. 

Comparing eqs (16) and (17) one gets 

(18) 

where, {3 is the slope of xfi - w i curves of figure 5 at w i -t 0. Here, no approximation in 
determination of J.l.j is made like the conductivity measurement technique done elsewhere 
[23]. 

After simplification, the hf dipole moment J.Li is given by 

788 Pramana- ]. Phys.,· Vol. 57, No. 4, October 2001 



Dielectric relaxation phenomena 

(19) 

where 

(20) 

is the dimensionless parameter involyed with measured -r's of table 2. All the Jl's, b's 
and f3's as computed for chloral and ethyltrichloroacetate in different solvents at 30°C are 
pl_aced in table 4 to compare with Jltheo 's from the available bond angles and bond moments 
in Coulomb-metre (C.m). -

5. Results and discussions 

The double or single relaxation phenomena for chloral and ethyltrichloroacetate in ben
zene, n-heptane and n-hexane under 24.6, 9.8 and 4.2 GHz electric field frequencies 
were studied from the slopes and intercepts of linear plots in figure 1 for the variables 
(Xoij- xJ)Ix:j against xJ}Ix:j of theoretical formulation of eq. (3) for different W/S of 
solutes at 30°C. The dielectric orientational susceptibilities xfj,XJ} and Xoii are collected 
together in table 1 from the measured relative permittivities of sfj, sf), s0ii and eooij [7]. The 
linear regression analysis made on eq. (3) with the data of table 1 was, however, done 
by the use of a PC and software. The correlation coefficients r's are placed in table 2 in 
getting the intercepts and slopes of (3) to see how far the data of table 1 are collinear. The 
errors involved in the linear regression analysis of (3) are expressed by chi-square values 
which were initially very large in some cases. One therefore, should have become selec
tive to choose a few data for some systems for which chi-square values were adjusted to 
be minimum for the effective utilization of the experimental data [7]. The large chi-square 
values initially obtained for (3) further indicate the probable uncertainty in the measure
ments. The minimum chi-square values so adjusted on the data are presented in column 
6 of table 2. The data for chloral in benzene ( -D-,- 83-); at 4.2 and 24.6 GHz and 
ethyltrichloroacetate in n-hexane (- 'Y-); at 9.8 GHz do not appear to lie cin the straight 
line. The display of data set for ethyltrichloroacetate in benzene ( -11-, -b.-); at 4.2 and 
24.6 GHz and in n-hexane (-V-); at 4.2 GHz is over a narrow range which often renders 
the linear regression of doubtful validity. Perfect linearity between variables of eq. (3) 
is said to be achieved if r = -1 or + 1 although, the correlation coefficients r's for the 
systems (- 83-, -D-, -'Y-) are -0.41, -0.91 and 0.66 respectively. The high value of 
r = -0.91 for chloral in benzene (-D-) at 4.2 GHz indicates that the variables of eq. 
(3) are almost linearly correlated with each other while comparatively lower values of r's 
of -0.41 and 0.66 for chloral in benzene at 24.6 GHz (- 83-) and ethyltrichloroacetate 
inn-hexane at 9.8 GHz (- 'Y-) may occur for the experimental difficulty of the accurate 
measurements of the relative permittivities in the 24.6 GHz electric field. The desired vari
ables (Xoij- xt) I xtj and xt}l xtj of eq. (3) for ethyltrichloroacetate in benzene ( -11-) 
and n-hexane (-V-) at 4.2 GHz and ethyltrichloroacetate in benzene at 24.6 GHz (-b.-) 
are incidentally of narrow range although the relative permittivities were measured [7] for 
a wide range of concentrations as seen in table 1. Nevertheless, the straight lines of the 
data set for the systems under consideration as displayed in figure 1 are made on the basis 

Pramana- ]. Phys., Vol. 57, No. 4, October 2001 789 



K Dutta, S K Sit and S Acharyya 

of minimum chi square values mathematically adjusted between twp variables. The high 
values of r's as shown in table 2 signify the applicability of linear' regression analysis on 
the data set mentioned above. 

Four data set out of six, showed mono while other two double relaxations which are 
important. Nevertheless, the measurement technique employed and sampling of the polar
nonpolar liquid mixtures for various concentrations called w/s were so prepared [7,8] 
that X[j,Xoij and X[} of table 1 fo.r different w/s are of 2% and 5% accuracies. This 
type of anomaly showed in benzene and n-hexane the associational aspects [24] of po
lar molecules. The estimated values of 't"z and -r1 from the· intercepts and slopes of table 2 
are placed in the 7th arid 8th columns of table 2. Double relaxation phenomena are, how
ever, observed for chloral in n-heptane and ethyltrichloroacetate in iz-hexane at 4.2 GHz 
(1-band), 9.8 GHz (X-band) and 24.6 GHz (Q-band) hf electric field. This fact indicates 
that the phenomena of double or single relaxation are the material property of the chemical 
system in addition to the dependency on solvent used. It further reveals that the existence 
of double relaxation phenomena in aliphatic solvents at all the frequencies is greater than 
in the aromatic solvent. Both chloral and ethyltrichloroacetate iri benzene showed the sin
gle relaxation .bY showing -r2 only. The existence of fractional +ve charge 8+ on C atom 
and s- on 0 atom of > c -<==' 0 group in both the polar liquids produces electromeric 
effect to form n-complexes with the delocalized n electron clouds- of benzene ring. This 
prefers the solute-solvent molecular association and yields single -r2 in benzene. The -r2 's 
were calculated from eq. (4) assuming single broad Debye-like dispersion [17]. They are 
placed in column 11 of table 2. It is interesting to note that -r1 's for two molecules agree 
well with the measured 1: from eq. (16) involved wfth measured susceptibility. Thus the 
hf susceptibility measurement always yields the microscopic as well as macroscopic -r as 
observed for double relaxation phenomena through conductivity measurements [18]. 

Almost all -r2 's of table 2 are higher at 9.8 GHz, but of low values both at 4.2 and 24.6 
GHz electric field in different solvents. Such behaviour occurs probably due to strong 
absorbtion of electric energy in the effective dispersive region of 9.8 GHz. The solute
solvent of solute-solute molecular associations break up at higher and lower frequencies 
from nearly 10 GHz electric field. Almost all the 1:1 agree with the reported 1: seen in the 
lOth column of table 2 exhibiting the probability of rotation of a part of the molecule under 
hf electric field [9]. 

The theoretical values of the relative contributions c1 and c2 towards dielectric disper
sions due to 1:1 and 1:2 are, however, calculated from eqs (5) and (6) with the theoretical 
values of X[j/Xoi) and X[}/xoij of Frohlich's [14] eqs (7) and (8). They are compared with 
the experimental c1 and c2 derived from eqs (5) and (6) with the graphically estimated 
Xfj!Xoij and xf}/Xo;j of figures 2 and 3 at wj---+ 0. Both the methods yield c1 + c2 ~. 1 sug
gesting the applicability of the methods. The variations of X}j/Xoij and xf}lxoij with wj 
are convex and concave unlike the observation made earlier [6,17], except ethyltrichloro
acetate inn-hexane at 9.8 and 24.6 GHz both of which show the convex variation. Such 
type of behaviour is explained by the fact that unlike increase of 1: [25] it decreases with 
wj probably due to solute-solute or solute-;-solvent molecular associations. All the experi
mental values of c1 and c2 are placed in table 3 for comparison with t?e theoretical c1 and 
cz. 

In order to test the non-rigid relaxation behaviour of the molecules the symmetric and 
asymmetric distribution parameters y and S were estimated from eqs. (11) and (13) for 
fixed values of X[j/Xoij and X[}/Xoij at wj---+ 0 from figures 2 and 3. y and S are, however 
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related to symmetric and asymmetric relaxation times 'rs and 'res of eqs (12) and (14). The 
values of (1/1/1) log(cos If>) against If> in degrees as shown in figure 4 is essential to get 8 . 
Knowing If> from the cm:ve of figure 4;·8's were found out. Both y, 8 and 'rs, 'res are placed 
in table 3. The values of y establish the nonrigid and symmetrical distribution of dielectric 
parameters of the molecules inn-hexane and n-heptane at all the frequencies unlike 8, as 
they are found to be very low [26]. 

The dipole moments 112 and J.l-t of polar molecules as presented in table 4 were estimated 
from eq. (19) in terms of dimensionless parameters b's of eq: (20) and slope f3 of the 
familiar X[i- wi curves of figure 5 as seen in table 4. The variation of X[j with wi are 
almost similar as seen in figure 5 and table 4 like conductivity measurement presented 
elsewhere [23]. Estimated dipole moments are found in agreement with the reported J1 's to 
signify the applicability of the present method. 112 's are found to increase from 24.6 GHz 
to 4.2 GHz electric field showing the maximum values at 9.8 GHz for both chloral and 
ethyltrichloroacetate in benzene. This type of behaviour may be due to strong absorbtion of 
electric energy at 9.8 GHz and solute-solvent association of polar solute with benzene ring. 
But 112 's for chloral in n-heptane and ethyltrichloroacetate in n-hexane increase gradually 
from 4.2 GHz. This sort of variation is probably due to rupture of solute- solute and solute
solvent molecular associations in the hf electric field and the corresponding increase in the 
absorbtion for smaller molecular species [27]. 

The 112 and J.l-t for chlo~al inn-heptane and ethyltrichloroacetate inn-hexane at 4.2, 9.8 
and 24.6 GHz as well as 112 of those liquids in benzene (table 4) are, however, compared 
with J.l-theo's due to available bond angles and bond moments 8.0, 5.0, 0.3 and 2.4 multi
ple of 10-3° Coulomb metre (C.m) for the substituent polar .groups of C~O. C~Cl, 
C+--C and C-+OCH3 (making an angle 57° with bond axis) respectively with the parerit 
molecules of figure 6. J.l,theo 's are entered in column 12 of table 4. Chloral shows slightly 
larger f..ltheo for solute-solute molecular associations (figure 6(ii)) in the comparatively con
centrated solution as expected [28]. The solute-solute molecular association arises due to 
interaction of fractional positive charge 8+ on C atom and negative charge 8- on 0 atom 
of >C~O group of two solute molecules. Only >C~O exhibits electromeric effect. 
The solvent C6H6 on the other hand, is a cyclic compound with three double bonds and 
six p-electrons on six C atoms. Hence n-n interaction or resonance effect combined with 
inductive effect known as mesomeric effect. is expected to play an important role in the 
measured hf Jlj· Special attention is, therefore, paid to study the solute-solvent molecu
lar. association with C6H6 . This is explained by the interaction between C atom of car
bonyl group and n-delocalized electron cloud of benzene ring. Ethyltrichloroacetate, on 
the other hand, shows J.l-theo in agreement with the estimated J.L's in C6H6 . This is due to 
solute-solvent molecular association as sketched in figure 6(i) and (iii). Larger values of . 
measured J1 's are explained by the solute-solute molecular interactions in solvent n-hexane 
due to interaction between adjacentC and 0 atoms of >C~O groups of two molecules 
as shown in figure 6(iv). However, the reduced bond moments by J.l-expt! J.l-theo corrobo
rate J.l-theo's in agreement with the experimental J.L's to measure mesomeric, inductive and 
electromeric effects of the substituent polar groups of the molecules. 

6. Conclusion 

Theoretical considerations for the effective utilization of the established symbols of di
electric terminologies and parameters in terms· of dielectric susceptibilities from dielectric 
relative permittivities appear to be more topical, significant and useful contribution in the 

Pramana- ]. Phys., Vol. 57, No. 4, October 2001 791 



K Dutta, S K Sit and S Acharyya 

. study of dielectric relaxation mechanism as they are directly concerned with orientational 
polarization of the polar molecules. The significant formulations so far derived in terms of 
x:i, xt} and Xoii measured under the single frequency measurements of relative. permittiv
ities help one to grasp a new physical insight into the molecular interactions. The single 
frequency measurement of relaxation parameters provide a unique method to get macro
scopic and microscopic relaxation times and hence dipole moments of the whole and the 
flexible part of a molecule. The estimation of -r1 and -r2 from the linear equation (3) is sim
p!~ and straightforward to get Jl from eq. (19) in terms of slope of familiar x:i- wi curve. 
The correlation coefficient and chi-square values signify the minimum error introduced 
into the desired parameters. The molecules under identical state of environment show in
teresting phenomena of double or even single relaxation depending upon the solvent used. 
Aliphatic polar molecules have the greater probability of showing double relaxation in 
nonpolar aliphatic solvents. Various types of molecular associations like solute-solute and 
solute-solvent associations are thus inferred from the usual departure of the graphical plots 
of XU Xo;j and xt}/ Xoii with wi following Bergmann's equations. Nonrigid characteristics 
of the molecules are ascertained by the symmetric distribution parameter in solvents. The 
molecular associations are supported by the conformational structures of the molecules 
in which the mesomeric, inductive and electromeric effects play an important role. The 
correlation between the conformational structures of the compounds with the observed re
sults enhances the scientific contents and adds a new horizon to understanding the existing 
knowledge of dielectric relaxation. · 
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The relaxation time 't and dipole moment 11 of some methyl benzenes and ketones G) in a non-polar solvent benzene (i) 
at 25 ac under 9.585 GHz electric field have been obtained from the measured real and imaginary parts Ei{ and E;{' of hf 
complex relative permittivity E;t at various weight fractions Wj 's of a polar liquid. The methodology to get 't' from the ratio 
of the individual slopes of real cr;{(=OOE0E;(') and imaginary cr;('(=OOEoE;() parts of complex hf conductivity crii• curve against 
wj's, seems to be a significant improvement over the existing one like the linear slope of cr;('- cr;{ curve. The variation of cr;i 
- Wj curve like cr;('-. Wj curve is often convex indicating the probable occurrence of phase change in the polar-nonpolar 
liquid mixture after a certain concentration. The convex nature of cr;{- Wj curves for some systems indicate the maximum 
absorption of hf electric energy unlike other systems. 'The estimated 11's from slope~ of hf conductivity cr;i- Wj curve and 't' 
from both the methods are compared with the work of Gopalakrishna to establish the applicability of the methods. 
Theoretical dipole moments !lthco's from available bond angles and bond moments are calculated by considering inductive, 
mesomeric and electromeric effects of the substituent polar groups of the molecules. 

1 Introduction 

Relaxation processes in dielectric polar liquid or 
solid material (DRL or DRS) are very encouraging 
to study the molecular behaviour and structures 
through various experimental techniques1

•
2

• The 
methods are involved with the high frequency 
conductivity3 or susceptibility measurements4

, 

thermally stimulated de-polarisation current5 

(TSDC) and time or frequency domain dielectric ac 
spectroscopy6 etc. The latter two methods consist of 
a tedious computer simulated calculatjon in 
comparison to others, which are very simple and 
straightforward within the framework of Debye & 
Smyth model of dielectric liquid molecule. 

Vaish & Mehrotra7
·R measured real and 

imaginary parts (Ei{ and Ei{') of complex dielectric 
"relative permittivity Eu· of some methyl benzenes 
and ketones (j) in benzene (i) under 3.13 em 
wavelength electric field at 25 °C. They attempted 
to correlate dielectric relaxation times with those of 
nuclear magnetic resonance spin lattice relaxation 
times by using the theory of Bloembergen et aU in 
terms of measured relaxation parameters. The 
relaxation times 't of the molecules were calculated 
on the· assumption that dipole-dipole (dimer) 

interaction occurs. between the nuclear spins. The 
spin lattice relaxation times were obtained to 

, compare with the Gopalakrishna, Debye and other 
methods. The experimental values differ 
significantly from those of theoretical one. This 
study reveals that, 't plays the main role in inter and 
intra molecular motions and nuclear magnetic 
resonance (NMR) spin lattice relaxation etc. 

The values of 't and dipole moment ll of these 
polar molecules by the conductivity technique have 
been calculated in the present paper. The procedures 
employed to get 't are those of Murthy et al. 10 from 
the direct slope of the linear equation of imaginary 
ai('(=COE0Ei{)_and real ai{(=COE0Ei(') in Q-1 ro- 1 parts of 
the h_f complex conductivity ai( (Fig. 1) and the 
ratio of the· individual slopes of a(- wi and ai(- wi 
curves 11 (Figs 2 and 3) at Wj~O respectively. The 
use of the ratio of individual slopes to estimate 't 

seems to be better as it eliminates the polar-polar 
interaction almost completely. Hence, the purpose 
of the present paper is to study the success or 
otherwise of the proposed theory with the existing 
ones to infer molecular structures and associations. 
The graphs of a{ and a/ with w/s in Figs 2 and 3 
are found to be non-linear to indicate the presence 
of solute-solute associations in the mixture. The 't' s 



t 
I •• . , 
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· from linear slope are found to agree with the 
reported 1:' s from Gopalakrishna' s fixed frequency 
method (Fig. 4) and are presented in Table 1 
together with all the measured 1:' s by different 
procedures. Further, the polar molecules under 

1.36 

1.32 

IV 
.. _,......,. 

... 
·._·a - -1.24 :: 

rO:;:o II 

-·-o.oo . 0.06 -

Fig. 1 - The linear variation of imaginary part cr;(' against real 
part cr;( of complex hf conductivity cr;{ at 25 ac under 9.585 
GHz electric field : (I) toluene (-0-); (II) 1,3,5 tri methyl 
benzene (-~-); (III) 1,2,3,4 tetra methyl benzene (-D-); (IV) 
1,2,4,5 tetra methyl benzene (-e-); (V) penta methyl benzene 
(---);(VI) p-fluoro toluene (-®-);(VII) butyl ethyl ketone(-V-); 
(VIII) methyl hexyl ketone (-A-); (IX) ethyl pentyl ketone 
(- T -);(X) heptyl methyl ketone(-®-) 

investigation are methyl substituted aromatic and 
ketone substituted aliphatic compounds of highly 
non-spherical nature. Methyl substituted benzenes 
and ketones have almost similar characteristics. 
Some of the methyl benzenes are supposed to have 
apparently zero dipole moment from bond moment 
calculation. Moreover, these m·olecules are 
supposed to absorb electric energy much more 
strongly in the effective dispersive region of nearly 
10 GHz at which peak of the absorption curve 
occurs. The ketones, on the other hand, are pleasant 
smelling liquids and widely used in petroleum 
industry. These liquids are used as good solvents of 

synthetic rubber, wax etc. The study of the variation 
of 1: with respect to various substituted polar groups 
attached to different positions of the parent · 
molecules may throw· much light on the structural 
conformations of the methyl benzene and ketone 
molecules. The authors had already made a detailed 
investigation on some poly-substituted benzenes12 at 
various temperatures to get molecular s.tructures by 
conductivity technique. Dielectric parameters are 
very much temperature- dependent. Calculations at 
some other temperature may reveal a better picture. 
Nevertheless, from these studies it may be clear as 
to what theory is valid for such highly non-spherical 
aliphatic and aromatic compounds. A systematic 
comparison of 1: and j..t can thus be made from the 
measured data at 25 °C. 

- 1.36 
'E . 
... . 

·a . 
~-1.32·. 
~~ 

··.:-.·. 
~ 
> 

. .-.-~ 1,28 . 

-~-

.. o~oo 0:08 

Weight fraction w. . I 

Fig. 2- Variation of imaginary part of conductivity cri{' 
against Wj at 25 oc under 9.585 GHz electric field : (I) 
toluene (-0-); (II) 1,3,5 tri methyl benzene (-Ll-); (ill) 
1,2,3,4 tetra methyl benzene (-D-); (IV) 1,2,4,5 tetra 
methyl benzene (-e-); (V) penta methyl benzene (-•-); 
(VI) p-fluoro toluene(-®-); (VII)butyl ethyl ketone(-V-); 
(Vill) methyl hexyl ketone (-.A-); (IX) ethyl pentyl 
ketone(- T -);(X) heptyl methyl ketone(-®-) 
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Fig. 3-:- Variation of real part of conductivity cr;( against Wj at 
25 oc under 9.585 GHz electric field : (I) toluene (-0-); (II) 
1,3,5 tri methyl benzene(-~-); (III) 1,2,3,4 tetra methyl benzene 
(-0-); ·(IV) 1,2,4,5 tetra methyl benzene (-e-); (V) penta 
methyl benzene (-•-); (VI) p-fluoro toluene(-®-); (VII) butyl 

. ethyl ketone (-V-); (VIII) methyl hexyl ketone <-•-); (IX) ethyl 
pentyl ketone(- Y -);(X) heptyl methyl ketone(-®-) 

The corresponding dipole moments !li' s of these 
_liquids are obtained from the linear coefficient ~ of 
uhf conductivity cru curves against wj's (Fig. 5). All 
theWs and !l's are'tabulated in Table 2 with those 
from Gopalakrishna and theoretical conformational 
calculation of Fig. 6. The inductive, mesomeric and 
electrorneric effects under 3 ern wavelength electric 
field play the vital role in determining the 
theoretical !ltheo's of the molecules of Fig. 6 in 
agreement with estimated !l/ s. 

2 HF Conductivity Technique to Estimate 
't and J..l 

The ultra high frequency (uhf) complex 
conductivity 13 crii· is: 

... (1) 

h I "d" I h w ere O'ii = C.OE.,Eii an O'ij = C.OE.,Eii are t e real and 
imaginary parts of crii·· E., is absolute permittivity of 
free space= 8.854 x 10'12 F.rn-1 and ro(=2rcf) is. the 
angular frequency of the applied electric field of 
frequency,/= 9.585 x 109 Hz . 

..... 
N 

·. ·=,_J-' 

·,: + 

·. N . 0;3~ , .. ,._ ·.r 
+ 

. ~.;_. 0.30 

+: 
N 

-,_J-'. 
:.: .._, .. ·0.29' 

0.005 0.010 .0.015 .. 0.020 . 
. ~·!.f{(~' + 2 t+ Eg,;2} 

Fig .. 4 - Linear plots of x against y for some methyl benzenes 
and ketones at 25 oc under 9.585 GHz electric field: (I) toluene 
(-0-); (II) 1,3,5 tri methyl benzene (-~-); (III) 1,2,3,4 tetra 
methyl benzene (-0-); (IV) 1,2,4,5 tetra methyl,benzene (-e-); 
(V) penta methyl benzene (-•·); (VI) p-fluoro toluene (-®-); 
(VII) butyl ethyl ketone (-V-); (VIII) methyl hexyl ketone(-•-); 
(IX) ethyl pentyl ketone (- T -);(X) heptyl methyl ketone(-®-) 

Debye equation14 in the GHz region yields: 

11 1 1 au =a~u+-au mr 

( da~\ 1 
da~ r mr 

... (2) 

... (3) 

Both a( and cri{ are functions of wi. Their variations 
are non-linear in the higher concentration region as 
seen in Figs 2 and 3. In this case, one can write 
Eq. (2) as: 

(
daij J =-1 (daij J~ 
dw- an dw-

1 wr~O 1 wr~O 

... (4) 
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the 't's from both the Eqs (3) and (4) were computed 
and are listed in Table 1 for comparison with the 
reported 't recalculated from Gopalakrishna' s 
method. 

· .o.oo .. o.o2 ·:··· •- o.-~ ._-.·.o.Q6 
Weight :fraction ~ 

Fig. 5-The plot of uhf conductivity <Jii against Wj :(1) toluene 
(-0-); (II) 1,3,5 tri methyl benzene (-~-); (III) 1,2,3,4 tetra 
methyl benzene (-0-); (IV) 1,2,4,5 tetra methyl benzene (-e-); 

. (V) penta methyl benzene (-•-); (VI) p-fluoro toluene (-®-); 
(VII) butyl ethyl ketone (-V-); (VIII) methyl hexyl ketone(- A-); 
(IX) ethyl pentyl ketone(- T -);(X) heptyl methyl ketone(-®-) 

Since Ei{ > Ei{', but in hf region of GHz range Ei{ 
::: Ei{' where E{ offers resistance to polarisation and 
uhf conductivity O"ij = COEu (Ei{2 + Ei{'2Y". Eq. (2) can 
thus be written in the following form: 

(
dcrij·] _ f3 -- -OJ'r 
dw. 

1 wr~O 

... (5) 

. ~ is the slope of cr1i- wi curve in the limit wi = 0 as 
observed in Fig. 5 and listed in Table 2. 

The real part cri( of hf complex conductivity a1t 
is given by12

: 

[ 'l ' 2 ( 2 } 
da.. NJ.i. · P· OJ r \2 
__ IJ = ) I E-+2, 
dwi r~o 27Ml8 T l+m

2
r

2 1 ... (6) 

where density Pii and local field Fii of the solution 
become Pi and Fi = (Ei + 2Y /9 of the solvent in the 
limit Wj=O. 

From Eqs (5) and (6) one gets hf dipole moment 
lli as: 

... (7) 

where 

. N =Avogadro's number= 6.023 x 1023 

Pi = density of solvent benzene at 25 oc = 874.3 
Kg.m-3 

Ei = relative permittivity of solvent benzene at 25 oc 
= 2.274 

. Mi = molecular weight of solute in Kg 

kB =Boltzmann constant= 1.38 x 10 -23 J.mole-1.K1 

and b is the dimensionless parameter involved with 
measured 't where b = 1 I (1 +C02't2

) 

Both the dipole moments ll/ s and dimensionless 
parameters b' s are presented in Table 2. 

3 Results and Discussion 

The imaginary cri{'(=COE0Ei{) Q-1 ro- 1 are plotted 
against real cri((=COEuEi{') Q-1 m-1 parts of hf complex 
conductivity cr1/ for different weight fractions w/ s of 
so]ute according to Eq. (2) to get 't of polar liquid 
molecules as shown in Fig. 1. The variables are 
found to be almost linearly correlated as evident 
from the correlation coefficient r of the straight line 
of Eq. (3). It appears from Fig. 1 that, the systems 
like (I), (II), (III) and (VII) show low values of r 
(Table 1) indicating their departure from perfect 
linearity of the variables. Perfect linearity is said to 
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F 6-Conformational structures of polar molecules in terms of bond angles and bond moments ( X 1 o-Jn Coulomb. metre ) of the 
s~~~tituent groups: (I) toluene; (II) 1,3,5 tri methyl benzene; (III) 1,2,3,4 tetra methyl benzene (IV) 1,~,4,5 tetra methyl benzene_; 
(V)penta methyl benzene; (VI) p-fluoro toluene; (VII) butyl ethyl ketone; (VIII) methyl hexyl ketone, (IX) ethyl pentyl ketone, 

· (X)heptyl methyl ketone 

be achieved for -1::;; r ::;;1. In such cases, the 
proposed method to determine 't from the ratio of 
the individual slopes of cri{' and cri{ against wi 

according to Eq. (4) seems to be a better choice and 
is claimed to be the best improvement over the other 
two because polar-polar interaction is avoided 
almost completely in the limit wi = 0. The estimated 
1:' s for systems (III), (N), (VI) and (IX) from Eq. 
( 4) are in agreement with those of Murthy et al. 10 

and reported 't. For the rest of the systems, 't' s 
are lower from the ratio of individual slopes, except 
methyl hexyl ketone. All the plots of cri{' and cri{ 
against w/ s as sketched in Figs 2 and 3 are parabolic 
in nature indicating the occurrence of associational 
aspect of polar liquid molecules in a .non-polar 
solvent. The systems I(-0-), Il(-d-), III(-0-), N(
e-), VII(-V-), IX(- 'f' -) and X(-®-) exhibit 
monotonic increase of cri{' with wi like crii- Wj curves 
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of Fig. 5 in order to attain maximum value at a 
certain concentration (wj) to show the convex 
nature. This is perhaps due to phase transition 
occurring in the polar-non-polar liquid mixture as 
observed elsewhere12

• Similar variation cri{' and crii in 
.Q·1 m-1 with wi as displayed graphically in Figs 2 and 
5 indicates the validity of the approximation of cri{' 
= O"ii ofEq. (5). All the curves of Figs 2 and 5 have a 
tendency to cut a point on the crii -axis in the limit wi 
= 0 except systerris (ll) and (ill) probably due to 
solvation effect15 of the polar-non-polar liquid 
mixture. The plots of cri( - wi curves of Fig. 3 are 
also parabolic in nature. The variation of cri{ against 
wi's for the ill(-0-), IV(-•-) and IX(- T -) systems 
show convex shape indicating the maximum 
absorption of hf electric energy at wi = 0.04, 0.06 
and 0.02, respectively. The rest of the systems 
display gradual increase of cri( with W(probably due 
to the fact that absorption of electric energy 
increases at the higher concentration. This is 
authenticated by the positive coefficient of the 
quadratic term in the fitted equations of cri{ -wi 
curves of Fig. 3. All the 't's of the polar liquid 
molecules of Table 1 agree well with those of 
Murthy et al. 10 from Eq. (3) and reported value. The 
reported 't' s based on the standard method of 
Gopalakrishna were found to be much higher7

·R 

which prompted us to recalculate 't' s from the 
following expression 16

: 

... (8) 

The variation of x against y of Eq. (8) are linear 
as seen in Fig. 4. One can obtain 't from: 

... (9) 

!l/ s are recalculated by using Gopalakrishna' s 
equation 16 as: 

. I 

f.L =[9:::;.j {1+(: J}(d~-l ]2 
' 1 wi~o 

... (10) 

't's from the ratio of the individual slopes ofEq. (4), 
on the other hand, are found to be in better 
agreement for the systems: 1,2,3,4 tetramethyl 
benzene (Ill); 1,2,4,5 tetramethyl benzene (IV); p
fluoro toluene (VI) and ethyl pentyl ketone (IX) 

respectively. The other systems exhibit low values. 
of 't from the ratio of individual slopes of cri{' and cri{ 
against w/s except methyl hexyl ketone (VITI). This 
behaviour can be explained on the basis of the fact 
that the methods of Murthy et al. 10 and 
Gopalakrishna yield 't's of either a quasi isolated 
polar or a dimer (solute-solute association) 
molecule. The ratio of the individual slopes, on the 
other hand, takes into account both the processes in 
addition to 't of a dimer molecule. The smaller value 
of 't may be due to formation of monomer supported 
by low values of r of the systems under 
investigation. 

Dipole moments !l/ s are computed from the 
slope ~ of uhf conductivity cru against wi curves of 
Fig. s· and dimensionless parameters b's of Eq. (7) 
to compare with the results of Eq. (10) of 
Gopalakrishna16

• The !l'S are now found to agree 
well as seen in Table 2 with Murthy et al. 10 and 
recalculated values of Gopalakrishna for all the 
systems like 't' s indicating the applicability of· the 
methods for such systems under investigation. The 
O"i/s of polar-non-polar liquid mixtures are, 
however, concerned with the bound molecular 
charges which may be counted by ~ ( Table 2) of crii 
- wi curves of Fig. 5. The agreement is better from 
Eqs (4) and (7) with the use of the ratio of 
individual slopes for systems (I), (ill), (IV), (VI) 
and (IX) respectively unlike other polar liquids 
where !l's are slightly lower except for methyl hexyl 
ketone. Low values of !l' s may be due to formation 
of monomer while high values are responsible for 
dimer formations. The slight difference between 
reported and estimated !l' s may occur due to 
existence of steric hindrances among the substituted 
polar groups . 

The theoretical dipol~ moments llthcu's are 
calculated on the basis of planar structures for the 
molecules from the available bond moments of 
CH3--7C, C¢=0, C~C, C--7F and C--7H of 1.23 x 
10-30

, 8 X 10-31', 0.3 X 10-30
, 5.23 X 10-30 and 1 X 10-30 

in Coulomb-metre (C.m) respectively. CH3--7C 
makes an angle 180° with the bond axis. The 
direction of C~C bond moment is taken in the 
reverse direction of bond axis 17

• All the substituted 
polar groups have the usual nature of either pushing 
or pulling electrons from the adjacent atoms of the 
parent molecules. Thus, there exists a difference in 
electron affinity within each atom of the substituted 
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Table 1-Slope and intercepts ofEq. (2), correlation coefficient r, ratio of the individual slopes of cr;('-wi and cr;(- Wj curves at 
· Wj ~0. relaxation time 't from Eqs (3) and (4) and from Gopalakrishna's method of some methyl benzenes and ketones in 
benzene at 25 ac under 9.585 GHz electric field 

Corre- Ratio of individual Relaxation times 
System Slope and intercepts lation. slopes of cr;('- Wj and 'tj (xlO -12

) ins 
ofEq. (3) Coeffi- cr;(- wi at wi ~o 

cient a 
'tt 'tf 'tj 

r 
(I) toluene 1.8468 1.1385 0.9527 4.3891 8.99 3.78 8.24 
(II) 1,3,5 tri methylbenzene 0.7897 1.1844 0.9755 2.8782 21.03 5.77 19.93 
(Ill) 1,2,3,4 tetra methyl benzene 8.3666 1.1992 0:9678 6.5797 1.98 2.52 1.94 
(IV) 1 ,2,4,5 tetra methyl benzene 1.9531 1.1854 0.9890 1.6133 8.50 10.29 8.06 
(V) penta methyl benzene 1.3836 1.1770 0.9948 3.8814 12.00 4.28 11.02 
(VI) p-fluorotoluene 4.8910 1.2071 0.9941 8.2548 3.39 2.01 3.12 
(VII) butyl eyhyl ketone 1.0070 1.1878 0.9481 40.3859 16.48 0.41 15.84 
(VIII) methyl hexyl ketone 0.8452 1.1737 0.9993 0.6003 19.65 27.66 18.13 
(IX) ethyl pentyl ketone 0.8640 1.1713 0.9686 0.6928 19.22 23.97 18.40 
(X) heptyl methyl ketone 0.8203 1.1838 0.9859 1.8590 20.24 8.93 19.01 

'tj" =Relaxation time from Eq. (3) 
'tjb =Relaxation time from Eq. (4) 
'tf =Relaxation time from Gopalakrishna's method of'Eq. (9) 

Table 2-Coefficients of cr;r- Wj curves, dimensionless parameter b [ =1/(1 +ro2r)], dipole moment J.l.i in Coulomb.metre from 't' s 
ofEqs (3), (4) and Gopalakrishna's method and the theoretical dipole moment !lthea from the available bond angles and bond 
moments of some methyl benzenes and ketones in benzene at 25 °C under 9.585 GHz electric field 

Coefficients of Values ofb 
O"ij = (X+~Wj+'Y Wj

2 by using 't Dipole moment (x10-31~ C.m 
System with mol.wt. 

0: ~ 'Y ofEq. (3) ofEq. (4) lli" !lib llf lltheo 
(I) toluene 
~=0.092Kg 1.1811 2.7545 -40.2180 0.7733 0.9507 7.93 7.15 7.80 1.23 
(II) 1,3,5 tri methylbenzene 
MFO.l20Kg 1.1446 3.4010 -31.2102 0.3840 0.8923 14.27 9.36 13.94 0.00 
(Ill) 1 ,2,3 ,4 tetra methyl 
benzene 
MFO.I34Kg 1.1436 4.4952 -47.2133 0.9860 0.9775 10.82 10.87 10.82 0.00 
(IV) 1 ,2,4,5 tetra methyl 
benzene 
Mi=0.134Kg 1.1969 1.7313 -11.2125 0.7924 0.7225 7.49 7.84 7.39 0.00 
(V) penta methyl benzene 
MFO.l48 Kg 1.1798 . 1.4009 2.2168 0.6569 0.9377 7.78 6.51 7.63 1.23 
(VI) p- fluoro toluene 
Mi=0.110 Kg 1.2039 1.9329 0.7021 0.9600 0.9856 6.52 6.43 6.53 6.23 
(VII) butyl ethyl ketone 
Mj=D.114 Kg 1.1885 0.9115 -6.8748 0.5038 0.9994 6.29 4.46 6.19 8.09 
(VIII) methyl hexyl ketone 
MFO.l28Kg 1.1790 1.8073 2.1902 0.4166 0.2649 10.32 12.94 10.05 8.14 
(IX) ethyl pentyl ketone 
Mj=D.l28 Kg 1.1820 1.7921 -27.0543 0.4274 0.3243 10.14 11.64 10.01 8.14 
(X) heptyl methyl ketone 
-~=0.142Kg 1.1939 1.4569 -17.0797 0.4023 0.7757 9.93 7.15 9.60 8.2 

Jli" = dipole moment from Eq.(7) by using 'tj of Eq. (3) 
11t =dipole moment from Eq. (7) by using 'tj ofEq. (4) · 
1-!-f = dipole moment by Gopalakrishna' s method of Eq. (1 0) 
lltheo = theoretical dipole moment from the available bond angles and bond moments 
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polar groups causing inductive, mesomeric and 
electromeric effects in them, which play a role in the 
structure of the polar molecules of Fig. 6. The 
solvent C6H6 due to its aromaticity is a cyclic planar 
compound having three alternate. single and double 
bonds and six p-eleiNDIAN J PURE & APPL PHYS, 
VOL 40, AUGUST 2002ctrons on six C-atoms. The 
sp2 hybridised electrons provide de-localised 1t

electrons to each atom of the substituted polar 
groups of the molecules. CH/+---7C&- is a strong 
electron pushing (+I effect) while >C*¢=0&- is 
responsible for both the mesomeric ( -M effect) and 
electromeric effect. Thus all the substituted polar 
groups may be responsible to form either solute
solvent (monomer) or solute-solute (dimmer) 
associatiOn to yield lower and higher ll/ s 
respectively depending upon the solvent used. The 
difference ~ll between !l/S and Jlo,co's of Fig. 6 for 
the methyl substituted benzenes are 5.92, 9.36, 8.74, 

. 7.84, 5.28 and 0.2 X I0-3° C.m for the six systems 
while the rest of the four ketones have -3.63, 4.8, 
3.5 and -1.05 x I0-3° C.m respectively. This 
indicates the mesomeric and electronieric effects 
which are maximum for 1,3,5 trimethyl benzene and 
methyl hexyl ketone probably due to presence of 
strong electron repelling character of CH3---7C 
group. The !lthco of 1,3,5 tri methyl benzene, 1,2,3,4 
tetra methyl benzene and 1,2,4,5 tetra methyl 
benzene are found to be zero. The bond moment of 
CH3---7C group acts in opposite direction in a plane 
to yield zero value. The molecules may have 
considerable llthco values if they are three 
dimensional structures. All these effects may be 
taken into account to get exact !l/ s of Table 2 from 
!lthco by the factor llcxpt l!lthco (5.81, 5.29, 1.03, 0.55, 
1.59, 1.43, 0.87) except for three mo~ecules. 

4 Conclusion 

The structural information of some aromatic 
methyl benzenes and aliphatic ketones is obtained 
from the conductivity measurement at 25 oc under 
the most effective dispersive region of 9.585 GHz 
electric field. Modem internationally accepted 
symbols of dielectric relaxation terminologies and 
parameters in S I units seem to be more topical, 
significant and useful contribution to obtain 't and ll 
of a dipolar liquid dissolved in non-polar solvent. 
The 't/ s measured from the slope of the linear cri('
cri{ curves are not in agreement with those from the 
ratio of the individual slopes of cri('- wi and cri{- wi 

in the limit wi=·O for all cases. The latter method is 
more significant because in this case one polar 
molecule is surrounded by a large number of non
polar molecules and thus polar-polar interactions are 
supposed to be completely eliminated. This method 
is thus supposed to yield monomeric or often 
dimeric structure of polar molecules. The ll/ s are 
measured from the linear coefficient f3 of crii - Wj 

curve at Wj ---70 . The crii or cri(' in Q-1 m·1 for some 
systems increases gradually in order to attain the 
maximum value for a certain concentration of solute 
and then decreases. This indicates the change of 
phase of the systems under investigation. Similar 
nature of variation of cri(' with wi indicates 
maximum absorption of hf electric energy for some 
systems. The 't/ s and ll/ s claimed to be accurate 
within 10 and 5 % are also compared with those 
from Gopalakrishna' s fixed frequency method. The 
slight disagreement between experimental ll.i with 
the theoretical dipole moment ll111co for some 
molecules reveals different associational aspects of 
dipolar liquid molecules in a non-polar solvent from 
the frequency dependence of relaxation parameters. 
This study also exhibits the presence of mesomeric, 
inductive and electromeric effects of the substituent 
polar groups of the molecules. The theoretical !lthco 
for systems ll, ill and N are zero although they 
possess a considerable lli· This invariably rules out 
the planar structure of the molecules and establish a 
three dimensional formation. 
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The derived .linear equation (Xuij- Xii')IX;( = ro(tl+12) x;('txij'- ro
2
tlt2 for different weight fractions IVj of di-substi!uted 

benzenes and anilines (j) in aprotic and non-polar solvents (i) C6H6 and CCI4 under 9.945 GHz electric tield are obtained 
from !he available measured dielectric relative permittivities at 35 °C. The double relaxation times t 1 and t 2 of the tlexible 
part and the whole molecule are estimated from the slope and intercept of the above equation. Xii' and X;/' are the real and 
imaginl)ry parts of the high frequency complex orientational dielectric susceptibility X;/ and Xuii is the low frequency 
dielectric susceptibility, which is real. They are, however, related with the measured relative permittivities. Values of ti are 
calculated from the ratio of the individual slopes of the variations of X{ and Xii' with "'i at wr~O. assuming single Debye
like dispersion and compared with Murthy eta[. [Indian J Phys, 638 (1989) 491] and Gopalakrishna [Trans Faraday Soc, 

. 53 (1957) 767]. The weighted contributions c 1 and c2 towards dielectric relaxations for t 1 and t 2 can, however, be obtained-----· · 
from Frohlich's theoretical formulations ofX;/IXuii and X{IXuii and compared with those from the experimentally measured 
values of (Xii'/X.,ii),i__,11 and (X{IXuii),.i-->ll. The latter measured values are employed to get symmetric distribution parameter y 
to yield symmetric relaxation time t,. The curve of (II$) log(cos $) against $ in degrees together with the values of 

·(Xii'IX.,;),.i->ll and (X{IX.,;i ),.i->O experimentally obtained, gives the asymmetric distribution parameter B to get the 
characteristic relaxation time tcs· All these tindings ultimately establish the different types of relaxation behaviour for such 
complex molecules. The dipole moments J11 and J12 for the flexible part and the whole molecule are ascertained from t 1 and 
t 2 and the linear coefficients ~ 1 of Xii' versus wi and ~2 of crii versus wi curves respectively, where crii is the hf conductivity. 
The values of Jl are finally compared with the reported Jl's and Jllheu's derived from available bond angles and bond 
inoments of the substituted polar groups of di-substituted anilines to conclude that a part of the molecule is rotating while 
the whole molecular rotation occurs for di-substituted benzenes. The slight disagreement between measured values of Jl and 
Jl1hc" can, however, be interpreted by the inductive, mesomeric and electromeric effects of the polar groups of the parent 
molecules. 

1 Introduction 

The dielectric relaxation phenomena of 
· nonspherical and rigid polar liquid molecule in 

different non-polar solvents at a given temperature, 
under a high frequency (hf) electric field attracted 
the attention of a large number of workers 1

•
2

• The 
dipole moment f.i from the relaxation time 't of the 
polar liquid molecule is of much importance3

•
4 to 

determine the shape, size, structure and molecular 
association of a polar molecule. The real E;/ and 
imaginary E{ parts of complex relative permittivity 
Eii·· static and infinite frequency relative 
permittivities Euii and E~;i of a polar liquid molecule 
(j) in a non-polar solvent (i) at a fixed experimental 
temperature under a single frequ~_ncy eledric field 
of GHz range are used to obtain the double 
relaxation times 't2 and 't1 due to rotation of the 

whole molecule as well as the flexible part attached 
to the parent molecule5

• · 

Khameshara & Sisodia6
, Gupta et aC and 

Arrawatia et al. 8 measured the relative permittivities 
of some di-substituted benzenes and anilines in 
aprotic non-polar solvents C6H6 and' CCI4 under 
9.945 GHz electric field at 35 °C to predict the' 
conformation of the molecules in terms of the 
relaxation time 't, based on the single frequency 
concentration variation method of Gopalakrishna9 

and the dipole moment, Jl by Higasi's methodw. The 
compounds are very interesting for the different 
functional groups like -NH2, -CH3, -N02, -CI, etc. 
attached to the parent molecules. The samples were 
of purest quality and supplied by M/s Fluka and M/s 
E Merck, respectively. The solvents C6H6 and CCI4 

of M/s BDH were used after double distillation and 
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suitably dried over NaCI and CaCI 2• E.,;i at 35 oc was 
measured by heterodyne beat method at 300 kHz 
E~;i=n0;/, where the refractive index noii was 
measured by Abbe's refractometer. The weight 
fraction wi of the respective solute, which is defined 
by the weight of the solute per unit weight of the 
solution was taken up to four decimal places, as the. 

. accuracy in the measurement was 0.0012 %. ~;j' a·nd 
f..·

11 within I % and 5 % accuracies were carried out q . 

by using the voltage standing wave ratio in slotted 
line and short-circuiting plunger, based on the 
method of Heston et al. 11 . The possible existence of 
1:1 and 1:2 of the compounds was, however, detected 
from the relative permittivity measurements 12, under 
9.945 GHz electric field at 35 °C. 

Now-a-days, the usual practice13 is to study the 
dielectric relaxation phenomena in terms of 
dielectric orientational susceptibilities Xii· X;/ s are 
linked with the orientational polarization of a polar 
molecule. So it is better to work with X;i' s rather 
than f..;i' s or conductivity cr;/ s as the latter are 
involved with all the polarization. processes and the 
transport of bound molecular charges, respectively14. 
The real X/(= E;(-E~;i) and imaginary X{(=€;/') parts 
of the complex dielectric orientational susceptibility 
X;i'( = E;i·-E~;) and the low frequency susceptibility 

X ... (= E ·-£ ··' which is real of the di-substituted 1111 tiiJ «lj} 

benzenes and anilines in C6H6 and CCI4 of Table I 
are used to obtain their conformational structures in 
terms of molecular and intra-molecular dipole 
moments IJ.2 and j1.1 involved with the estimated 'tz 

and 1:1. Di-substituted benzenes and anilines are 
thought to absorb electric energy much more 
strongly, in nearly l 0 GHz electric field yielding 
considerable values of 1:1 and 1:2• The 11 polar-non
polar liquid mixtlires under investigation are found 
to show the double relaxation phenomena. Most of 
the polar molecules are isomers of aniline and 
benzene. Some of the polar solutes are dissolved in 
C6H6, while a few in CCI4 to observe the solvent 
effect too. Moreover, a few of the pplar molecules 
are para-compounds, in which a peculiar feature of 
relaxation phenomena is expected15. A strong 
conclusion of double relaxation phenomena of polar 
molecule in a non-polar solvent, based on the single 
frequency m~asurement of relaxation parameters 
cah be made only if, the accurate value ofx .. ii (±1 %) 
involved with E,,;i and E~;i is available. The use of no/ 
for ~~ij Often introdtice~6:R ah additionili error in the 

calculation, since E~\i is approximately equal to 1-1 .5 
times of no{ 

Bergmann et al. 16, how~ver, devised a graphical 
method to obtain 't1 and 't2 for a pure polar liquid. 
The respective weighted contributions c1 and c2 

towards dielectric relaxations were estimated in 
terms of 't1 and 1:2• Bhattacharyya et al. 17 

subsequently attempted to simplify the procedure of 
B;ergmann et al. 16 to get the same for a pure polar 
molecule with. E'; E", c.. and £~ . measured at two 
different frequencies in GHz range. The graphical 
analysis advanced by Higasi et al. !R on polar-non
polar liquid mixture was also a crude one. 

Thus, the object of the present paper is to detect 
1:1 and 1:2 and hence, to measure IJ., and llz using 
values of X;i based on the single frequency 
measurement technique12·19. The aspect of molecular 
orientational polarization is, however, achieved by 
introducing Xii because E~;i which includes fast 
polarization, frequently appears as a subtracted term 
in Bergmann equations. Thus, to avoid the 
clumsiness of algebra and to exclude the. fast 
polarization process, Bergmann equations 11' are 
simplified by the established symbols of x/. xij" and 
Xuii of Table I in SI units: 

xij = C1 + Cz 

Xaij l+a/-r/ J+alr/ 
... (I) 

and 

... (2) 

assuming two broad Debye-type dispersions for 
which the sum of c, and c2 is unity. 

Eqs (1) and (2) are now solved to get: 

Xaij- xij _ ( +"' )Xij ,,,2~ ... -"--,--=--w '1 •2 -, -UI '1'2 ... (3) 
Xij Xij 

The variables (X.,;rX/)IXu' and xu"txu' are plotted 
against each other for different values of wi of the 
polar liquid under a single angular frequency ffi 

(=21if) of the electric field to get a straight line with 
intercept -oi't1't2 and slope ro('t1+'t2), as shown in 
Fig. I. The intercept and slope of Eq. · (3) .. ~re 
obtained by linear regression analysis made with the 
measured values of X;i of solutes in CC14 and C6H6. to 

·' get 't2 and 't1 as found· in the 6th and 7th columns of 
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Table 1 -The real "J.i( and imaginary xi('. parts of the complex dielectric orientational susceptibility Xii* and static dielectric 
susceptibility x.,;; which is real for various weight fraction wi of different di-substituted benzenes and anilines at 35 °C under 
9.945 GHz electric field 

Weight 
fraction x;;' Xi( Xuij 

H'j 

(I) o-chloronitrobenzene in Cr.Hr. 

0.0109 0.117 0.066 0.167 
0.0173 0.169 0.100 0.254 
O.OZI7 0.197 0.126 0.305 
0.0280 0.253 0.165 . 0.376 
0.0330 0.284 0.192 0.461 

(Ill) 4-chloro 3-nitro toluene in C6H6 

0.0072 O.D75 0.046 0.132 
0.0144 0.098 0.088 0.241 
0.0224 0.150 0.133 0.310 
0.0323 0.200 0.179 0.464 
0.0453 0.271 0.252 0.630. 

(V) o-nitrobcnzotrifluoride ·in C6Hr. 

0.0085 0.094 0.058 0.154 
0.0167 0.166 0.108 0.257 
0.0244 0.226 0.159 0.384 
0.0335 0.297 0.205 0.495 
0.040'2 0.353 0.255 0.604 

(VII) 2-chloro 6-methyl aniline in C6H6 

0.0184 0.072 0.017 O.G75 
0.0305 0.096 0.026 0.097 
0.0417 0.117 0.040 0.138 
0.0573 0.163 0.058 0.191 
0.0636 0.183 0.065 0.214 

(IX) 3-chloro 4-methyl aniline in C6H6 

0.0214 0.088 0.032 0.099 
0.0374 0.123 0.060 0.167 
0.0403 0.133 0.066 . 0.185 
0.0548 0.166 0.091 0.244 

(XI) 5-cliloro 2-methyl aniline in C6H6 

0.0194 0.094 0.050 0.123 
0.0249 0.110 0.064 0.153 
0.0307 0.129 0.081 0.191 
0.0480 0.182 0.129 0.292 
0.0569 0.206 0.150 0.362 

Table 2. The variables of Eq. (3) are extracted from 
Table I, where all the data are collected together, 
system-wise, up to three decimal places in close 
agreement with the expected12 't2 and 't1 of Table 2. 
Both 't2 and 't1 were found to deviate significantly, 
when the· data of Table 1 were taken up to two 
decimal places with the claimed accuracy of 
measurement. The values of ·correlation coefficient 

Weight 
fraction wi X;( xt Xuii 

(If) 4-chloro 3-nitro benzotritluoride inCC14 

0.0050 0.122 0.019 0.155 
0.0101' 0.145 0.037 0.185 
0.0147 0.150 0.054 0.233 
0.0193 0.167 0.068 0.266 
0.0231 . 0.179 0.075 0.302 

(IV) 4-chloro 3-nitro toluene in CCI~ 

0.0041 0.145 0.039 0.208 
0.0087 0.173 0.071 0.315 
0.0128 0.190 0.101 0.419 
0.0162 0.218 0.138 0.482 
0.0203 0.241 0.165 0.586 

(VI) m-nitrobenzotritluoride in Cr.H(, 

0.0096 0.082 0.032 0.094 
0.0173 0.103 0.060 0.157 
0.0245 0.129 0.082 0.202 
0.0326 0.157 0.106 0.2(i5 
0.0380 0.187 0.128 0.323 

(VIII) 3-chloro 2-methyl aniline in C6H6 

0.0083 0.059 O.ot8 0.065 
0.0207 0.099 0.043 0.!28 
0.0270 0.128 0.055 0.166 
0.0363 0.165 0.073 0.221 
0.0421 0.193 0.086 0.255 

(X) 4-chloro 2-methyl aniline in C6H6 

0.0196 0.124 0.063 0.151 
0.0300 0.157 0.090 0.219 
0.0417 0.199 0.121 0.304 
0.0481 0.216 0.138 0.354 

(r) and the % error were worked out to place them 
in Table 2, only to see how far the variables of 
Eq. (3) are collinear to each other. 

The relaxation times 't's due to Debye model are 
measured from t_he slope of xt versus Xii' curves of 
Fig. 2 and the ratio of the individual slopes of xu" 
versus wi and.Xij' versus wi curves at _wr~O of Figs 3 
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and 4, respectively. Values of 't from both the · 
methods are entered in the 8th and 9th columns of 
Table 2 only to see how far they agree with -r1 and -r1 

due to double relaxation method of Eq. (3). 

1.2 

·~ 0.9 -,..-... 
;[ 

'5 0.6 
;-..! 

-.../ 

0.3 

0. 0 L...LLJL-..-J~L.-.1.....1-L.---l---'---'---'--..... 

0.0 0.2 0.4 0.6 0.8 1.0 

Pig. 1 - Linear variation of (X .. ii - X;{)IX;/ with xu"IX;{ for 
different values of wi for: I. o-chloronitrobenzene in C6H6 

(-0-); II. 4-chloro 3-nitrobcnzotritluoride in CCI4 (-.6.-); Ill. 
4-chloro 3-nitrotoluene in C6Hc, (-0-); IV. 4-chloro 3-
nitrotoluene in CC14 (-e-); V. o-nitrobenzotritluoride in C6H6 

(-A-); VI. m-nitrobenzotritluoride in C6H6 (-•-); VII. 2-
chloro 6-mcthyl aniline in C6H6 (-T -);VIII. 3-chloro 2-methyl 
aniline in Cr.H6 (-* -); IX. 3-chloro 4-mcthyl aniline in C6H6 

(-<8>-); X. 4-chloro 2-methyl aniline in C6H6 (-V-) and XI. 5-
chloro 2-methyl aniline in C6H6 (-181 -) at 35 oc under 9.945 
GHz electric field 

The theoretical values of c 1 and c2 towards 
dielectric dispersions for -r 1 and -r2 of different di
substituted benzenes and anilines in C6H6 and CCI4 

were calculated from Frohlich' s2
" theoretical 

formulations of Xii'IX .. ;i and Xu"IX .. ii· The experimental 
values of c1 and .c2, on the other hand, were found 

out from (Xu'IX .. u)n1__,n and <xu"tx .. u)•Vi~, by graph.ical 

variations of X;/IX .. ;i and X/'IX .. ;i with values of wi of 
Figs 5 and 6, in order to place them in Table 3 for 
comparison. The plots of X;/IX .. ;i and x;/'IX .. ;i against 
wi of the polar liquids in Figs 5 and 6 are the least 
square fitted curves with the experimental points · 
placed upon them. With the values of the intercepts 
presented in Table 3 from Figs 5 and 6 and the 
graphical plot of (1/<jl) log(cos <!>) against <!> in 
degrees given elsewhere4

, the symmetric and 
asymmetric distribution parameters y and o related 
to symmetric and characteristic relaxation times -r, 
and 'tcs of the molecules were determined. They are 
seen in Table 3. The object of such determinations 
of y, o, 't, and 'tc, is to conclude the molecular non
rigidity and distribution of relaxation behaviour as 
well. 
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Pig. 2- Linear variation of X{ with Xii' for different values of 
wi for: I. o-chloronitrobenzene in r.Hr. (-0-); II. 4-chloro 3-
nitrobenzotrifluoride in CCI4 (-.6.-); Ill. 4-chloro 3-
nitrotoluene in C6H6 (-0-); IV. 4-chloro 3-nitrotoluene in CCI4 

(-e-); V. o-nitrobenzotrifluoride in C6H6 (-A-); VI. m
nitrobenzotritluoride in C6H6 (-•-); VII. 2-chloro 6-methyl 
aniline in C6H6 (-T -); Vlll. 3-chloro 2-methyl aniline in C6Hr. 
(-* -); IX. 3-chloro 4-methyl aniline in C6H6 (-<8>-); X. 4-
chloro 2-methyl aniline in C6H6 (-V-) and XI. 5-chloro 2-
methyl aniline in C6H6 (-l81 -) at 35 oc under 9.945 GHz 
electric field 



DUTrA et al.:DOUBLE RELAXATION PHENOMENA 805 

Table 2-The relaxation times 't2 and 't1 from the slope and intercept of straight line Eq. (3), correlation coefticients r's and % of 
error in regression technique, measured 'ti from the slope of Xij" versus Xij'of Eq. (15) and the ratio of the individual slopes of Xi/' 
versus wi and xij' versus wi at wr-+0 of Eq. (I 6), reported 't, symmetric and characteristic relaxation times 't, and 'tcs for different 
disubstituted benzenes and anilines at 35 °C under 9.945 GHz electric field 

System 
with S.No. 

(I) o-chloro nitro-

Eq. (3) Corrl. % 
Coeff of 

Slope/Intercept (r) Error 

Estimated 
't2 and 't 1 

in ps 

Measured 'tj in ps Rept. 'ts tl:S 

from 'tin in ps in ps 
ps 

Eq. (15) Eq.(l6) 

benzene in C6H6 1.310 0.301 0.82 9.88 16.21 4.76 12.08 10.13 13.5 7.87 17.08 

(II) 4-chloro 3-nitroben-
zotritluoride in CCl4 1.666 0.059 0.95 2.94 26.08 0.58 16.43 22.66 21.1 0.00 

(Ill) 4-chloro 3-nitro-
toluene in C6H6 1.865 0.389 0.88 6.80 26.02 3.83 16.13 19.89 20.9 10.76 39.65 

(IV) 4-chloro 3-nitro-
toluene in CCl4 2.283 0.134 0.98 1.19 35.57 0.96 21.47 22.61 35.0 1.47 38.84 

(V) o- nitrobenzo-

tritluoride in C6H6 1.063 0.067 0.70 15.38 15.93 1.08 12.09 11.08 13.7 10.89 28.83 

(VI} m-nitrobenzotri-

fluoride in C6H6 1.898 0.597 0.99 

(VII) 2-chloro 6-methyl 

aniline in C6H6 1.371 0.313 0.93 

(VHI) 3-chloro 2-me-
thyl aniline in C6H6 1.596 0.386 0.99 

(IX) 3-chloro 4- methyl 
aniline in C6H6 1.891 0.561 0.99 

(X) 4-chloro 2-methyl 
aniline in C6H6 3.217 I .428 0.99 

(XI) 5-chloro 2-methyl 
aniline in C6H6 2.075 0.8 I I 0.97 

0.60 

4.08 

0.60 

0.67 

0.67 

1.78 

The dipole moments Jl2 and Jl1 were then 
measured in terms of dimensionless parameters (b) 
involved with measured values of 't of Table 2 and 
coefficients ~ 1 and ~ 2 presented in Table 4 of the 
variations of hf xu' and total hf conductivity crij with 
values of wi of Figs 4 and 7, respectively. The 
measured values of ~ are presented in Table 4 in 
order to compare with theoretical dipole moment 
Jl,11c., derived from available bond angles and bond 
moments of the substituent polar groups attached to 
the parent molecules as sketched in Fig. 8. The 
structural aspect of some interesting polar molecules 
presented in Fig. 8 exhibits the prominent 
mesomeric, inductive and electromeric effects of the 

· substituted polar groups. All these effects are taken 
into account by the ratio Jlcxp/Jl,11c., in agreement with 
the measured values6

·M of Jl presented in Table 4. 

24.01 6.37 14.33 36.57 19.7 6.20 

17.31 4.63 7.05 14.55 7.8 4.08 

20.79 4.76 7.98 11.49 9.9 4.57 

24.37 5.90 12.07 13.65 13.6 7.28 

42.97 8.51 12.80 11.04 18.5 7.59 

24.85 8.36 14.34 14.35 16.6 5.60 4.52 

2 Formulations of c1 and c 2 for 't1 and 't2 

Eqs (1) and (2) are now solved to get c, and c2, 

where: 

... (4) 

H I . ? 

(Xii- Xip,)(l +a2 -) 

Xoij(a2 -a,) 
... (5) 

where a,= OJt1 and ~ = (J)1;2 provided a.2 > a,. The 
molecules under consideration are of complex type 
and only little data are available under single 
frequency measurement in the low concentration 
region. A continuous distribution of 't with two 
discrete values of 't1 and 't2 could, therefore, be 
expected. Thus, from Frohlich's equations20 based 

I 
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on distribution of ~ between the two extreme values 
of t 1 and ~2• one gets: 

Xij =1--1-ln I+W r2 I ( 2 2] 
X"if 2A l+w\

2 
... (6) 

xij 1 r -I< ) -I< )] --=-Ltan wr2 -tan wr1 
Xoij A 

... (7) 

where the Frohlich parameter A is given by A = In 

(12/11). The theoretical values of X/lx .. ij and xttx.,;i 
of Eqs (6) and (7) were used to get theoretical c, and 
c2 from Eqs (4) mid (5) in order to compare them 
with the experimental values of c, and c2 from the 

graphical plotS Of x/fXuij and xtfXuij at Wi--70, aS 
seen in Figs 5 and 6, respectively. Both the 
theoretical and experimental values of c, and c2 are 
presented in Table 3 for comparison. 
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Fig. 3 -Variation of X;/' against wi of solutes at 35 oc under 
9.945 GHz electric field for: I. o-chloronitrobenzene in C6H6 

(-0-); II. 4-chloro 3-nitrobenzotrilluoride in CC14 (-.6-); Ill. 
4-chloro 3-nitrotoluene in C61-16 (~0-); IV. 4-chloro 3-
nitrotoluene in CC14 (-e-); V. o-nitrobenzotrilluoride in C61-16 

(-A-); VI. rn-nitrobenzotritluoride in C6H6 (-•-); VII. 2-
chloro 6-rnethyl aniline in C(,H6 (-T -); Vlll. 3-chloro 2-methyl 
anfline in C6H6 (-* -); IX. 3-chloro 4-rnethyl aniline in C6H6 

(-®-); X. 4-chloro 2-methyl aniline in C6H6 (-\7-) and XI. 5-
chloro 2-methyl aniline in C6H6 (-181 -) at 35 oc under 9.945 
GHz electric field 
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Fig. 4- Variation of xij' against wi of solutes at 35 oc under 
9.945 GHz electric field for: I. o-chloronitrobenzcne in C6H6 

(-0-); II. 4-chloro 3-nitrobenzotrinuoride in CCI4 (-6-); III. 
4-chloro 3-nitrotoluene in C6H6 (-0-); IV. 4-chloro 3-
nitrotoluene in CC14 (-e-); V. o-nitrobenzolrifluoride in C6H(, 
(-A-); VI. m-nitrobenzotrilluoride in C6H6 (-•-); VII. 2-
chloro 6-methyl aniline in C6H6 (- T -);VIII. 3-chloro 2-methyl 
aniline in C6H6 (-* -); IX. 3-chloro 4-methyl aniline in C6 H6 

(-®-); X. 4-chloro 2-methyl aniline in C6Hr. (-\7-) and XI. 5-
chloro 2-methyl aniline inC6H6 (-181 -) at 35 oc under 9.945 
GHz electric field 

3 Distribution Parameters Related to Symmetric 
and Characteristic Relaxation 

The moletules are expected to show either 
symmetrical circular arc or a skewed arc in addition 
to other models21 when the values of xttx.,;i are 
plotted against Xu'fXuij at Wi--70 for variOUS 
frequencies of the electric field ~o yield 

-Xij -
;r,ij - -l +-(J-. w-,-s-)1:---r ... (8) 

* Xij 

X,;j = (l+ jwrcs)8 ... (9) 
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·Table 3- Frohlich's parameter A, theoretical and experimental values of Xi{IX.,;i and x;/'tx .. ij of Frohlich equations (6) and (7) 
and from tilting equations of Figs 5 and 6 at wr-+0, respectively, theoretical and experimental relative contributions c 1 and c2 

towards dielectric dispersion due to 't1 and 't2 symmetric and asymmetric distributiqn parameters y and o for polar-non-polar 
liquid mixtures of di-substituted benzenes and ani lines at 35 ac under 9.945 GHz el!,!Ciric field 

System 
with SI.No. 

(l)o-chloronitro

benzene in C6H6 

(II) 4-chloro 3-nitro
benzotrilluoride in 
CCI4 

(Ill) 4-ch!oro 3nitro
toluene in C6H6 

(IV) 4-chloro 3-nitro
toluene in CCI4 

(V) o-nitrobenzo
trilluoride in C6H6 

(VI) m- nitrobenzo
trilluoride in C6H6 

(VII) 2-chloro 6-me
thyl aniline in C6H6 

(VIII) 3-chloro 2-
methyl aniline in 
Cc.H6 

(IX) 3-chloro 4- me
thyl aniline in C6H6 
(X) 4-chloro 2-me
thyl aniline in C6H6 
(XI) 5-chloro 2-me
thyl aniline in C6H6 

1.225 

3.806 

1.916 

3.612 

2.691 

1.327 

1.319 

1.474 

1.418 

1.619 

1.089 

Theoretical 
values of 
X;{IX.,;i& 
X{IX.,;.i from 
Eqs (6) & (7) 

Theoretical 
values of 
c1 and c2 

Exptl. values of 

x';/Xuij & X";/Xnii 
at wi-.0 of 

Exptl. values of 
c,&c2 

Figs 5 & 6 

0.746 0.410 0.526 0.533 0.733 0.349 0.599 0.371 

0.830 0.259 0.687 0.525 0.890 0.027 0.894 -0.012 

0.677 0.409 0.527 0.649 0.600 0.309 0.508 0.435 

0.754 0.301 0.638 0.703 0.863 0.144 0.823 0.253 

0.873 0.266 0.653 0.444 0.616 0.347 0.288 0.655 

0.611 0.455 0.485 0.625 1.134 0.261 1.514 -0.56 I 

0.737 0.412 0.527 0.544 1.078 0.141 1.402 -0.468 

0.693 0.424 0.518 0.585 1.023 0.232 1.192 -0.194 

0.622 0.449 0.490 0.632 1.244 0.254 1.614 -0.588 

0.427 0.448 0.416 0.842 1.062 0.419 1.449 -0.556 

0.547 0.475• 0.462 0.627 0.907 0.312 1.354 -0.536 

Estimated 
values of 
yand o 

0.13 0.010 

0.82 

0.28 0.007 

0.38 0.002 

0.21 0.008 

-0.45 

-0.40 

-0.20 

-0.62 

-0.33 . 

-0.03 0.021 

Here, y and o are the symmetric and asymmetric 
distribution parameters related to symmetric and 
characteristic relaxation times 1:. and 'tc, 

respectively. Separating the real and imaginary parts 
of Eq. (8) one gets: 

Figs 5 and 6 in the limit wi=O. Again o and 'tcs can be 
had from Eq. (9) as: 

[( I]'' 2 
1 

-1 1 Xu Xu XoiJ r =- an --- --'-"---'--
n X,ii Xu I Xoij 

xij l 
Xoij 

... (10) 

and 

I 

I [I[Xij I X,u }'It" . y;r l~l-r -r_,. =- , . cos--sm-
UI Xi]IX,u 2 2 

... (II) 

where xu'tx .. ij and xttx .. ij are obtained from 
intercepts of each variable with values of wi of 

(xij I X,ij J..j~O 
tan(f/lb) = fA> ) ... (12) 

\,.tij I Xoij wj~O 

I 
Tc, =-tan¢ 

. (I) 
... (13) 

Since, q, cannot be evaluated directly, a 
theoretical curve of (1/!p) log(cos $) with q, in 
degrees was drawn as shown elsewhere4, from 
which: 

1 . logl(xijlx,u)lcos(f/lo)j 
~log(cosf/l) = --:...!--1/Jb.:......:..._ __ _ ... (14) 
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was found out. The known values of (1/lj>) log( cos lj>) 
was then used to obtain lj>. With known lj> and 8, 'tc, 

were obtained from Eqs (12) and (13) for each 
molecule. The estimated y and o are presented in 
columns 11 and 12 of Table 3. Values of 't, and 'tc, 

are entered in columns 11 and 12 of Table 2 to 
conclude symmetric relaxation behaviour for di
substituted ani1ines and asymmetric relaxation 
behaviour for di-substituted benzenes, respectively. 

1.2 

1.0 

:5 
?-<! - 0.8 -.;f" 

0.6 

o.4 L___._.o:::L..:::::::.:~c~~L-.J 
0.00 0.02 0.04 0.06 

Weight fraction~ 

Fig. 5 ~Plot of X;{IX,;i with .wi of ~.olutes at 35 oc under 9.945 
GHz electric field for: I. o-chloronitrobenzene in C6H6 (-0-); 
II. 4-chloro 3-nitrobenzotrifluoride in CCI4 (-.6-); Ill. 4-chloro 
3-nitrotoluene in C6H6 (-0-); IV. 4-chloro 3-nitrotoluene in 
CC14 (-e-); V. o-nitrobenzotrifluoride in C6H6 (-A-); VI. m
nitrobenzotrifluoride in C(,H6 <-•-); VII. 2-chloro 6-methyl 
aniline in Cr.Hr. (-T-); VIII. 3-chloro 2-methyl aniline in C6Hr. 
<-* -); IX. 3-chloro 4-methyl aniline in C6H6 (-®-); X. 4-
chloro 2-methyl aniline in C6H6 (-V-) and XI. 5-chloro 2-
methyl. aniline in C6H6 (-181 -) at 35 °C under 9.945 GHz 
electric field 

4 Theoretical Formulation for Dipole Moments 
Jlz and Jlt , 

The Debye equation22 for a polar-nonpolar liquid 
mixture under hf electric field in terms of xij's "is 
written as: 

ctx~ 
-·-~ =mr 
dxij 

... (15) 

1dx~jdw.) ~ If 1 wj-40 J = Q)'t" d ~- dw. ~ Xr] / lwj -40 

... (16) 

t' s of the polar liquids could, however, be estimated 
from Eqs (15) and (16) as seen in 8th and 9th' 
columns of Table 2. Again, the imaginary part xt of 
the complex hf susceptibility xij· as a function of wi 

of a solute can be written as23• 2~: 

:a 
~ 

....... 
= :::-
~ 

0.5 r-----------

0.3 

0.2 

Weight fraction w 
J 

Fig. 6- Plot of X;('IX,;i with wi ofsolutes at 35 oc under 9.945 
GHz electric field for: I. o-chloronitrobenzene in C6H6 (-0-); 
II. 4-chloro 3-nitrobenzotritluoride in CCI4 (-.6-); Ill. 4-chloro 
3-nitrotoluene in C6H6 (-0-); IV. 4-chloro 3-nitrotoluene in 
CCI4 (-e-); V. o-nitrobenzotrifluoride in C6H(, (-A-); VI. me 
nitrobenzotrifluoride in C6H6 (-•-); VII. 2-chloro 6-methyl 
aniline in C6H6 (- T -); VIII. 3-chloro 2-methyl aniline i~ C(,H6 

<-* -); IX. 3-chloro 4-methyl aniline in C6 l-1 6 (-®-); X. 4-
chloro 2-methyl aniline in C6H6 (-V'-) and XI. 5-chloro 2-
methy! aniline in C6H6 (-181 -) at 35 oc under 9.945 GHz 
electric field 

xij 
2 

Npij/1 j lilr ~ 2f 
----'~----- £--+ W· 
27C' k .,.'M . I 2 2 '' ' '-'o 8 1 ' 1 +m !" 

which on differentiation with respect to wi and at 
wi~O yields: 

... ( 17) 

.. : · .. \ 
. . 
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Table 4- Slope p, of Xi( versus Wj and P2 of Cf;j versus Wj curves, measured dipole moments J.li from susceptibility measurement 
technique and hf conductivity method from Eqs ( 19) and (26), respectively, reported dipole moment, theoretical dipole moment 
J.l'""" from available bond angles and bond moments expressed in Coulomb-metre (C-m) and the values of J.lcxr/J.l,11., .. for different 
disubstituted benzenes and anilines at 35 oc under 9.945 GHz electric field 

System with Sl. No. & Slope of Dipole moments J.li ( x 10 -.1!1) in em 
Mol.wt. Xi(-Wj & Cf;j- Wj J.lcxp/ 

curves From From ~llhcu 
Eq.(l9) Eq. (26) J.li' J.lt J.l( J.ltheo 

p, p2 
J.l2 J.lt J.l2 ~lt 

(l)o-chloronitro benzene 
inC6H6 8.326 4.706 16.93 12.41 17.11 12.54 14.90 14.07 14.50 17.60 0.96 
Mj=0.1575 kg 

(II )4-chltiro3-nitroben-
zotrilluoride in CCI~ 3.358 1.875 13.02 6.81 13.08 6.84 9.76 11.80 10.57 12.60 1.03 
Mp0.2255 kg 

(111)4-chloro 3-nitro-
toluene in C6H6 4.490 2.570 17.39 9.37 17.6~ 9.53 12.94 14.54 14.97 18.60 0.93 
Mi=0.1715 kg 

(IV)4-chloro 3-nitro-
toluene in CCI~ 4.854 3.001 17.40 7.15 18.39 7.56 11.95 12.36 15.60 18.50 0.94 
Mi=0.1715 kg 

(V)o-nitrobenzo-
trilluoride in C6H6 8.598 4.662 18.78 13.34 18.59 13.20 16.68 16.18 16.54 20.60 0.91 
Mi=0.!910 kg 

(VI)m-nitrobenzo-
tritluoride in C6H6 1.426 0.702 9.77 5.83 9.22 5.50 7.27 13.52 12.24 12.47 0.78 
Mi=0.1910 kg 

(VII)2-chloro 6-methyl-
aniline in C6H6 0.728 0.560 4.91 3.47 5.79 4.09 3.64 4.50 7.73 6.16 0.56 
Mi=0.1415 kg 

(VIll)3-chloro 2-me-
thylaniline in C6H6 2.674 1.693 10.47 6.66 11.20 7.13 7.14 7.86 10,07 8.27 0.81 
Mi=0.1415 kg 

. (IX)3-chloro4-methyl 
aniline in C6H6 2.128 1.269 10.38 6.07 10.78 6.30 7.14 7.49 8.70 7.33 0.83 
Mi=0.1415 kg 

(X)4-chloro2-methyl 
aniline in C6H6 3.650 2.063 21.38 8.45 21.61 8.54 9.56 9.07 10.94 10.20 0.83 
Mi=0.1415 kg 

(XI)5-chloro2-methyl 
aniline in C6H6 3.481 2.196 13.46 8.22 14.37 8.78 9.79 9.79 10.34 9.44 0.87 
Mi=0.1415 kg 

J.li" =dipole moment by using t from the direct slope ofEq. (15); J.l{ =reported dipole moment 
11P =dipole moment by using t from the ratio of individual slopes of Eq. ( 16) 
J.ltheo = theoretical dipole moment from the available bond angles and bond moments 

where the density of the solution Pii becomes p; = of free space = 8.854 X I 0" 12 F.m·'. All are expressed 

density of solvent, (Ejj+2)2 becomes (E;+2)2 at wr-70, 
in Sl units. 

k0=Boltzmann constant, N= AvogA.dro's number, E;= Comparing Eqs (16) and (17) one gets: 

relative permittivity of solvent and E.,= permittivity 



810 INDIAN J PURE & APPL PHYS, VOL 40, NOVEMBER 2002 

[dxij} 
dw. 

1 "r-JO 

2 

Np;/1 i I (e· + 2)2 = f3 
2 2 I I 

27£,k 8 TMi (l+m -r) 

... ( 18) 

where p 1 is the slope of x/ versus wi curves of Fig.4 
at wi~O. Here, no approximation in determination 
of lli is made, like the conductivity measurement 
technique4 given below. After simplification, the hf 
dipole moment ll.i is given by: 

0 •• ( 19) 

where dimensionless parameter b is given by: 

b = 11(1 +m2-r2
) ••• (20) 
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Fig. 7 -Variation of O;J against w1 of solutes at 35 ac under 
9.945 GHz electric field for: I. o-chloronitrobenzene in C6Hn 
(-0-); II. 4-chloro 3-nitrobenzotrifluoride in CCI4 (-6.-); III. 
4-chloro 3-nitrotoluene in C6H6 (-0-); IV. 4-chloro 3-
nitrololuene in CCI4 (-e-); V. o-nitrobenzotrifluoride in C6Hn 
(-A-); VI. m-nitrobenzolrifluoride in C6H6 <-•-); VII. 2-
chloro 6-methyl aniline in C6H6 (- T -);VIII. 3-chloro 2-methyl 
aniline in CnH6 <-* -); IX. 3-chloro 4-methyl aniline in CoHn 
(-®-); X. 4-chloro 2-methyl aniline in CoHn (-V-) and XI. 5-
chloro 2-methyl aniline in C6Hn (-181 -) at 35 °C under 9.945 
GHz electric field 

· 5 Dipole Moments !12 and ll• from hf 
Conductivity 

The complex hf conductivity cr;i. of polar-non
polar liquid mixture in a GHz electric field is given 
by25: 

0 •• (21) 

where cr;/(=(1)£ .. £;/') and cr;/'(=(J)EnEij') are the real and 
imaginary parts of the complex conductivity cr;/in 
.Q· 1 m·1

• The magnitude of the total hf conductivity 
is: 

... (22) 

Although £/>>£;{', but in the high frequency 
region, £;/= c.t. E;/' is responsible for absorption of 
electric energy and offers resistance to polarization. 
Hence, cr;[' is related to cr;/ by the relation26

: 

... (23) 

Here, the approximation cr;/'=: cr;i is made. 
Differentiation of Eq. (23) with respect to wi at 
wi~O yields: 

[ dCT~·] [dCT··] __ IJ = m-r __ IJ = m-r/3
2 dw. dw. 

1 wr~O 1 wr-JO 

... (24) 

where P2 is the slope of crij versus wi curves of Fig. 7 
at infinite dilution wi~O and placed in Table 4. The 
real part of hf conductivity cr;/ at T K (Ref. 23) is 
given by: 

N 2 2 
I PijJ.lj (I) -r ~ ~ 

(T .• = t··+2 W· 
11 21k8 TMj l+m2-r2 

IJ . 
1 

... (25) 

Comparing Eqs (24) and (25) one gets the dipole 
moment lli from: 

... (26) 
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I. o-chloronitrobenzene in C6H6 

CH3 

&-
~---.. yl 

r' 0-- ................ : ------- ..... 
: &-Cl---:-.l o.j: &- ~ 
\ &- c1-- c --ci • 
~, Cl __ _.\... _______ ' ..... ____ _ 

•• 0 

IV. 4-chloro 3-nitro toluene in CCI4 

VII. 2-chloro 6-methyl aniline in C6H6 

CF3 

Cl 

II. 4-chloro 3-nitrobenzotritluoride in CCI4 

V. o-nittobenzotrifluoride in C6H6 

Cl 

CH3 

IX. 3-chloro 4-methyl aniline in G6H6 

Fig. 8-Conformational structures of solutes from bond angles and bond moments in multiple I OJ" C-!11 

All the measured dipole moments lli from the 
sttsceptibility measurement technique of Eq. ( 19) 
and hf conductivity method of Eq. (26) are entered 
in the 4th to 7th columns of Table 4, respectively. 

.. i ~. 

Results and Discussion 

The double relaxation times '"C 1 and "t2 for the 
polar liquid molecules in different solvents are 
found out from the slope and intercept of Eq. (3), as 
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shown in Fig. l, in terms of the orientational 
susceptibility parameters Xu of Table I. The Xu 
values are, however, derived from the relative 
permittivities6

·R E;i for different weight fractions wi of 
the polar liquids. The variables of Eq. (3) i.e (Xuii

X\()/x;/ and x/'lx;/ are plotted against each other for 
different values of w1 of solutes unc;ier 9.945 GHz 
electric field at 35 °C to get linear equation by 
regression analysis. From Fig. I, it is revealed that, 
the fitting is good for some cases, but poor in other 
cases. It appears that the linear fit for II (-6-), III 
( -0-) and IV ( -•-) in Figs I and 2 often passes 
through two among five data points, others being off 
from the fit. Nevertheless, the regression analysis 
was made on the basis of Eq. (3). However, the 
accuracy of Fig. I is tested by the correlation 
coefficients (r), which were found to be close to 
unity, indicating that the variables are almost 
collinear. 

The % errors in terms of r-values in getting the 
intercepts and slopes were worked out to find the 
accuracies of t, and t 2, respectively. In order to 
locate the double relaxation phenomena of the polar 
liquid molecules in non-polar aprotic solvents under 
investigation, accurate measurement of Xnii involved 
with £.,;; and £ .• ;; is necessary. The refractive index 
n11;1 measured by Abbe's refractomcler ol'len yields 

E~;i = n0 ;/, although Cole Cole27 and Cole Davidson2K 
plots usually give ~u = 1.0-1.5 times of n0 ;/. This 
often introduces an additional error 111 the 
calculations: Nevertheless, the accuracies of xu". Xu' 
and x .. ;; are of 5 % and l %, respectively derived 
from measuredr.·K relative permittivities £;/', £;/, E.,;i 
and E~ii· The estimated 't2 and 't 1 are placed in 
Table 2, in order to compare them with those of 
Murthy et af.2r' of Eq. ( 15) and by the ratio of the 
individual slopes of the variations of Xii" and Xu' 
with wi in the limit wi=O of Eq.(l6). The latter 
method seems to be better to calculate t, since it 
eliminates polar-polar interaction almost 
completely. The linear plot of X{ against X/ of Fig. 
2 for different wj of solute has intercepts, although it 
was expected from Eq. ( 15) that, they should pass 
through the origin. Nevertheless, values of 1: are 
found to be in close agreement with those calculated 
from the ratio of the individual slopes of the 
variations ofx{and xu' with wj at Wr-70 of Eq. (16), 
as shown in Figs 3 and 4. The experimental points 
as shown in Figs 3 and 4 with the fit are presented 

(Table 2) to back up the results of Eq. (16) due to 
Debye model. Values of Xu" increase monotonically 
with wi and have a tendency to meet the origin for 
all the curves. This type of behaviour indicates that, 
under an. electric field of 9.945 GHz, X;/' tends to 
pass through the origin at w;~O. 

It is evident from Table 2 that, all the di
substituted ·benzenes exhibit the whole molecular 
rotation, while the di-substituted anilines show the 
rotation of the flexible parts under I 0 GHz electric 
field when 1:1' s and t/ s are compared with the 
reported data. This indicates the flexible parts are 
more rigid in the di-substituted benzenes rather than 
the di-substituted anilines. The assumptions of 
symmetric and asymmetric relaxation behaviour 
from Eqs (8) and (9) for such non-rigid polar 
molecules yield 1:, and tcs from Eqs (II) and ( 13) to 
place them in the last two columns of Table 2. It 
reveals that the symmetric and asymmetric 
relaxation processes are more probable since, 1:, and 
'tc, are almost in agreement with the reported 1: 

values in a solution. The characteristic relaxation 
times 'tc., are sometimes very high through 
asymmetric distribution parameter o and often could 
not be determined for most of the molecules. 

The di-substiluted benzenes showed 1:2's in 

agreement with the reported 1:' s and 1:., except 
o-nitrobenzotrifluoride in C6Hr., which agrees with 't, 
only. But, 4-chloro 3-nitrobenzotrifluoride in CCI4 

and m-nitro-benzotrifluoride in C6H6 yield 1:2 in 
close agreement with reported 1:' s although, they 
showed 't, = 't1• Only 2-chloro-6-methyl aniline and 
3-chloro 2-methyl aniline in Cr.Hr. showed values of 
1: 1 in excellent agreement with the calculated values 
oft.,. For the rest di-substituted ani lines values of 't1 

agree well with the calculated values of 1:, but the 
agreement is not better with the measured values of 
't from Eqs ( 15) and ( 16). It thus reveals that, a part 
of the di-substituted anilines is rotating, obeying 
symmetric relaxation behaviour, while most of the 
di-substituted benzenes showed asymmetric 
relaxation process for their whole molecular 
rotations. 

The relative weighted contributions c, and c2 

towards dielectric dispersions due to 1:1 and 1:2 are 
estimated and placed in Table 3, by using Frohlich's 
Eqs (6) and (7). They are compared with the 
experimental. c, and c2 from the fitted curves of 
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x/IXuij and xttx .. ij·against Wj in the limit Wr--)0 of 
Figs 5 and 6. The non-linear fit with only five points 
for III (-0-) and IV(-®-) of Fig.5 appeared to be 
not convincing and in fact misguiding, but three 
accurate experimental points are enough for such a 
fit. However, the . fit is done with a PC and 
appropriate software. All the curves of Figs 5 and 6 
vary usuallyl2 except the convex curve V for 
o-nitrobenzotrifluoride in C~H~. The variations of 
x/IX.,;i with wi are, however, concave and convex in 
nature for all systems as observed elsewhere12

. The 
left hand sides of Eqs (I) and (2) vary with values of 
wi in concave and convex manner according to 
Figs 5 and 6 are now fixed for 't1 and 't2 once 
estimated from intercept and slope of Eq. (3) to 
yield experimental c 1 and c2 values from Eqs (4) and 
(5) at wi~o. 

This study is supposed to yield the accurate 
values of c 1 and c2 unlike the earlier one 12

, based on 
the graphical extrapolated values of (c./- E~;i)/(E.,;i

E~;i) and E;/'/(E.,;r E~;i) at wi~o. drawn on the basis of 
scientific judgement. Although, the nature of 
variations remains unaltered, it is evident from 
Table 3 that, c2 values are often. negative for 4-
chloro 3-nitrobenzotrifluoride in CC14 , 

m-nitrobenzotrifluoride in C~H~ and for all the di
substituted anilines unlike other systems. This 
perhaps signifies that the rotation of the flexible 
parts of the polar molecules are not in accord with 
the whole molecular rotation due to inherent inertia 
of the substituted parts of the molecules under hf 
electric field. The theoretical values of c1+c2 are 
found to be greater than the sum of the experimental 
ones as listed in Table 3. 

The experimental values of c 1+c2 = I for almost 
all the non-spherical polar liquid molecules. But (II) 
4-chloro 3-nitrobenzotrifluoride in CCI4 (-.0.-), (X) 
4-chloro 2-methyl aniline (-V-) and (XI) 5-chloro 
2-methyl aniline (-181-) in C~H~ show considerably 
lower values of c 1+c2• This may indicate the 
reliability of Eq. (3) so far derived for such 
molecules, although they show high correlation 
coefficients (r) and the corresponding very low % of 
errors to get the intercept and slope of Eq. (3). The 
largest theoretical c 1+c2 value for (IV) 4-chloro 3-
nitro toluene in CCI4 (-e-) is 1.34, showing a 
deviation of nearly 34 %, unlike the other systems. 
The possible existence of more than two broad 
Debye-type dispe'rsicins may be taken into. account 

for such molecules of varymg complexities as 
reported in tables and figures. 

Dipole moments 1!2 and 1!1 due to rotation of the 
whole molecule as well as the flexible parts were, 
however, measured from Eq. ( 19) using 

. dimensionless parameters (b) involved with -c's by 
both the methods and slope ~ 1' s of x;( versus wi 
curves of Fig. 4. The measured values of 1!2 and J.!1 
are presented in Table 4. The variations of all the X;/ 
values of polar-nonpolar liquid mixtures are found 
to be parabolic with values of wi of polar 
compounds as evident from Fig.4. They are found to 
cut the ordinate axis at w1 = 0 within 0.0238 :::; x/ :::; 
0.0645 except 4-chloro 3-nitrobenzotrifluoride in 
CCI4 (-~-). 4-chloro 3-nitrotoluene in CCI~ (-e-). 
This behaviour probably reflects the solvent effects 
on the polar compounds under invesligation. The 
interaction of solute on solvent CCI~ may occur due 
to slightly positive charge &~ on C atom of CCI~ and 
negative charge ()· on Cl atom of the substituted 
group in the benzene ring, as seen in Fig. 8. All the 
systems are of similar nature having monotonic 
increase of x/ with wi. 

The dipole moments fJ. 2 and 11 1 are also derived 
from the conductivity measurement technique of 
Eq. (26) using the slope ~ 2 's of crii versus wi curves 
of Fig.7 and are placed in Table 4 for comparison. 
The total hf conductivity crii of all the polar-nonpolar 
liquid mixtures increase monotonically with wi and 
cut the ordinate axis within the range 1.2233 :::; O";i :::; 

1.2646 at wi=O as seen in Fig.7. The slight 
disagreement of 111 and Jl2 derived from both the 
methods is due to the fact that the hf conductivity 
includes the fast polarization probably for the bound 
molecular charge associated with the molecule. All 
values of J12 for di-substi~uted benzenes and values 
of 1!1 for di-substituted anilines are found to agree 
with the reported values of 11 presented in Table 4. 
This indicates that, the flexible parts of the di
substituted benzenes are more rigid in comparison 
to di-substituted anilines. 

The hf dipole moment 1!/S are calculated by 
using 't from both the methods of direct slope of 
Eq. ( 15) and the ratio of the individual slopes of 
Eq. (1'6) in orde~ to place them in. 

Values .of Iii by using 't· from the ratio of the 
individual· slopes are in close agreement with the 
reported values, suggesting that, the latter method to 
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obtain 't is more realistic. In such a case, one polar 
molecule is surrounded by a large number of non
polar solvent molecules and remains in a quasi
isolated state. 

A special attention is, therefore, paid to obtain 
the conformational structures of some of the 
complex molecules as shown schematically in 
Fig. 8. The inductive, electromeric and resonance 
effects combined with mesomeric effect of the 
substituted polar groups play the key role to yield 

the theoretical dipole moment J.l,hcu depending on the 
electron affinity of C-atom of the benzene ring. The 

molecules have C~CF~. C~NH2 (Ll42°), C~N02. 
C~Cl C~CH~ polar groups of bond moments 9.53 
X to·~11, 4.93 X J0·311

, 14.10 X JQ-311
, 5.63 X J0- 311

, 1.23 

x 10"311 C-m (Coulomb-metre) respec_tively 12·19 

aligned in different angles in a plane to yield J.l,hcu

Out of these, only -N02 and -NH2 groups are in the 
habit to show resonance effect (-R or +R ) in the 
molecules either by pulling or pushing electrons 
towards C-atom of the benzene ring. This resonance 
effect is stronger than inductive effects (+I or -I) to 

·exhibit the peculiar behaviours as seen in the x/IX .. ;i 
versus wi and x/'IX.,;i versus wi curves for the di
substituted benzenes II, IV, V, VI including all the 
di-substituted anilines. 

The structure of these polar molecules is of 
special interest as sketched in Fig. 8 in view of 
r~arrangement of charge-density in them. All the di
substituted anilines include -CI, -NHz and -CH3 
polar groups, of which -Cl and -cH3 have very 
weak inductive effects (+I or -1). They are easily 
influenced by the GHz electric field to show the 
rotation of their flexible parts. Further, the observed 
difference in Jl. values for a polar molecule in two 
aprotic nonpolar solvents may arise due to weak 
polarity of CCl4 as shown in Fig. 8. The difference 
between J.l,1,c., and experimental values of Jl.i 
establishes the non-consideration of inductive and 
mesomeric effects. All these effects may be taken 
into account by the factor llcxr/Jl.,11e., to yield the exact 
Jl.1 and f.12 values of the molecules. All the polar 
molecules have sp2 hybridized carbon atoms of 
benzene ring and the substituted parts are associated 
with sp~ orbital. The interaction of orbitals may lead 
to ghin knowledge on accumulation of charge on the 
substituted groups in addition to various effects 
present in them. The conformational structures of 

other molecules except six of Fig. 8 were already 
shown elsewhere12·19. 

Conclusions 

The study of relaxation phenomena of di
substituted benzenes and anilines in Cr.Hr. and CCI4 

by the modern established symbq_ls of dielectric 
orientational susceptibilities X;i measured under a 
single frequency electric field is very encouraging. 
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 temperature. The intercept and slope of 
the derived linear Eq. (3) by the regression analysis 
on the measured data of Xu of different values of wi 
are used to get t 2 and 't1. The methodology so far 
developed in SI units is superior because of the 
unified, coherent and rationalized nature of the 
established symbols of dielectric terminologies and 
parameters, which are directly linked with 
orientational polarization of the molecules. The 
significant Eqs ( 15) and ( 16) to obtain values of 'ti 
and hence values of f.li from Eq. ( 19) help the future 
workers to shed more· light on the relaxation 
phenomena of the complicated non-spherical polar 
liquids and liquid crystals. The prescribed method to 
obtain values of -ri from Eq. (16) with the use of the 
ratio of the individual slopes of x/' versus wi and X;/ 
versus wi curves at wi~o is a significant 
improvement over the existing ones, as it eliminates 
polar-polarinteraction almost completely in t/s and 
Jl.i's respectively.· 

Values of 'ti and Jl.i are usually claimed to be 
accurate within 10% and 5 %, respectively. But, the 
correlation coefficient r and % errors of Eq. (3) 
demand that, values of 't and Jl. are more than 
accurate. The non-spherical di-substituted benzene 
and aniline molecules absorb electric energy much 
more strongly, nearly lO GHz electric field, at 
which the value of E" for absorption against 
frequency ro showed a peak. This invited the 
attention to get the double relaxation times 't2 and "tt 

from Eq. (3). The corresponding sum of the 
experimental and theoretical values of weighted 
contributions c1 and c2 towards dielectric dispersions 
due to estimated t 2 and t 1 differ sign~ficantly to 
indicate more than two Debye type relaxations in 
such molecules because of their complexity. The 
values of 't for di-substituted benzenes as seen in 
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Table 2 show the whole molecular rotation, while 
the flexible parts of the di-substituted anilines 
rotates under I 0 GHz electric field. 

Di-substituted anilines exhibit the symmetric 
relaxation behaviour, while the asymmetric 
relaxation behaviour occurs m di-substituted 
benzenes in Cr,H6 except 4-chloro 3-
nitrobenzotrifluoride in CCI4 and m-nitro 
benzotrifluoride in CcHc .. respectively. Values of ~l2 
and ~~ due to 1:2 and 1:1 are expected to be smaller 
when they are measured from the susceptibility 
measurement technique rather than the hf 
conductivity method, where the approximation of au 
= a;;" is usually made. The difference of ~2 for the 
first six systems and of ~1 for the rest five systems 
of Table 4, between conductivity and susceptibility 
measurement may arise, either by elongation or 
reduction of the bond moments of the substituted 

polar groups by the factor llexr• I Jl,hc" in agreement 
with the measured values of ~ to take into account 
of the inductive, mesomeric and electromeric effects 
of the polar groups in the molecules. Thus, the 
correlation between the conformational structures 
with the observed results enhances the scientific 
content to add a new horizon of understanding to the 
extstmg knowledge of dielectric relaxation 
phenomena. 
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