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X " The study of electrical conductivity 1n polar and

ﬁon polar dielecfrics prOV$dés an important approach to under-
itand many concepts pertaining to the struéture of the matter
and also to estimate the degree of lmpertrection in the dlelsca
tries, The subject of ionization and conductivity in polar
and non-polar liquid dielectries has been studied for a long
time and has gained'gféat interest in‘recent time, The
subject is far from béing exhausted aﬁd several aspects of the
phenomena have received intensive attention in recent years
and significant progress has also been made in this field.
However much more investigation is necessary to understand -
‘completely the phenomena of ionizafion and condue tivity of

dielectrie liquids, specially in radio frequency fileld, “he
object of the present work is to study some of the salient

features of ionization and cohductivity of organic polar liquld
.dielectrics and it is expected that this will eaablgfto‘underm
stand the electric transport mechanism of ionsg in the associa-
ting dielectric liquidsy molecular structure, intermolecular
forces and lastly the causes of,xmperfeccion in the pure dleloc-

trie liquids,
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CHAPTER » I

1,1; DEBYE, THEORY OF DIBLECTRIC. POLARIZATION AND RELAXATION:

A Ihé idea of‘oxignxﬁtion polarigatioqkqagg 1#@9;
lime light after Debye (1929) assuded 3t as a third polarizatich
occuring in addition to the normal eiectric-énd.atomic pqlqri?&a
tion On'plécing.the polar molecules in a steady electric field
and calculated the total polarization (including the orientation

polarization) as
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Since in the high freguency alternating field the orientation
polarization which arises due to the alignment of the polar
molecules in the direction of the'applied fleld, lags behind the
field the dielectric constant of the substance under éxudy'beéomes

complex i,.e.
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where § is the dielectric constant at high freque;ncy. ¢ the

loss of electrical energy due to the above mention lagging and
is d#ssipated in the form of heat,

-



3.
Ca removing the external fleld; the polarization decays

exponentlally according to the relation

a3
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“the time 1 = T in which the polarization reduces to j%—
of the original value Po after removal of the field is called

dlelectric relaxation and is denoted by 7’

Debye calculated the total polarization of dipolar

molecules in the high frequency field of angular frequeticy

QT1§ as
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vhere ¢ = ¢ -} ¢ which can explain well the behaviour
¢f the dielectric as static as well as at high frequency alterw
R
nating field, If we put ¢ = & ag ¢«©@ = O and
by ©
& =€
6
ab inficits fregquency O = o
tha eqn, (1.3) reduces to
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the dlelectric constant §  denbtes the value of dlelectric
o .
congtant at very high frequency and is called optical dielectric
constant and the dielectric constant £ At low frequency® =0
o

is called static dislectric constanti; Froam eqn, (1.2) (1,5) and

(1,6) and separating the real and mhginary parts we get
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where @ = —E-:"-:—Q'—-
' £ + 2 ,
P= ¢}

Equation (1,7) requires that ¢ decreases from £ at w =0
. [0}

to £ at o %) which accounts for the dielectric
N

oo .
dispersion in pol&ar liquids. From equation (1,8) ¢

=0 both
at = 0 and @ =2 X and it {s maximum at the
critical frequency (‘Om which is given by
)
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3.2¢ IURIVATION F DEBYE EQUATION Faol A DIFFERENT CONCEPT,

B e S P R e NSRS AR

From elbtogetiher different eonsiderations (meesroscopic

polnt of viev Frehlichg (1949) deduced the Debye's equatlons.

_Eize properitieg of dielectric substances in an alternating
fie-lé. was considered by Frohlichg on the assumption of an oxponef.
tial decay function

L
o () 2  eeees (2.21)

where "’C’ ig Independent of time, but may depend upon LENPCw

‘ratere,
He \deguced the relation between the electriec field
L
B (&-,) = E e which is dependent on time and the eorresponding
(4] .

glectric digplacement D (&), 4 £3eld B (u) is applied during
a time between (U > and (U + c:‘zu:>

Thass

RS : -
B () = € EW + JEW (- Wau e 22
(23) .
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The firgt term of the squation (1.22) is the instantaneous displece-

nent wiile socond term ig the sbsroptive term and { {t-u) i3 the
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docoy functicen deseribing the gradusl decrease of Do

Baugticn (1.22) ig transformed into a differential

cquation
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on gimplification

J o - _ coves (1.24)
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in a constant electric field equation (1.24) becomes

Tﬁ(bnig‘)@c’i%‘f(%”i) voose (1.25)

So far the electrie f£ield is assumed constant, Now far a

periodic field E o<_ exne<:5¢p T{) then
@ J@E :D:é,a
. A
= (b) = jw & E o ' cosee B1le26)
£ . :

Putting these veluss and geparating the real and imaginary

termg
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A - y
gxenination of equ&tiomﬂﬁlezs) shows that_ ¢ approaches zaro
both for small and large values of ¢ T ; while it iz maximum

when @ T = 3,

. It 43 seen that the difference between Debye's equations
(1;7 & 1.8) &nd Frohlichs equation (1.17) and (1,18) is that
Debye®s equations contain the term @NT? instead of T ., The
differsnce is dus to the fact that for Frohlichs assumed T to be
m&croseopic‘reLéxation pime whereas the relaxatioh time used by
Debye is for the 'microscopic process, In cass of dilute séluﬁian
of polar molecules in non-polar solvents in which the difference
betwasn & and ﬁo ~ 1s very small and @ = Er2

0 4+ 2
almost unity and i‘,herefore9 the micros@opie or mSiecular relaxa-

becomes

tion time ~ q” of Debye equation becomes identical. with
' MIeYo - .
the mecroscopic relaxation time & defined by Frohlich,
ma lio

1,33 KAUZMANN'S THEORY OF DIELECIRIC RELAXATION,.

Kauzmann (1942) hds given an emtensive ahalysis of
dipale orientation as rate pnanqmenon; ‘'He developed ths theory of
dielectric relaxation on the basls of. rotatlonals jumps of dlpoles f'

' &ccr0ss;tb£fpptantﬁalhbarriers and okiained Dsbys equation both
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when Jumps are large and small, He also showed the probabiiity
of jumps across the potential barrier is smaller than in presence

of an external field.

With the aid of the simplifying assumptions he obtained
the polarization P ( t ) due to dipole orientation P(tJ).

- ¥ L
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’where P0 ig the orientation polarization at ¢ =0 and Ko
is the rate constant for activation of dipole 1.9, the mean rate

of jumping, When ¢ has such values that

k % = i - ceeso (1.32)
[}

P { t } must decayed to ( ﬁ;é%), This value ofiis a relaxation

time which may be defined as

(.(J = - oCe oo (1633)
i

0
rauvzmant used Lorentz expraession for the internal field and

obtained the total polarization of dipole under an external

periodic field
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o CQ—L)EV D(»-,b.
putting ‘?Dﬁ' _ 'ﬁ . and v = 3 T
. - o 4 N

Y T

On 9impii£ication and. sépar'ating the real and imaginary terms

N |
£ - €, e o (-——-'——-——--——-‘o - 60&) | eeso6 (1935)
, °° Lo %?
G- .
369'09 (1936)
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- Where X = e cand K o= 2 K
o ke €, v 2 °

which are familiar Debye's gqguai‘.idﬁg Following Eyring's (1936)
treatment of active.t;’i&z of -dipoles as a unilonmolscular reaction

he has further shown that

o Lo K-r \
k '."."“ ';,E;“ = —-—-— xfb ’ | ssece (L1s37)
o o » _ : ,
wheré A.F is the molar free energy of activation for dipole
: n [ Mo P S ¥
orientation. Since  AF 5 Al = TAS vhere AS and AH
&re the eatropy changs and neat constsmt cnange for the process
of &etivatiwm ’ 3\, B A“;"/ AH/RT ,

kﬁT‘ e . éi‘ " eesee (1,38) |
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' A RT
whiceh is of the form T = ——_":' e s00o00 (1-939)
where L . 4s the energy of activation for dipole relaxation.

14
R ig @ constant called the frequency factor.

1.4t _RELAXATION TIME ( T ) AND ITS HELATION WITH MICROSCOPIC AND
J1»1?“";;0;{o"s“'c"u'i‘fc” PROPLRLIESe g - =

Debye asgumed that the torqus applied to a dipole molecule
by electric field is counter balanced by frictional forces which are.
proportional to the angulér velocity of the dipolar molecule at :,
steady state condition

M = g “Eii‘y‘ V covoe (Lle4dl)

. dt .
 whero © 13 the frictional co-efficient, Debye showed that 1f
ﬁhe dipoles are regarded as sphere of radius ‘a’ immersed in a
medium of internal viscosity 'TL the frictional co-efficienst %
is g:!.ven by Stokes formula

3
3? = %ﬁ“‘ta\, ©0600 (1942‘)'.

The eonsideration of Brownilan motion cf dipole molecule in liquid
. gtate leads %o the relationship between ‘g omd T

(f /2 KT .90900 §1043) .A‘«a

A



o1
from eqn. 1,43 and 1,43 the relation

ATET
KT

[ XN N N J (1.44)
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is obtained., The eqn. (1l.44) shows that.from the measured values
of the relaxation time T and the co-efficlent of vliscosity n_
atﬁcertain temperature T, the size of the rotating molecile may
be calculated from the equation

3 KT
a = r( ceses (1045)

4N "L

Alternatively as the size of the polar molecule is known from

measurements, the determination of the value of the relaxation

time 7 afford a method for obtaining the value of ﬂ"+from
"m

which information on the structire of the polar medium may be

obtained. In Kauzmann's theory the relaxation time @ is

given by
. E,
A e
’T’ == -:T-: e s oo (1046)

and from the eqn. (1.46) the activation energy 1is obtained which
help us to interpret the structure of the liquid molecule,
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1,5: COLELCOLE DISITRIBUTIONS:

The are dispersion function of Cole-~Cole has been
applied to the analysis of experimental dielectric data most
frequently because of atiractively simple graphical form by

which data of 6I(fé> and £”<;°i> can be

analysed in its termse

Cole~Cole (1941) have shown that bebye equations (4)

and (B)
' (%~ &) veres (&)

£ = éb s 1 (\@(;f§>2

" (€. - i}(ﬁ @ T
2

i + <;@ co'ti> '

can be combined in the form of equation

2
gl Eo"{eo] Il>2 [ go— 66,0}2'
- +<€ = eeeea(le51)
2 2.

1"
The plot of ¢ and ¢

(A A RN/ (B)

wvhich is the equation of a circle,
in a complex plain gives a semicircle., Such plots in the case

of rigid polar molecules are semicircles which mean the dielectrie
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late confevms to Debye equetion, Cole-lole have found for

o ¢ 4 ,
eongiderable number liquids that ¢ wvs £ ploets repregasntd
arc of a circle intersecting the abscigsa axis at.the valuss of

£ and £ o The center of the eircle of which this ave
[ ] [}

4s & par" 1s depressed below the abscissa axis and the diamster

drawn through the centre through the & point makes an
ﬁ ' @lol : N o
angle’ <~g§f:> with absclssa axls, +he value of ({ gives

a measure of the dlstribution of relaxation timeg, which mey vary
v th temperatw e but not with frequency. Valussg of it lies
buitwean O and 1, and exceplt for polymers are comm@nly' lags

than 0,3. +he Debye equation is modified by them as

3 ¢, -~ €
6 - E " ( e Ot:)
(* ) 4o CSQ W@‘)!“O\

with the most probable relaxation time ¢  which can be
©

Co0eco (1652)

caleculatsed from the relation

i-a '
ﬁu o C_,D T) ccece (,1353}
U‘_ [

where - 1g the distance on Cole-Cole plot from point to the

experinentel point and u is the distance from the same experi-

- %
mental point to the £ noint. I A= 0, /11 bacoms g
o0 -
. - ) , . . .
ggual £o { 0 “56> vhich 1s trus Lor Debys sguabtion,
\\ [} R
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1,€s DAVIDSON AND COLE SKEWED ARC METHOD:

! H
In some cagses the plot of £ against £ shows

the form of skewed arc, For these molecules, Davidson and Cole

Of
suggested an modifiedé@orm Debye equation which is given by

s - &

‘x &
$ = ¢ e
oo + (}.* 3°°q:)F

veses (lo6.1)

where the distribution factor P is an emperical constant
vith a value between 0O and 1, When fB =1 the'equation

reduces to Debye equation.
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1,Bs DIELECIAIC CO.4STANT, DISLECTAIC LOSS, RULAXATION UIME AdD RADIO

FRLGUEICY CORDJCTIVITY OF THE POLAR LIQUID.

1.7: When an alternating electric field applied on a polar disel-

ectric liquid,y the permanent dipoles cannot follow the alternations
‘of the field without measurable lag. This lag is commonly referred to
as relaxation and the time in which the polarlzation is reéuced to
e times 1ts original value is called the relaxation time. The pola-
rization acquires a component out of phase with field and the displéée
=ment current acqulres a conductance component in phase with the
field resulﬁing in thermal dissipation of energy. Yo have an ideé,
let us consider a parallel plate condenser, of geometrical capaci#
tance C,, connected to an slternating source of e.m.f, (E) (J&mﬁ
[ : Eoeﬁp<§wf>of angular f{requency o = 2i1§ where  1s the
frequency. |
The charge of the capacitor at any instant is Q = C E end

the charging current 1, =(Ae/d{> which leads the applied voltaée
bxkphase angle of 90%, If the space between the plates of the
eapacitor 1s nov filled up with a dlelectrie liquid, the capacitor

is increased 1o C = Ele | where Ef is the (real) dielectric
congtant of the 1iqﬁida Due to presence of dielectric the charge on
the capacitor 1s incresased to 4§ = EICB E’a and the charging
current ls inereased to

h; .
I = Tw&CGE L, (L7.1)
it is wall aaawn-tnat ao dielectrie liquid is a perfect

ingulastor, Therefors in audition to I, whieh leads E by 900;

thers is a loss current componelt Iy in phase with E of magnitude

I = &»E o0 o €0 ('}-‘02792.)
B..'\‘GAL Ry . :
N?;";; - LIBRARY 83577
VER '
;fj;, S 0BUNECE 9o e 1083



where G = — 4ig the equivalent couductance of the dielectric,
2
R 1sg the finite insulation resistance., Total current through

the capacitor is therefore
] AI.
T=-1+7T (oegE 4+ GE)

- (l{ﬁ) G b G:} E 0600 (3-—0703¢)

This is shown in the vector diagrem in Fig. (1,1d), The current
I leads K by a phase angle €}<<é?0 where

T >
Ceosb = - - G
:[: V__.._____——-f e 8d
G+ c:ng‘cf‘\

is the power factor. Alternatively the behaviour can be congl-

(10794)

(’
dered interms of loss angle © and logs tangent tand  where

I G
6-‘3 (900 = S )] and taﬂ& = ""'"‘""t""‘:: e eccsskla7o5)
. . j;(.’. 3G )

So Lt 1s observed that the loss current in a dlelectrie liquld
15 due to finitae conduetivity so that the capacitor can be
rapresented as equivalent to a capacity C in parallel with

resistance # 5 LG  ag shown in Flg, (1.1 a).

In most materials,; however the dielectric bshaviour
differs frow this simple forit; indic¢ating the presence of other

source® 6% dYeldeirie less. Without assuming the naturs or
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orizin of the d¥electric loss, & compleX dislectric constant -can

be dafined as

o
6 - E — Ae ¢8soo0 (10706)
. : ]
where E ds the dielect;ric; loss factor,

“The totel eurrent thus

1)
(.
1)
S
™.
B
(-
m:
O
[+ ]
x

]

1
L&caa'ca£+co€c8£ cooas{1a707)

Its components being represented vectorially in Fig, (1.2), Now
comparing equation (i7 3> with (i‘?‘?}, we get

' 7
G = &13 £ Ce’ s0000(1c7.8)
¢ = £€C,
P . '
\ @ £ Co ) E‘.
and loss tangent ony ® ; = /
. & £ Cp , E.
From equation (1,7.8)
| E,” _ G -_ _specific conductivity x 4
oC, o= 26 5
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~ Therefore specific conductivity (real)
a

E O '
c—— = K . cecoe(le‘?eg)
4 h
- 1Y
For parallel plate capacitor, Co = in
\ g0l

vacuum, wvhere S 1s cross section of the electrode pair and

£ 13 the distance of separation and G = 1/R where R = { é&
Equation (1.7.9) directly gives us the relation between the.a.eo
conductivity and dielectric loss, In this connection, it will
be interesting to examine the relation between the apparent
conductivity to dielectric consgtant and loss in the light of

analysis given by Murphy and Morgan (1939).

For conductors, the conductivity (X) can be defined as

the factor by which the voltage gradient E must be multiplied

to give the current density (1)

I = m 00000(167010)

or as the factor by which the square of the voltage gradient

must be multiplied to give heat (W) developed per second in a
Cube

unitkof material

ooooo(lo7oll)

for the hest developed by a given vecltage 1s proportional to the

eurrent, no matter of what material the wwonductor is composed.



However, the proportionality between the current and heat develébéd
vhich is the characteristic of conductors doss not hold in a
&1electrie,material. When sn alternating current flows in a
dielectric it disslipates some energy as heat though the gmount is
generally much smaller thén would be dissipated by an equal current
floﬁing in a conductor. This heat which 1s developed in a
dlelectrie by the polarizstion current is known as dielectric loss.
I1n fact the complex conductivity represents the case of digplace-
mefit of electric charge in a dlelectric while its real part a-c
conductivity is the fsctor which determines the rate of dissipation
of electrical energy as heat in the material; In an ideal
dielectric there should be no electron or free ion conduction but
in actuel practice there are some free ions or electrons and these
producg Joule's heat as they drift towards the electrodes in the
applied fleld. The total heal developed is the sum of the
dielectric loss and Joule's heat and as the latter is proportional
to the decw or free ion conductivity, the dielectric loss is

proportional to the total a-c conductivity less the d-c conducti-
Vit«ye .

Let a dielectric material of dielectric constant £
£ill the space between the barallel plates of a two plates
eondenser, which has a distance "d" cm, between the plates, each
pPlate having an area "A" sq., cm, on each §ide. If a potential

difference V 13 established between the plates, the electric
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field intensgity

vV .
E=3 —— seseelle7:12)

&

The effect of introdueing a dlelectric into the capaclitor can be

understood by considering the effect of the applied electric field
on the bound chearges in the dielectrie. The very low conductivity
of a dlelectric material indicates that practically all the elec-
ﬁronic charges &re bound to theif parent atoms or molecules by the
electric fields due to the neuclear charges and they are not free
to migrate under the action of an applied field, The setion of the-
field E on the bound charges in the cielectric is to displace

them slightly relative to one anothery the positive charges being
displaced in the direction of the [ield, the negative charges in the
opposite direction., Each atom or mdlecule thus acquires an electrie
dipole moment parsllel to and in the game direction as E, -Tha
effect is known ag dielectric pélarization, and an electric polari.
zatiou vector P 1is defined as the electric dipole moment per unit
volume, So if a potential difference V 1is established between
the pl'ates, a chérgu q per unit area will appear on each plate
and a polarization AP will be created in the dielectrie. The
displacement current flowing is %g%- and if we asgsume
that the dielectric liquid is free from lons, so that the conducti-

vity due to free ions may be neglected then the conductivity is
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{
- 60900(167013)
E 4t '

aq, ,
Fria |
Since,
N D
E = 757 = —Eg‘
p= EY/g
T = & Yt

D = anqg= E+4n?
ab d
/dé = 417 Yt

Y, - 92 €
dk T oan g4 4rnd dk
'I'- - ___g____ .C_\_V____ 09000(10731:4)

4nd ot

where all the electrical quantities are expressed in

electrostatic units. When the applied potential is alternating,
V  mey be expressed as |

where Vo is the amplitude,

fhe dielectric constant may then be

written as the complex quantity. 7The current density in the

dielectric is then
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' o v " Jot
. M £-35& dVee
| dﬁt AT O dk
Jot
= E._:jf—- JovV, e
_ 434' it ot
(Jcae @ £ > M &
= —
4T 4T o
: T L.
fo» @E T
:<———-——§:— + J T“>EO E oec@e(le?o&as)
41N - 4n /

If 1t is assumed that high frequency conductivity K 1is a

_ : I .
complex quantity and is given by £ = K _+ T K

44 jeok
I = — o Y\ ”}' J K E e
dt
n
A 1 D €
where FQ = . 1s the real part
- ,
4 00909(197016)
i D E‘ \ _ .
and K = : is the imaginary part
47

50@00(107017)

For convenience in connection with a subsequent method of measure-
ment, the admit.ance of the condenser may be expressed in.term of
an equivalent parallel capacitance Cp and.conductance -Gp SO
that an alternate expression for I is



dq,
' dt - 12 ' Teok
- o= Q.SXID ‘ G —}jwc§>\/o€ ;0903(157918)
A b . |

12

vhere G, 1s expressed in mhos; C, in farads and 0.9 x 10 is

P
the ratio of the farad to the electrostatic unit of capacitance

and also of the mho to the electrostatic unit of conductance, By

using the expression for the capacitance C, in farads of the

empty condenser

A

C, = - 00000(1s7,19)
12,
° P2 S A X0'9 X 1o

and using equations (1.7.15), (1.,7.18) and (1.7.19)

I
e« /e,
" ’
£ = C;P,/Qb Co 7 "
oG o Eed 3
i ; 41 C, B 4N 2-
K = 4 oo000(La7020)

4n&C,
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To obtain K' in ohms~1 em“l, we can write
t £" o ‘
K= "Znxooxn'*
£'3
= Tagxie'*
- Gp. &
C Co. R 4G xi0' .
- 885 wud? X G (1,7.21)
Co /J/UF

vhere ( C;,ﬂl‘r ) is the capacitance in micro micro farads.

The dissipated energy per em® of the dielectric placed

inside the parallel plates of the plane condenser per second
z@@
o ;
W = —— . e.o'oo(lo'?ozz)
o~ | LE dc
o

and also we have the equation

4 d?
Ils —— —

We will first codﬁider the case where D 1s in phase with E, Then

we have

p = D, Cos ok

AT

Thus- the current density has phase difference with E. In this case
no energy is dissipated in the dislecttic and hence from



e uét‘ion (l,’?.a:é); . ‘ B
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W o= - CQ, 3 . D, Eo ysm c,ok Coswt 0& =0
en » .
a

where there is a phase difference % between D and E while

E = E COSCD‘: , we have
D‘S Cosc_w’t'ED

]

D

" h. Cosok tos® 4 D Sk SmS.
o : . ]

B

Apparently -Do Cosewt ig in p'hase with E
where Do 5_!"'\5 has & phase difference of 17'/2' with E, The

phase difference - 5 1s gener&lly called the loss angle.

@ D Sin ek Cosd 4+ &2 D ' Coscwk S‘“S

I=- 47 : 4w
By this equation I 1s split into two parts. The first part
‘has a phase difference of 1/ with E  and thus 1t does not
~lead to a dissipation of energy. The second part, however, is
in phase with K, The-dissipated energy per -c.e. of the

dielactric per second ecan be calculated as

_ wq—' 1’!‘\/“3 o
- en> °. ‘ k
le'adi.lg Lo W = D E $'“é : ‘co o e (107.23)
_ o Rh s, 0 - .
where the factor Sihd | is geherally»ca.lled the power factor.
3 (ot~ &) -

. it Dt‘. '_=> Dﬁ e, ) . 090004107624)
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where D* is the complex part of D and D* =& E then
® ‘ - '
» >. D e} (wt -2
£ = — .
’ E 'y wt
b, -15 Fe
b -2 voses(1.7.25)
e »
E .
P
But X

o Y. /. . '
E_ = . £' - Je - "E"‘ (COS%': S‘“S> 00000(107026)

e

Then £_ = Cao S% ' ) 00003(107027)
| £, »
i D . _
and 6 = ——9’ s\na 00000(107028)
EQ

Wy {ind that the disgsipated energy per'cm3 of the dielectric

and per sacond is given by

2
w D ogusE

T gn E,
. " Y
4N ,E‘L /2- . _
= TR soses(1.7.29)
2 .
The heat developed par cycle in the dielectric is evidently
¥ 2
£ _
# per cycle = ~ —° ergs per cycle ,....(1.7.30)

This demonstrates that K' 1s proportional to the
: S ]

. best developed per second and £ to that dsveloped per cycle

in the dielectric, In the above equation W is in ergs per

second or per cycle when B, , £' and EJ’ are in e.s.u.
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Thess equafions also show that the total current flowing in the
dielectric has a dissipative and a non-dissipative part: { is
proportionzl to nonudissipative part andégo dissipative part. The
loss taagent( ——-> m8y be interpreted as the ratio of the
dissipative to the non.dissipavive current and the power factor

as the r atio of the dissipative current to the total current,

Under the influence of varying electric field each type
of pocliarization takes some finite t;me to respond to applied
field. This lag is known as relaxation. Considering Debye's
expression for complex dielectric constant

x ' Ec)_ an

£ = &

oo 1+ T

seosoce (107.31)

where ¢ snd E are the statie and high frequency dieclectric
o =)

constant and ‘¢ 1is the time of relaxation and separating real and

imaginary peart

] ‘ E - E
& - E -+ '—_2_——_7;3“9. - scoee (lo7o\32)
oo 41+ T :

v !
Substituting the value of € and € - in the expression of

¢ ‘ w o £
/;ﬁ and K , g

ve gat

) o
I £, - € )T
K. _=: _— ( ao) .oo¢0(107633)
4 A 4+ o™ ™
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K“ 2-———(€ <+ 2 q-mq—
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Differentiation of equation (1.7.32) v.r. to o showg that the

dielectric loss factor has a meximum which cccurs when & TUs 1,
The value CJm of the angular frequency for which the loss factor

is maximun, -is called the critical frequency. In that case
T = et seoesce (1.?034)

Equation (17734) has been utilized‘ by many workers in determining
the value of relaxation time, On the otherhand, differentiation

of equation (17-33) witk F&m,\to &2  ghows that K' does
' . 7
not pass through 2 maximum as does £ bul inereases with O
1
approgching a limiting value K the infinite frequency
o0

conductivity which is reached wvhen 1 can be neglected in

P

(O
cauparison with W T so that

| £, - €
K = - :’ € SU ... (1.7.35)
. p 4
and K' = ( & - E'b) )
o

"L L I -2 - (1‘7036>‘
4T %09 %x 10 T

It 4s thus evident that from the measured value of
radio frequency conduetivity of pure polar ligquid it is possible
to calculate'tbe time of relaxation whieh is a useful parameter
in understanding the activation ensrgy; inter.molecular field

and the structure of the molecule concerned,



We have assumed in calculsating ths above expressions A
that there is no free ions or electrons in theldielectric liquids,
In this case displacement current is the only factor éontributing
to the conductivity as has been tacitly assumed by Murphy and
Morgan. In practice all dlelectrics fall for short of this {ides&l
requiremento ' The evidence for the existence of free ions and
electrons has been shown by many workers in recent years such as
Standhammer and Seyer (1857), AdamczéWSki (1969), Loheneysen and
Kageral (1971), Sen-and Ghosh (1974) etc. However, it has been
found that in polar dielectric liquids, the percentage of ions is
large in ¢omparison to non-polar liguids. As the ion conduction
produces Joule's heat, in an actusl dielsctric when an electric
field is applied the total heat produced 1is due to the conbined
effect of dielectric loss and Joule's heating. Thus the radio
freqﬁency conductivity measurement providesg us informaticn
regarding the displacement current and conduction current in a
dieleqtric liquid. The generalised theory put forward by Sen
and Ghosh (1974, 1978) is based on the assumption of the exig-
tence of free ions in polar dielectrics so that when a redio
frequency fiéld is applied to a polar liquld, displacement current
is not only the factor contributing to the conduétivity as hag
been assumed by Murphy and Morgan (19393 but the conduction
current due to natural ionization plays a dominant role., Murphy

end Morgan's expression asswaing the &bsence of {ree ions for ths
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eonductivity is given by

4 . » a .
£ w A go" £ -
Kt 2 oo = — ,Lao q: & T.Qoooo (107037)
4 N 4N 1+ O T

wvhere the symbols have their usual significance, Substiiuting

Debye's expression for the relaxation time

3
o4 mam |
T - —— .~ in.equation eeeee(1:7.37)
KT
LCE%
- W
K' = (EG ioo) /KT (1.7.38)
i4 lenmat e

K> T %
As in the case of most common disleciric liqulds
- 3 :
T = 16 <. and considering the frequency range in the

> %
r.f. region so that e T <3§ L

&gt = secac (107039)

Thus it is evident that 1f measurement of radio frequency
conductivity are made at gradually hlgher and higher temperatures
then &s [ Eo - £ ) and K /T are both decreasing func-
tions of temperaturéf K' should decrease with the in¢rease of
temperature, but the_eiperimental results show that radio
frequency conductivity inercases with the increasge 6f tempera-
ture. It is well known that in case of electrolytes where the

conduction is mainly due to lons, Walden's rule is vafiérﬁhiéh
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states that the product of equivalent conductance atv infinite
dilution and the viscosity of the solvent is approximately
constant and independent of the nature of the later, Yo find out
whether g gimilar relationship holds in case of radico frequency
conduetivity of polar dielectries, K' has been plotted against

L.
*;{ and it has been observed that the varlation is almost

linear for all the frequenﬁies investigated and can be well
explained by assuming the presence of free ions in polar

dielectricse.

Taking the analegy from the motich of ean electron in an
ionized gas when the degree of lonization is smsll and asswaing
the resistive force as due to viscesity, the equation of motiomn

~of the ion is given by

o Jot |
‘M ——— g 8 % e hand éﬁamm .....-{1.7.4.0)
dt

where O is the radlus of the molecule, ¥ the co-efficient of

viscosity of liquid. Then

Jeak
lé— _ € £, &
: M (0 +d )
where , ( '>
) b RaTU
, M
Then SE.T 3 W T et
B" = 2 Y - j' e ( edcoo(lan‘,’l)



- wd B

i€ n  denotes the number of free ions produced per unit volume
then the current,

[} M \ = e ..'ao(lo?.4l)
<LM webon ) ™ N w'z_ = e v

If only the conduction current is present

2. 9

-  me N ne _6naTl/M

.8 - 24

s 4. 40 em T o= \50 pozse and M = 10 ?m

£ha Q. .
77/M>>M o me verea(1.7.42)

gnm @

vhere K£° is the real part of the radio frequency conductivity.
Purther as the applied field is alterhating, from Muarphy and

Hoargan egugtion (1.7. 15).

/ ot
: "‘°0<lo7.43)
/iss}:;aeamcw’t} < E “* J E)E

: - ‘ » . '
Repembering W << i from (1,7.37),(1.7.42) & (1.7.43)

eq‘ Jad
(m&;) "‘,: )m T = 15’06 eoeea({l.7.44)
Thus il tnam |
. - oas
& 431- Cg {)m "r' + ne _ 0&00@(1.[.40)
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K= A4 — _ _ cecee (167946)

. " . 2- .

1 ~ |
whex'eA='—'-*‘(£‘-_"£>w"-t’ poed Fg (6;‘ an>'t~

4an g . .
. _ -

and B = :‘:}i tohere. ~ O = 2-n.'g

AR 4
It is thus observed that in K* agalnst ",-'icurve, TA' is the

intercept made by the straight line with K* axis and is a
function of frequency wvhlle 'B' denotes the slope of the curves
The above theoretical deduction can explain very satl sfactofily
the observed experimental results with regard to dependence of
radio frequenay conducfivity on viscosity as well as the véria-" :
tion of ‘A.'V on frequency and enahles us to calculate the number
of fons per coce of the polar dielectr'ic.. The experimental
results by Sen and Ghosh (1974) also shows that there is a
similarity between equation (1.7.46) and Walden's rule.
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1,8 A BRIEF FEVIWW OF THE EARLY WORK,

a) Dlelectric dispersion and ébsorption and some related
studies in some organic polar dielectric liquids,

The first quantative relation to unvell the nature of
the liquid dielectrics in presence of an external electric field
vas put forvard by Mssotti in (1850) snd cldusius in (1879).,
Lorentz (1322) Qon-Helmmlt;z in (1829 and Drude (1904) indepen~
dently explained the anamolous dispersion of refractive index of
dlelectric 1iquids at optical frequencies, Similar anamalous

di spersion of dielectric cons’tanf; at v\ery Hgh frequency electric
field was also discovered by Drude in (1904).

But most of the earller works were centered round the
studles of applicability of Debye equation in the determination
of molecular radii from the measurement of relaxation times and
macroscoplc viscosity and the experiments were done mainly on the
polar rigid and non~rigid molecules in non-polar solvents, Tihlis
type of work in pure liquid state are rather fewer in comparl son
with those Iin dllute solution of non-polar solvent due to various

forces (London force, dipole induced dipole foz;'ces and dipole~

dipole forces) acting among the molecules in liquid state.

“In general the 11quid systen, in wvhich the high fre-
quency sbsorption has been observed may be classified broadly in
two catezoriest

1) solution of polar rigid and non rigid molecules in
nonpol ar solvents,

1) pure polar liqﬁids.
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The first quantitative verlfication of Debye theory was
attempted by Mlzushima, He carried out the investlgation on dleleciric
di spersion (1926) in several alcohols and ketones in metre wave length

region and over a wide range of temperature and observed sbsorption

peak at lov temperature. He verlfléd Debye theory in the case of

alcohol by calculating molecular radii and found them to be almogt of

-the right order with glycerine as an exception having too gmall a value
for molecular radius.

Jo Do Stranathan (1928) studied the dlelectric behaviour
of &dlute solution of several alcohol in benzene solution., He found
that the zero concentration (mol, vol, Vs eonch, curve at dlffs tempod
inter septs for methyl, ethyl propyl snd amyl alcohol lead to the
values of electric moment of molecules which are essentiallly Indepen-
dent of temperaturey, this is in.agreement with Debye theovry$ it is
contrast to the behaviour of the pure liquid-alcoholss |

Debye Hmself (1929) successfully explained the anamo=
lous dlispersion observed by Drude (1904) and postulated that the
characterl stic property of the liquld responsible for anamalous dls-

persion at radlo frequency range 1s the polarity of thelr moleculos.

Flgcher (1933) measured the relaxabtion tlmes of a
nunber of 1iquid compounds in dilute solution and in pure Liguid
and found for the allphatic chain molecules (ketones, mwonohaios -
genldes; slcohols) the rcelabive time increases In sequence aleoihui,
ketonesy halogenides, The absolute values of vrelaxation tilmsa
can he evalusted by introducing molecular viscosity which
15 smaller than macroscople viscosltys The vesult ghow oo

acetoney; nitrohenzene and monochlovobenzene in undiiuiced state



230

in agreement with Debye theory of quasierystalliné structure of
liquldg but the general theory does not explains the behaviour

of alcohols with their strong interaction of = OH- groups.

Spengler (1941) showed relaxation time as a function
of concentration with two ligquids eeﬁsno and csﬁsclo He
pointed out that according te Debye's law, relaxation time
( “C ) varles with viscosity ( T ) holds for dilute solution
wﬁere Brownian movement is a major factor in the arrangement
of the dipole, with higher concentrétion the mutual action
betwesn the dipolses prepondarates and the ratio q;ﬂﬂ§ the

foduced relaxation time decreases.

Whiffen and Thomson (1946) from the studies of some
solvents obtained values of relaxation times which in low vis-
cous medium arranged among themselves as regard magnituds in
accordance with their sizes? But they obtained the ( T )
values of any solute ln different viscous media and found that
the values only increased by 4.7 fold for an incfease in visco-

sity of eighty fold.

Similiar results were obtalned by Jackson and Powles
(19246) from the measuremaent of ( T ) values of benzophenon .
in benzene and paraffin solutions. Curtis et al (1952) observed

although the viscosity of the liquid was same, value was diff-

erent 1n solutions and in liquid state. Smyth (1954) also
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" observed the samethiug., Muller (1956) from the measuremeat of

dielectric loss at different freguencles calculated the critical
wave iength and ( T ) values for a numher of molecules guch as

nitrobenzens, chlorobanzene etc. at different viscous media. He
found-that the molscular radil calculzated from Debye equation are
too low compared to values determinsd by other methods. He also
observed that ihe molecular radil becomes still lower the.higher

is the viscosily of the medium,

Sinha et al (1966) studied the influence of viscosity
on relaxation time and their conclusion was that the macroscopic
viscosity did not correctly represent the internal viscosity as

required by Lebye equation,

(1.%.1): Ben rigid molecules in non-polar solvents:

Fischer and Frank (1939) using thermal method of

meaguring dielectric loss at 4.3 meter obtained relative values
of relaxation times of some aromatic halides. The sharter
relaxation times in larger molecules were explained by them as
‘baing assoaciated with orientation of Cﬁgx group rotation around
their Lond to the ring, F.d, Goss (1240) analyssed tne dielectric
poiartzation of certain binéry mixtures of polar with non-polar
liquids and showed that the solvent effect can be resolved into
contributions depending on the anisotropy of the electric field

winich varies with the shape of the non.spherical molecules and
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on induction g¢ffect related to the dielectric constant of the
liquids and arising both from the reaction field and from
permanent dipoles. Schallamarch (1246) shown experimentally that
dielectric relaxation time and viscosity of a number of long
chain liquids are not generally equaly in contradiction to the

behaviour of liquids of law molecular weights.

Oster found (1946) the nature of molecular assoclation
{or the solution of polar ﬁolecules in non-polar solvents using
the Onsagar-Kirkwood theory of dielectric pslarizatian. Ail the
system (C@Me2C614 BhNGQ—CGqu, Bugbtac7ﬂle) show parallel assocife-
tion of dipoles in solution of higher concentration and in dilute

solution dipoles are free.

Since alfter the development of budo's theory of mole-
cular and intermolecular rotations have been observed in large
number of molecules like -OCH,, -NH,, ~Cl,Cl, ~CHgBry -CH,CH,-.OH
by Foag and Samyth (1963)9 Tay and Gossley (1972) analysed bromoal-
kanes -~ and ketones, interns of rotation of the molecules.as a8
whole but in amines the NH2 group fotation have been attributed

to be responsible for dlelectric relaxation,

It has bheen observed that while the molecular relaxation
time ié very sensiitive to the viscosity of the medium and tempera-
turey the group rotation ls rather less sensitive of both visco-

sity and tenmperature,
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(1.8.2): Pure ligquid:

The earlier studies of molecular shape and dislectric

relaxation have.been reviewed comprehensively by Smyth. According
to simple dielectric theory the dielectric constant of the polar
liquids should be directly derivable from their chemical struc-

tures., but Morgan and Yger (1941) obser?ed these valﬁes greatly
different. They explain that the departures may be due to (a)
assoclation or interaction causing the molecules to act as a
associated pairs in which the elecctric moment is low because the
dipoles are so directed (a) to oppose one another or (b) the effect
of internal friction or viscosity is'réstricting the motion of the
molecules. Whiffen and Thomson from diélectric me asurement
obtained 77 values for toluene, U-xylene, P-cyamine etc, in

pure liquid state, which are in according ta the size of the
molecules. Hafélin (1946 ) determined permitivity of isobutyl
alconnl in pure and in viscous solvents, Strong and weak solution
in benzene behaved‘in accordance with Debye theory but the mediﬁm

solution behaved differently from the simple theory..

Petro and Sthh-(1948) observed the same efrect as
observed by Whiffen and Thomson in (1946). G;aner (1948) showed
that simple Debye theory doés not hold for many insoluting liquids
such as glycerine, phenolic resines and suggested an equation

—-é‘,; = B (x.n-—+ ZJL) when .O<n <l ’

represents dielectrie behaviocar more correctly loss factor and
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o o ,
¢ = loss factor and x = T 5 7Y = dipole relaxation
time.

From dielectric loss measurement of some rigid mole-

cules of mono substituted 0636 in 1iquid state, Poley (1955)
obtained the relaxation timeé which increases with the mole-
cular sizes; Muller and Smyth (1956) examined the directibn of
dipole moment with respect to the molecular plane on the relaxa-
tion behaviour of the molecules of different shapes and sizé in
ligquid state and showed that though the molecules 2,4,6 trime-
thyl pyridine and 2,4,6 trimethyl - 1,3,5 trioxane are of equal
size, dipole moment and viscosity in the liquicd state, the two
molecules have quite different ( T ) values, because of the
direction of the dipole momeht were parallel and perpendicular
raspectively to the spheroidal molecular plane, Petro and
Smyth (1957) from the inve;tigations in substituted benzene and
pyridine in the liquid state observed a regular increase in the
( ‘T ) values with increase in the size of the substituents,

 digasi et al (1960) reanalysed the experimental data
of n-&alkyl bromide in liquid state in terms of distribution
betwsen two limits given by Frohlich (1949)01 The (fF) values
in lower limit was associated with the relaxation time of
internal rotation of ~CligBr group,‘wbile the upper limit to the

orientation of the whole mol_ecule°



Relaxation time ( T) and viscosities (m ) has
been experimon»ally determined by Bhanumati (1963) at different
temperatures for a few liquid such as - d-—.chloronapthalenes,;
butjl-phthaléte and'i o~amy1phthalate etc.. The value; of poten-_
tial barrier heights for dipole relaxatlon ( .A.H ) and that
for viscous flow ( 13*LQ.) were eValuated from the linear plots

o

A .
of log U T versus ( T ) and log ('Q ) versus =
respecz1VQly; she calculated val les of 13H1L were found to be
greater than A H as the phenomenon of viscous flow considered

the proce,s of cranslation as wWell as of ro»ation but only rota=

tional process was considered in dipole relaxation.

:tirishn‘aji and Hanshigh (1964)‘reported that the
dielecuric relaxation of alkyl c;anides and of alkylthiols in
ligquid state@ Ahe relaxation time was in tne order of increasing»

gize of the molecdlesktormer case and more tban two relaxation

behaviour in the latter case was found._ Bhattacharyya et al
'(1966) reported 1n polar liqzids with rigid dipoles having moment

(- p = 1 5 Qbﬂiess) the effect of dipole interaction was
negligible.

Sinka, Roy and nas*na (1967) showed in 7 mm. microwave -
region the temperature dependence of relaxation tlme of" a nunber

) of polar molecules of different shape, .glze and dipole moments 1n
very dildte solution‘of non<polar solvents. The dependence of

"( T.) at'&ny:tempefature‘(fW7)- on:viédqsity,( 11 ) of*thé



" solution 4s represented by ( T T ) = const.»ft o wherey
is the ratio of the heats of activation for dielectric relaxa-

_tioh . and vi.s’cous flow,.

Garg and Smyth (1973) reanalysed the dielectric data
- of anisole and aniline in liquid state, They obtained values
'; for mgthoxy.group rotation as_3,2 p.sec, and its wt. féctor-as
. 0.2, while these values in dilute solution are about 8 to 0.8

respectively, .- . -.

v.(1}8.3): Associated liquids and*asséciatéd - &ssociateﬁ.li%g}ds:

_ Molecular a5Q0ﬂi°tion may be expected to influence
.'aielectric rela\ation by modilying the snrucuure of the liquid
4n the dircetion of greater or near range order as the molecular
1nteaactioa become 1ncreasingly energetic and by providing
varieuy of moleCular forces, each of which might exhibit distinca

- tive;mecnanism for absorptionrof energy from a ex#ernal point.

The investigation of dielectric relaxation of alcohol,'
one of the first molecular system to be studied in this connec-

tion ‘has continued to-be persued actively in recent years,

-Mecke and Hdeuter (1950) madelpfécision‘measurements of
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_-permitivity*on various solﬁ&&on of wCHwGﬂ, Céﬁgbﬁ ne; ‘Hﬁﬁﬁ,
nCBHI7OH, CGHsou, (OH) CHJ in Cﬁﬁa’ CCl, and cyclohexane
- at 20°C and 40°C, Tney computed the molecular_assoqiation and
found'for‘élpohols and phenols dipole moment is reduced by
- association and the binding moment of Oli-group is usully not
Amuch more than half uhe-value for the free unassociated moles .

. cules.

'DaQIdéonJand Cole (1950) meésuredvdielectric relaxﬁtion
in glycerine, Kremmiing (1951) m#de'absorption measurements,on
aliohanic.chlorido ano alcoholse He.found difficult to sortlout'
the effects duo.to polar»association, Hwbond formation, chénge -
" of moiecular shape inter“al rotation, multipule relaxation times
etc; cétyl aloohol showed hysterious effect below its melting
poi'm;° Cole and Dav1dson brought the dispersion of n=-propyl
alcohol into region of audio and radlo frequencies. In addition
to the usual primary dispersion rebion two dispersion regions
were found wlth small but significant contribution to the
dielectaic‘cons,ant <“he relaxation. times for in‘cermediav
dispé}sion were 200 times smaller than those for primary ones,
haman (1de) et al made an extczsive investigation on dielectric
_abaorption.and d.c. ¢ ondact1v1ty on nnprimary alcohols in the
freq;én¢y range down to 10 C/sec. by the use of D,C, Msthod.
'This'results suggest that bc%b‘%h&bfptiou and‘d.ce conductivity



d@penés on the pmmrrce of the hydrogen bonded chain. Higb.
f?equancy absorptaans appears to be related: with the secendary
alcohols and 1t is the proton »ransition whieh &ccounts for D.C.
conauction%r The absorption at low frequencies is atuributed to
alﬂaxwelluﬁégnen uyge,of nechanisme :Brct (1956) made similiar
cchLU3ion$'frqm~his*meésurements on straight chain aléoholé:
Cily(CHg) O  with A =5 - 9 and 11, In 2nd. dispersion
reglon the principle of superpcsition of relaxation time did not
holdvv)od: A third disperslon region near }\ 1 cm, was &ssigh-'
ned to the orientation of the dlpoles in the interior of %he

polymeric Jpecies.

.yochellaman (1957) developed equations. Wblch take 1nto :

_account the assowiation in linuids on dielectric saturauion°
'Srivastava and Varsnni also (195?) suggested equation for variam _
tion of dielectric. cons»ant of mixture of polar 1iquids (assom
ciated-as 3ociated) with coneennration C and temperature T
w206 (1 B) (1 n) ) e v 2

' >wne#e 1, y2,q snd ¥ are constants, variation of £ with

¢

C is linear Lhe equatioa has been iLlustrated for waturmmethyl
alecoliol and water-butyl aleohol mixtures»witn sat;sfactory
resul;éc ‘Conway (195§}exa§ined‘thébryaof absolute reaction raté
“ )for’the"éase of réiaxatiin in assoclated polaf liquids and
sbowba the machani&m of abaeluue reactlon rate to be censistent

ut othar . zheorecicall? derived qu&ntities and with the.
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mechanism of proton mobility in water., V, Muralidhara Rao
studied (1959) dielectric loss and dielectric coastant of two
l1iquid mixtures n~butyl aleohol + glycerol (both associated)

aand lso-butyl alcohol + n-propyl bormide (asso-nonassociated),

Pwo pieks were observed in bota the cases in 'é‘ -freq.

and -E” -tenmpepature curves. Schallamarch's(1948) suggestion s
that the process of dielectric relaxation can not be directly
conaected Qitb individual molecules but is an disturbance over

an aporicable region in the liquid does not anpear to be vaild in

+the 3said mixture,

MoDuffie J;. and Litovitz (1962) studied the dielectric
properties of the associated liquids such as butanedioi 1,3,2-
methyl‘pentanediol 2,4, glycerol, and hexanetriol 1,2,6 over the
temperature rangs -20°C to + 10°C. and over a frequency range of
0,21 to 1200 Mz, }Diéleccrié relaxation times and their diétri—
butlons have been determined and observed that (a)\all four
liqulcs exnibit an assymetric distribution of relaxation times
of the DLividson Cole form, (b) with the exception of hexanetriol
1,2,6 tue distrabution of relaxation times becones narrower with
increasing temperatﬁre, They cohcluded that the dielecfric
orienctation 1is closely reléteu tno the structural breakup of the
group and the structural breaxup is a co-nperative process. lhey
explained the tempsrature dependence on: the width of the distri-

bution, may he: due- to decrease of group size with inerease of
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‘t‘em‘perature’ and as the groups become smaller, the stiuctural
dec &y process becomes more expotentialf MeDuffie Jf., Quinn
and-hitovitz (1962) measured the dielectric relaxation time in
Miiz region and at low temperature for glycerol-water mixture,
The éixtures ranging from rélatively pure giycerol to equal
moliar concentration orlglycerol'énd water, .From the da;a a
single distribution of felaietion times was inferred for these
pixtures rather than two individual distributions. They explal-
ned_tbeir'experiemental findings in‘tefms of the group concept
f.Scnllaméch in which it was assumed that in a mixtures of
' aésaciatedngssociﬁted liquids, suéh as glycefol and water
dielectric orientation occurs through oco-operative effect in
grbups of molecules and these groups containing molecules of

both kKinds.

Dielectric measurements of Garg and Smyth (1965) én the
normal alcﬁhols from »ropyl to dodecyl in pure liquild state have
showl three distinet dispersion fegions 8s was previously repor-
ted by other workers. The relaxation times for l1st., 2nd., and
, Brd.'wére i to 2.2 x 10710 sec., 1.7 to 5 x 1001 and 1.7 to
. 4 i\lO'lz‘sec. fespectively. The long relaxation times are
,aésociated with polymerice clﬁstaré resulting from the strong
hydrogen bonding between O0E - group.shortest reléxation times

was &zetibed to the orientation of the Qu-group and the
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~intermediste relaxation time was airributed to the rotation of

“the free alcohol molecules.

Barbenzs (1é68) reported the dielectx$c pfoperties of
me%hyl aleohol (pure) in tempsrature range 5% to 55°C and atAwave
length from 15 to 5 em. can be represented by a single relaxa-
tion Lime. . Tpe strong_temperatare dependence of extrapolated-
values of - £ leads to a second dispersion region, Hore-
over, lhe meaéﬁ;ement show thai the main dispersion can be
deszcribed as a rate>process with an asctivation energy of 3.4 K,
cal/mol. (e) Rizk, 1. Elanwar (1970) measured the frequency
dependence of complex dlelectiric coastant of glyceroi - Iso
‘propsl alcobol and glycerolmlso'hutyl alcoliol within the frea
quency band 105 tov107 c/sec. . and'the range of‘temperature -
19 to + SOOCf: for entire concentratiop range. It 1s found for
eseh mixture there is one main relaxation process. The average
reinxaiion time in each system is found to vary expotentially
witn the molar cancentration of glycérol. “he increase of
gkycerol4cantent in each system is acconpanied by a linear
Lhe rease of the activation enthalpy and entropy change for
disisctiric relaxation. LU is suggested that the dielectric
relaxgtion in these mixturcs Occubs through a cofoperative
effect in.‘groubs‘ con;ainiug'molecules of both kinds and that

the interactioh betwsen bhese molecules are~stronger in glycerole



iso butyl alcohol system than in glycerol-iso propyl alcohol
system, Purohit and Sharma (1971) determined the dielectrie
constant ( E') and dielectric loss ( 6ﬁ) of methanol,ethanol,
2—propanol,v3-mezhylil butanol, and l-tutanol in benzene-:solu-
tisn for concentration varying from 004 to .08 weight freection
'in the Xebhand, <hey found in all cases except l-butanol, the
tan & - concentration curve shows almarked increase in the
concentration ranze .03 - .04 mol. fractinn and this behaviour
“has been explained as due to the formation of dimers by associa-
tion and due to solute-solvent ihpﬂraction. Sen and Ghosh (1272)
 and Ghosh and Sen (1980) calculated the dielectric relaxation
iimé of same¢ normal primary alcoliols in noi-polar solvents from
radio frequency conductivity measuremenis. They observed that
the rate of braak up of the cluster of molecules is affected

" with dilution in different non-polar solvensis.

Demaa, Vieq, and J.id.Vail (1972) studied Debye effect
of ethylene glycol and its felaxation time distribution using
X band and Un band at a larg'ehuniber of thermal intervals and
_ éénfirm the existance of a Cole - Davidson type relaxation time
d¢istritution. Deman, Vieq., C.x. and isebd (1¢73) found the sane

effect in the case of glycerine between 0° to 180°¢C.,

Van-Gemert, and Deloor (1973) investigated dielectric

relaxation and sctiivation energies of some normal alecohols i1n

noN=pOlAr so;vents.M Tné relaxétion time for alcohol benzene
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mixtures are found in all cases smaller than those observed for

- other solvents, the activation energy in different solvent &o
not differ significantly, but are consistently higher than for
the pure alcohols.

Erown and Parry Jones (1975) studied non-linear
diclectric behaviouf of lower aleohols (butanol, propanol,
etlianol methanol) by applying short duration high field inténsity
pulses, “he results obtained were compared with those of other

‘workers. g£thanol in Cglig demonstraée qualitatively same behavi-

our as hkigher aglcohols in similiar non interacting solvent whilst
previously the observed behaviour has been ascribed‘to a proton
shif¢ mecl2anism an alternative 1s suggested 1nvolving the opening
up of cyclic non-polar multimers in the eleciric field to form

. & more polar species,

Rajyan, damasastry and durthy (1977) studied dielecsric
dispersion of two pure liquid, glycol and diethylene glycol at
radio frequency, ultra high frequency and microwave region at
30°C and coafrirmed the Cole-Levidson type of dispersion. Eaba
and ramiyoshi (197v) studied the preposition of Hassion and Cole
(1955) that the main dipolé orientation of mono~alcoliol is due
to a switching mechanism iﬁscead'of rotation of the molecule as
whole or in part and put forward the experimental evidence for

the sang,
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Ghosh and Sen (1980) calculated from r.f. conductivity
measurement the relaxati-n time of methanol and ethanol dissolved
in 0656 at different concentration and at different frequencies
of tne measuring field and found for both the alcohols ( T ) ob-
tained from frequency variation is slightly lower than that
oblained by concentraction variation method; “ They also obtained
(1980) from the similiar type of measurement on methyl alcohol,
ethyl alcohol, aniline and benzyl chloride at different tempera-
ture, the relaxation time; the number of free ions/unit vol and
the varlation of activation energy with viscosity xlnﬁ'frequency.
ihe result proved the validity of the equation deduced by Sen
and Ghosh (1974) and gave a quantative estimation of the imper-

fection in liquid polar dielectrics.

HMaleckl and Balénicka (1980) studied self agsociation
of U - tutyl alcohol aad developed a method for simultansous

determination of three independent values of free energy of self

association from experimental datas.
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l.si'b). Electrical Conductivity of Organie Dielectriec Ligquids.

» The earliest detailed investigation of conduction

" current in é iiquid was done by Quincke.in (1895)., He used a
static generator of 30 KV And employing an inter-electrode gap
width of 1 to 3 mm, showed that the current depends upon voltage,
gap widih, and nature of the l;quid. He concluded tpat the
current 1s non-ohmic and probaktly electrolytic in égﬁiéga, Curie
(1202) observed that the electrical conductivity of petroleum
ether, carton tetrachloride, carbondisulphlide and benzene was
increased by expesure to gamna rays or X-rays. Schweilder (1907)
showéd experinmentally tﬁat the conductivity of saturated hydro-
carhons decreased with inercased ourification, Jaffe! (1906)

and (iv08) studied the current, voltage characteristic of hexane
wiien lrrédigpec by gamna-rays and considered the current as the
s« of the {wo separate currents, one rising to a satyration.
value like the current in the gas, wiile the second is the ohmic
eurrent, In 1909, he succecded in nmeasuring the small eurrent
developed when a voltage was lmpressed on highly purified hexane

in a brass conductivity cell., Ilis result shows %$ha$ in pure

£Y

the conductliv.ily of hexane wns due to cgsmiec radiation and

aboul 14u ions were producesc per cmd per sec, OSimiliar result

stay

vas ottsined for heptane and petroleum ether, But Jaffe (1913,
discarded this view of separate currents in favdur of a theory

aceording to which the ions ar= produced:in very densely packed



-0

éciumns isolated from each other. The columns are the tracks

of the photo—eleetrons ejedted by fkraysg-and ne concluded that
for Tield of less than 100 V/em, a large part of the current is
‘caused by external ionisiag raiiation. Iikuradse (1932) studied
theicurrént in liquid dieleﬁtrics over the wide range of field
strength and gap widthg- He observed'that current depends on the
nsurification of the.liquidgreleccrode geometiry and electrode
ﬂ_maferia;, but independent of pressure, when all the lonizing
«'agents,_such as X-rays, and other radio-active sources were
_reméved, there still exists a residual or natural conductivigy

- in these liquids. The reéidual’conduCtivity‘of a supposedly pure
’iasoluLng Xiquid has heen reduced by a factor of a thousand or
“more Ly triating it in such a way as to remove traces of water,
Nhen a feasonable low Limiting value of condustivity has been -
-reachad; the next problem is to find out, how it originates.

dowever, there is-no general agrecment as to its characteristics.

Baker and Boltz (1937) and Drante (1940) interpreted
.tmeir investigation to mean that the conductivity is due to
thermioniec emission fromn the catbode combined with 3chottky-
effect. That has been eritised by Lepage and Dubridge (1940)
and the& observed tat log I 1s a 1linear funcﬁion of E and
iater coneluded that the current is due to field enhanced thérm
‘mionic emission and derived the following relation

_ N o ‘ U
U A > e LR 5 \/2)
S TS K, 0

[
RT 23 RT

" - o
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where K' iz the dielectric constant of the liquid. Plumley
(1241) and Pao (1943) interpreted with experimental support
that the potentisl dissociation theory originally proposed by
Onsager (1934)'for very weak electrolytes, According to their
views there &are even in purest hydrocarbon such as hexane, a
very small number of ionsg exist resulting from the spontaneous -
dissocistion of molecules. Ruhle (1943) developed the idea of
fnduced conduction and Eck (1949) showed that variation of

current strength with time can be represented by the equation,

T

(1- 1)’; <1 —I) e ceser (1.8,2)
oo o] co

where I, 1s the initial current, ch is limiting current and
K 1s the constant which contains the ilonic mobilities. The
effect 1s assumed to be due to initial existence of the ioniq
clusters in the body of the liquld which gradually disperse, He

peirformad exberimentS‘on acqtone, nitrobenzene and acetone ﬂ
substituted compounds. Huhle (1943), Goodwin and MacFﬁdyen
(1953) showsd that the current is a funetion of electrods gap
widih end field strength. Extrapolaticn to zero gap widih showed
the existencs of & zero width current  that obeys a ficld emission

_ relation of ths form

. % _ b
3"“—: A € e-;'_? C—-—E'/)l sococe (1.58.3)
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Jaffe and LeMay (1953) studied time dependent current in hexane

for wide gap and low voltages and concluded that the eurrent az{e

ionic. The hreaKdown in dielectriﬁ LiquiéfgiV¢s additional infore

" mation concerning the conduction current in dilelectriec liquid.
Coodwin and MacFadyen (1953) demonstrated_that the time lag to
break down 1s determined by poéﬁitive ion mobility, Green (1955)
has studied the conduction and breakdown in hexane and assumed
ihat posgitive lons are‘always,bresent'in the liquid, because of
external radiation or dissociation of impurity molecules. When
an external field is applied; these ions drift towards the cathode

but a cathodé surface layer impedes their immeaiété neutraliza-

‘Vt‘ion9 +he ions than set up a loéalAfield across the surface layer

that thend to produce electron emission. The size of the loecal

- fleld dependents dpdn the magnitude of the loniec current and the

probability of neutralization of the ions., Standhammer and
. Sayer (1957},h§ve.obtained evidence for the formation of pure 1ons:

in cyclohexane and cyclohexane saturated with water. .

Richl (1955) and Keepler (1960) observed that the level
of condaction of some polynuclear aromatic compounds, Such as
napthalene and anthracene increases by a factor 103 to I ® on
melting. <The mecﬁanism by which these liquids conduct, has been
subjected to only a few investigatidns ané the on;& conclusion
. that has been reached 1s that, no long fange order l1s nscessary

for conductlion and higher conduction in molten form is due to
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higher’mobility of the charge carrier, Haft and Mongall (19567)
observed that the conduction current in chlorobenzene continued to
decrease even after cqntinuous distillation for as long és three
moﬁthsg From studies of drift mobilify, LeBlance (1959) suggested
~that electronsg exist in nuhexaﬁe in‘quasi trabped state. Forster
(1962) studied the nature of coaduction in pure hexane énd in bena
zene and also at d;fferent concentrations in nmhexane-in benzene

mixture and obtained a relation.

c K

a‘s"" _.: O'::'e : T ceocee (10804)

whaere O%H 1is the conductiosn of n-hexane, X is the constant and

C 1s the concentratioia. This relation suggests that conduction
depends uéon the probability that an electron will be transferred
from one benzeneé molecule to anothor 1s a function of the numbed
0ol molecules located between the electrodes and capable of sus-
taining tnhe eLeﬁtron jump. Y0 he reasonably assuméd that only
electron migration rather than electron diffusion is valid in the
| condﬁcnion process., Thé increase of conductioen due to inérease-of
temperature of the liquid would be the result of enhancedltranéfer
probatilities resulting from an incercase of mélecular collision
leading to electron transfer. 4Again Forscer (1964) shﬁwed that
eonduction in aliphatic hydrocartons is most probably reléted to

the presence of polar impuritics or trapoed electron presefnit in the
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liquid or generated at the electrode surface, In unsaturated
hydrocarbons experliental evidence suggested the existence of
elecironic conduction, In addition to the hopping process, he
suggested that at arbig;ry temperatures a small but possitly
potentiaily significant fraction of the molecules in & hydrocar=-
ton liquid will be in the lowest excited state. - -he interaction
of excited moleculeé is believed to lead to the formation of posi=
tive and negative lons. In the first process, the eleeiron trans-
fer step wés visualised to occur by an overlap corbital constitu-
ting peripheral 7T '-bonds on two adjacent molecules. He sugges-
ted an imperical relation for the activation enerygy of quasi-
trapped mee hanism Ea-= 0:067¢. eV where P is the number of
peripheral 7T -electrons. For nitr benzéne P =8 ﬁhich gives an
sotivation édergy‘of 0.54 eV. This 1s another confirmation of the
electronic natuare of the conduction current.( In proposing the
theory for conduction current in inscluting liquid, silver assumed
(1965) a slow‘generation rate of carriers, regardless of genera-
tion mechanism, and the electrodes were non-injecting, only acting
to balance the positive and negativé charges. _Fﬁrther it wasg
ass#med that the elecirodes did notl block the discharge of ions
.reaching them, One conseguence of Silver’s theory 1is that the
conductivity is a function of the elecirode spacing and of the

form

2 ' - N
AV, :[A.J +B3J L] ceees (1:8.8)
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| ;ﬁhere A ond B ”are-constaots, Vo is ‘the_appliedjvoltage;
"tJt the current density and 'L' he gap length; This theory
explained successfully the variation of‘conduotivitf with elec-
-etrodé spacinézot various constant voitage in benzene, but in the
case of nitrobenzene; material of.the electfodes plays an impor-
.tint role (the catbode ppears to be the likely an injector of
elect:ons. Felsenthan and Vonne Cut (1967) concluded that the °
enhancemeit of conductivity in-insulating liquid may be due to
the presence of deéressed couducting part}cleé in ﬁhe insuiating‘ ‘
- Adampezewski 4 -
liquid,., Adamczewski (13865) and i w1 and Jachym (1968) (1969)
invésfigated the elebtricél conductifiﬁy'on‘numbér of safuratéd .
>nydrocarbons which are characterised by ;ne conduotivities of -
two order of mag nitude Lower <Han those of other liquios, and
conel uded that the hatural conductlvity values of organic liquids
is a iunction of temperature. They further observed that among
all the 1nvestiopted organic ¢ ompound which occur in liquid state,
the lowest conduct1v1cy values are Lound in non-polar liquids.
' uaspard and vosse (1970) gﬂve ‘a clear evidence of lonlec conduc-
tion'in polar dieleétrica. xhey used membrane electrodeo and -
gave ev‘dexee for three distinet regions of conduction and in
ach case the conduction is donie in nature° It is due to
impurities at low and medium lields and injection of ions at bigh
fields, ”hey observed considerable erratic Variation of current

with time under elec*ric field. oohneysen andVNagerl (1971) also
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assuned the existence of natural charge carriers of two kinds
having mobilities /&Lr and /ikz for developing a satisflactovy

theory {or time dependent current density.

©

Nicolkau, Secareanu and Moisescu (1971) studisd th
electrical conductance of n-butyl, iso-butyl and amyl alcoliol in
the temperature range of Ou97°C, “he variation of conductance
“with temperature for those aliphatic alcohols was explained in the
l1ight of intermolecular hydrogen tonding and concluded that intar
‘molecgla; hydrogen bondi:g ph& an important role in ths me;haueh
of eiectrical conduction., Miyairi, lLeda and ayoto (1978 ) i
gatea the influence of a space charge bn electrical conduct i .
polytheylene terephalate film at high temperature and suggasiua
that result may be atirituted due to an ionic space charge acov.

mulation in the vicinity or electrodes.

3en and Shosh «1974) and Ghosi and Sen (1920) doiu™
mined the rf countictivrivy of some polar associating and noo.
diclectric liguids in 4il’erent nonﬁpolaf golvoente
st different temperatures. IFrom the exporimental datas Lhoy
celeulated ithe frec don namber density, lonic mobiliLy, actlvn
tion cenaergzy for conductivity atv varicas dilution in differ~. .o

nonpolar solvents .nd concluded that the dielactrics arg Cob weoo

being perfecs.
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1,2: Scope and object of the present work:

It 315 evident from the brief review of the previous
works on electrical conduction on d;electric liquids[é%+become
possitle -to obtain sbme definite information regarding the state,

. the degree of dessocliation and the presence of free electrons and
ions in liquids. The prevalent theories regarding the mechanism
of electric conduction in liquids as presented by different authors
have been discussed in detail and the models that have been bullt
up to explain the electrical conductivity in liquids both polar
and non-polar have helped us to galn some knowledge regarding the
nature of the 11Quid state, The experimental results however
definitely indicate that all dieleciric liquids both polér and
non-bolar exiitbit a finite conductivity, No general theory regar-
ding the mechanism of conduction in the dielectric liquids has
however lteen advance: so far. “he main object of the presenﬁ‘
investigation 13 to obtaln experimental data regarding the nature
of eLectr10al conductinn in dielectric liquids and to present a
consistant theory with the aid of the datﬁ thus ottained. Yrom

thie reviev of literature in this field 1gi§bserved that almost

all wors on the elactric conductivity of dielectric has been
carried outv in d.é. fiéld aid mostly on non-polar insulating

liquids, It is thus thought worthwhile to carry out measurements

in the radio fregdency rezion because Uhis type of measurements
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will provide us witl data for tolh displacement and conduction
current as well. In the present investigation the measurements
have been nartiecularly restricted to a number of polar molecules,
it is thus proposed vo undersase the following lines of investiga-
tion in the present work, <he okject of the preéent investigation

are iven below.

(3.0 “o study the possidilitly of determining the natural ion
nunl:er density exist in polar organic dieleciric liguids and also
vhe minimum number of ions/ce left after repeated distillation and
electrosiatic filtration of the liquilds from the values of rf con.
ducivivily o Lne liqaids. Furither froom the measurement of radin-
frequency cnnduétivizy' {x') and mobility (7kk) of the liquids the
Yime of dipole relaxaiion o7 polar liguiils has been caleculated. The
relaxgtion time (12) ol liquids having frec¢ lons was calculated

from the expression developed rom winsvein - Stoke's relation

~

L
6 €
7: = -17’—:ZT and the relaxation time ( O ) for displacenent
VA SM y
current oiuly was calculateyg ifrom Jebye relation

4 ° ‘ : ,
at s — £ - E W T reaspecvively in order to show that uvio
' 4n o oo "

rovation of dipole is hindered by the intverionic forces.

. I :
4.0 The dieleciric loss ( £ ), (tan S ), and time of

relaxation { “C ) for pure glycerol and ethylene glycol at 2 i
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'1-and at” Varlous temperauure may be ebtained from AF conductivity
; meaau"ement._ from the reellte t meyAbe possible to show that all
',the parameters are. funcuion of uemperatufe. The variation of
effeceive dielec \.ric Toss ( E%c) and tanB with température and

frequency may throw some lizht on the weak electrotytic nature of

1dielectrio liquids in radio :requency field,

(5.9) | . The temperature dependence .of. time of-relaxatien
( T) and viscosity (T ) of glycerol,end’ethylene_glycol have
_beeh uti;ised for determining the thermodynamical parameters such
as free eneroy'of>eotivation (£&¢ ), heat. of activation (AW )
-and en*ropy ol activation (AE> ) for. dipole orienuation and (Ate,

£

(A“) and (A4S ) for viscons flow Trespeciively., The values of
activatlon enerlj may be used to obtain the info}matlon about
.variOXS'inte”molecular inferaccion with polar dielectric medium,
-;his experiment will farther support the previous suvgestion that

the iude* frictlolal co-ﬂffic1en, is betier represented by (7L-;

- AWg
where Y =
| AHrL
(6.9): ";The study of the intrinsic*variat;on of HF conducti-

vit§-et differen*'tempwrathreé fof‘five different alcehols such
as methvl alconol, etth aloohol, Iso-propyl alcohol, n-buuyl ~

alcohol and Iso-amyl alcohol maj su5best that the electrical



conduction mechanism in hydrogen bohding liquid is possible due

to proton transfer or duec to proton jumping process,

(7.0): - <he activation energy for conductivity of some normal
primary alcohol in benzene solution was computed from R con-
ductivity meésuremen; at a frequency of 1 Mﬂz aﬁd at different.
teﬁperatures. <he values of activation enefgy for condﬁctivity

(We) are very close to the values of activation energy for dipole
. AW,

retation AHT ‘that‘. is ratio - =L for all the
_alcohols; “he close values of activation energy'for conductivity
and dipole orientation helps us to\sﬁggest that the height of the
potential energy bariler to be surmounied in the case of dipole

rotatiou 1s identical with that to be associated with conduction.

(8.0): » | The dielectric relaxation time of glycérol is apbrdxi;
mately proportiosial to its viscosity, then a relatively large
ehange in dieléctric‘;elnxétién time should also be expected upon
the aﬁaitional of small quantity of water in pure glycerol which
produces large éhange in 1ts macroscopiec viscosity, Thefefore it
has been thought to study the variation of time of relaxation of
glycefol-water'mixture at various concentrations and temperatures
in order;co'geﬁ anlidea abtout. the smooth_transition‘between
average relaxation time of pwre glycerol and water and the poly=-

meric cLustér formation by the molecular .association through



:hydfogen boﬁding. Further the variation of thermodynamidal para.
meter with concentration may help us to interpret that the rate
of break up of cluster of molecules formation greatly'affected by
the addition of small amount of ass°ciat1ng impurities.

(9. O)s : To study the nature of vafiation of dipole relaxation
time OL some aliphatic monohydric aloohol in non-polar solvent

at different concentrations and temperatures and the variation of
acttvation anergies with dilution and with carbon atoms in order
Jéo support some of the basic assumptious made on the rate of braaq
king of hydrogen bonding of liquids with dilution and the dipole
orientation at infinite dilution in non-polar solfent. The aléohbl
molecules are associdted by hydrogen bridges in a tempprary
microcrystalline structure and the structures are not stable and

at a given instant each of’ the st;dcture'has a finite length.~ At
each instant some hydrogén bonds are faptured_and others .are }
formed. “he dielectric relaxation process 1nvblv¢s in the breaking
and forming of'hydrogen bonds with thé orientation of displacement

- and the rate of breaking off is the determinipgg factor for dipole

'relaxation time.

The experimental results and discussion of the works
have been. presented in chapter IIT to IX and a summary of the

results are given in chapter XA,
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