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 The study of dlelectrics in tho throe statesof matter, solid,
nqmmmanawma:mwmummm
researchs The subjeet of the lonisation and conductivity in solar and
non polar 1iquid dielegtrics has bes studted for a loag tine sad has
aoquired great interest in recent timess The mubject, is far from
,mmmmmammmm
mnwmmmmmumu
understand completely the phenomens of ionization and condustivity of
dleleotrie 1iguids, spesially by radie froquendcy olegtric flelds The
subjeot of the preseat vor: is to stuly some of the saliont foatures
of lonisation and conduotivity of polar liquid ddelecirics =nd it is
expected that this will emable us to postulate a theory res=rding the
mechanis” of lonisation and eleetrical conductivity in dielseirie

1iquide.
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- RaEVIsE o.? THS PREVIOUS WORKe =

Ae BUBOTRICAL GUIDUGTIVITY OF (IGUIDS IN DeGs FIMDSe

in a liquic was fdone by uuinoike in 18956, lie mdaatatum‘

of 30 KV and emsloying sa iater-eleotrede gap width of :wfé;:

showed that the current depends upon voltage, sap widthy M

of the liquid, iuiacke condluded that the owrrent is non olrsic snd
probably electrelytis in origise Ourie (1902) obsorved that the

- eleotrioal condustivitr of petrolewn ethor, carbon tetrachliorids,

- Tays or x-rays. Schweildler (1907) shoved u‘mﬂmm_afgl |

conductivity of mfﬁ wmm decreaseod with increased

~ purification. Jnﬂt'—_ ' the ourrent voliage

Htﬂm“numwwu,omﬁmua—‘
satumtion value 1ike the ouwrrent in the gas, while the sesoad is _
en ochnie currents In 1909 he succeeded in measuring the smell UET-= 1
7‘#%%1&9&&&1;1&“&0!&”&“&&% =
mmam@muuwmm-mtmmt&m j
pure state the conductivity 6f hexase was due to cosnic radistion |
&nﬂtfmtmxmmmmm&wnamram.mm;
was obtained for heptene and petroleuwn ether. = =



AN
1

-2
' But Jaffe (1913) hinmself discarded thds view of soparate
M 4n favour of a theory according to which the lons are pro-
auoed 1n very deasely packed colums isolated from osoh others Fhese
 columna are the tracks of the photo cleotrons ejected by t;i%éqg, \
and he consluded that for £101d of less than 100V/cm, & largs part

of the current is caused by external fonising radistion. iikuradse
of £1014 strensth and gap width, He observed that current depends
on the purification of the 1iquld, elootrode goomotry aad olectrode
material but independent of pressure. when all ionlsing sisats, sudi
_u x-rays, and other radis active sources were rewved; it was
' found that there still exists a residual or natural conduotivity ia
those liquids. The residual conductivity of a supsosedly pure insu-
lating 1iquid has beon reduced by & factor of @ thousand or rore by
treating 1t in cuch a way as %o remove traces of vatar. ¥hon a roa= |
‘sonable low 2imiting valuo of the conductivity has been reached,
the next problem is to find out, how it origiaates. ipugver thore

1

is no general agreomant as to it characteristlioss
Bakter and Jolts (1937) and Dorate (1940) internroted thelr
investisation to mean that the condustivity is due to thermloale 1

emisoton from the cathode conbined with & Schottiy effeote that has |
been oriticised by Lepage and Dulridge (1940) and they oboerved that
w3 I 48 a linear fawwotion of JE and later concluded that the curs=

ent is due to ficld-onhanced thermioaic emission and derived the




 where ' 15 the didleetric constant of the lquide
_T“_M {1941) and Peo (1943) inverpreted with cxperimestsl m,
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;:_: _$he poteatial Aissooiation theory origimally proposcd by Unsa m
(1934) for very veak oloctrolytes. Accordin: to their views there
are ewen in purest hydrooarbon such ad hexone, & very small Aumber
of ifons resultins from spontansous dissociation of molecilcess A
favourable orientation of the molocules with respect to the field
inereanes dissociation, and the mwmber increases rapidly with the
streasth of the field. Ruhle (1943) developed the idoa of induced
mmcnmu m;mmmumm
mmmhnmwmmﬁm i (I )em
I, 15 the initial curreaty I, is the limit.ag ewrrceat aad X is the
constant which contains the lonlc mobilitics. The effect is asswned
%0 be due to ialtial existence of ionic clusters ia the body of
uquia whioh gradually disjorse. ie performed experi=uis on ace=
tone, nitrobensene and acetono substitutod compoundps fuhle (1945),
Geodwin aad Haofadyen ($963) measured the owreat as a function of
electrode sap width and £icld stronsthe Sxtramlation $o Scro gap
um; shoved tho existence of a sero-map width owrraent that obeys
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a fisld enission —elation o£_ ﬂu_ formdwm u‘.a axp (-P. Jaffe!

and Leilay (1953) studied tine dependent ocurrente in hoxane for
wide gaps and low veltages and comoluded that the curronis are
uuc.mmmmmmmmmm
mation concerning the Mmhwzm
——— mmumnmmy m;m;
— ﬁﬁmmmmﬁﬁhwmma _
| extorual Tadiation or dissocintion of impurity moloowloss Whon an
= ma-uum.mmmmmmum :
= a eathode surface layer impedes their irmediate neutralisations The
 jons then set up a looal fiold merges tho surface layer that tend
% produce eleotroa enlssions The sise of the looal field depends
= mmmmuma fouie current and probability of noutra-
iisation of the ious. vtandha mor aad Jeyer {1957) have M
evidence for the formation of pure lons in oyoiohexane sad qyclo=
hexane satumted with water,
Rehl (1065) and Leepler (1960) obeerved tiat the level of
 conduction of somo polynuelear aronatie compounds, such as'aaptha-’
= 2ame end sithracans increases iy a Dhoter 10° %0 10° on méltings
The mechanien by which these liguide cunduct has boea subjctted to
only & few investisations and the only conclusion that has boom
reached is that, oo long range order is mocessary for coadaction
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and higher conduction ia the moltea form is Gus %o hicher mobility
of tnq charge carrier, Hart and Huagall (1967) abserved tut m
condustion cwrent in chlorobeasene coatinued % mrene‘fiﬁ“ =
after continuous distillation DT as 1ong as three mounths. From
studies of arift mobility, ﬁm (1969) suzseated that clectrons |
exist in n-hexane in quasi-trapped state. Jorster (1962) studied
the matwre of conduction in pﬁ’i hnsmo. and aloo at difierent
concentrations in n-hexane ond obtained a relation O e uhere
0% is the conduction of n-hexases L 15 conatant and o is the oon~
centrations This relation suziests that conduotion depends upon the
m&hﬂity that an electron will be transfered fron Sm_béﬂuu
——_;—'—ﬁm to ancthor is a functisn of the number of mleg:.}ge lcca~
= tod botwen tho olootTodos md Gaable of Sustainias tho sleviron
" 50 ho veasonably aseumsd Shat only electron nicrasion Pather
mm:nmu 1n the conduction mrocess. The iasrease of
’mhhmozmu the 11quid wodd be
the result of enhanced transfer probabilitics resultins from an i
inevesse of molesular collision leading o electron trassfer, Again
Poreter (1964) showed that conduction in aliphatie hydrcearbons is
mst mobably related to the mresence of polar impurities or tre- |
pped electroms mwreseat mtummormﬂaﬁam :
surface. in unsaturated hydrocarbons experimeatal m;;me suges=
tod the exist@uce of electronic conduetions In addition %o the
hopping process, he suizested that at ordiaary teiperatures s small

but posaibly potentially sigdfieant fraction of the molesciules in m
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hydroecarbon 1iquid will be in lowest excited etate. “he interaction
of excited molecules is belioyed to lead to the formation of posi=
tive and nogative ilonas In the firet processy; the clooirea trane=
gnmpmuaummmwmmpozwmm
tuting peripheral 7X~bonds on two adjmcent molecudons He susseated
an emperical relation for the activation energy of the gussi=trapp-
ed mechaiism €a u U067 peev in which p 1s the awber of seriphe-
ral T -electron. For altrobenieae p g 8 which gives en activation
onorgy of 0454 ov, agreeins remarkably well with observed value of
o.aawmawmmmﬁxm). This is assther conlirmg-
tion of the eloctronic nature of the cunduction ourrent. In yropo-
aing the theory ior mmmmummmaag Jilver
(1965) assumed a slow mﬂmm otm rogardless of
Miashhhnuth positive and negntive charges. urther, 1t
mmmmummmmmcamﬂm
mﬁm une consequends of Silver's theory is that $he con~
WhaMmofthlmwa:ﬁtom

V=AJ+BIL

where A nnd B are constaate, V is the asplied voltage; J the current
density and 1, the gao lengthe This theory explained successfully
the variation of Sonduotivity with electrode spacias at various
constant voltage in benmeme, but in the case of aitrobensene,



it

naterial of the elecirodes plays an important role, the cathode
appears to be the 1ikely injector of electrons as suggested by
Felici (1959), Felicl observed that the conductivity of pure anitro-
bensene increased within minutes of briunging metallic eclectrodes
in ocontaet with liquid and ascribed this to the dissolution of
metal in the liquid. The rovle of dispersed conducting particles in
the dielectric in enhancing the conductivity is explained by Felsen~
than and Vonne Gut (1967). It was further observed that when the
ligquid is allowed o remain in the cell, which was kept open to the
atmosphere, the conductivity inoreases, This is possible due to
absorption of gnses and molsture resent in room air. Adanesewski
and Jachym (1968) investigated on the group of ssturated hydrocar-
bons which ave characterised by the conductivities of two order of
magnitudes lower than those of other liquids. They concluded that
the natural conductivity values of orgacic liquids is a function of
}.wma-ummmtm.mtmmmm
all investigated organic compounds whioh oceur in 1iquid state, the
lowest conduotivity values are those of mon~polar liquids; Gaspard
and Gosse (1970) gave a dclear evidence of loaie comduction in polar
dielectrics. They used membrane electrodes and gave ovidence for
three distinet regions of conduction and in each case conduction is
ionio in nature. It is due to impurities at low and medium ficlds
and injeotion of ions at high field. They observed considerable
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erratic variation of curreat with time under permanent eleetrie
£i0lds HoV.Lohneysen and H.ldgerl (1971) aleo assuned the existence
ermmummummmmmmuﬂm
p'mm.m.mmmmsmmwm
density.

Considering all the experimental evidences and pssumptions
talken by various authors, ve may summerise that (a) the classical
surification technique of Lapurities in organie polar Liquids was
not sufficient, so it can be assumed that the conduction in the
orgacie polar 1iguld was dus fa iloalo impurities, wiich already
exist in the 1iquide Due to the application of electrie field
between the metallic electrodes the impurities (positive ions and
negntive ions) move towards the clectrodes aand thereby coaduction
ourrent was observed., The time dependence of the conduction current
alse has been observed. ,

(b) High apparent resistivity is obtainable in solvents by
lon~exchange or elecirolytic elinmination of strongly disscciated
impurities and if care is taken to avuid charge injecticn during
the application of slowly increasing fields According to Dridre
and Gaspard (1968), the residual conduction resulis from bulk
generation of ilons by lonic dissociation of weak electrolytess Bach
aseciss of imouwrity gives a well dsfined saturation slateau in agree~
nent with field dieplacement of a dissoeciation recombination equi-
1ibedunm,
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(e) There are experimental evidences that various elegtro-
chemical mechaniom 1.0 dissolution of electrode gives rise to
large injection of eleetron in the pure altrobensene. Eﬂlt ﬁ th.

investigators have assumed that ionic carriers are responsible for
the electrical conductionand they obtained the value of mobility

between electrodes as quite high and comparable to lonic mobility.
50 in general, whea describing bulk condustivity as well as injeo-

- made between rosidusl sad matural conduction by taking iInto sccount

the physico-chemical state of the lignt& sample and elecirochenioal

 properties of the electrode-liquid interface.

Bulk conductivity may be steted %o be of natwral type when
the mrocess of generation of charge carrier beeomes an intrinsic
property of the liquid, This is the general case of orgasic polar
liquids, whatever the actual degree of ionic impurity may be. simie

lar distinetion can be made in the case of charge carrier injection

in the liquid, Another simplest method of production of iens is the
electrochenical oxidation or reduction of self dissociated liguids.
The molsoular loss or eapture of an electron at the mmm log=
e.mgwm- production of radical cation or aanlon may be valid in

case of non-dissociated liquidse This possibility is the most suit-
eble te describe the so called electronic conduetivity of aitroben=

zeneé, since the nitrobensene snion has been detected by electron

soin resonance, during conduction by space charges injoction in
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highly pure nitrobensene with platinum electrodes. Also we know,
in moot liquids a number of electro-active species are always preo=
sent (impuritics such as oxygens water, and various orgacic com-
pound) and consequeatly simultansous different electro-chemical
reaction can give rise to complicated behaviour characteristic of
reaidual injection into an impure liquid. Pinally, it i= also ob=
served that some electrode themselves are chenically active, and
it havpened through anodic dissolutions All these poseidbilities,
have been reviewed recently by Gasperd end Gosee (1970).
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Be mw% 0’ nx;mmaw LO5S AND RADIO FREQUESOY

The dielectric properties have provided an importent approa~
oh to an understanding of the strusture of the matter. vonsider e
parallel plate capacitor, of geometrical oapacitance U, , conneot-
od to an altermating source of e.m.f B g By exp (Jot ) of angdar
frequency (W=2n £ where £ is the frequency).

The charge of the capacitor at any instant is Q -CF =nd
 the oharging eurrent L-ﬁﬂ—saga wiich leads the applied voltage
Wlﬁlliaaaeafw.

If the space between the plates of the ecapacitor is now
£i1led up with a dielectric liquid, the capacitance is inoreased to

:

C:-%:Co:é'co
wheve K and ¢ ore the (real) pemitivities of the disleotric and
of vacwsm respectively, and thelr retio ¢ is the (real) dielootric
constant of the liquids In the cege8s aystem of undd f.""m"
the presence of the dieleotric, the charge on the capacitor is
inoreased t6 Q= €C E and the charging ourreat is incroased o

I = JucE
= JuwtcC,E

It is knowa that no dielectric liguid is a perfect insulator so
that in sddition to Igs which leads & by 90%, there is o lose ourreat




e ¥ o
componeat I, in phase with E and of magnitude

I, 3 G
where G = 4 1s the equivalent condustence of the dislestric. R is
the finite inswlation resistances
Total current through the sanacitor ls therefore
I =l =(jwe‘c:E+&E) |
= (imc+G)E =i
This is Thown in the veotor disgrem in Pige (1.1 B)e The
mexxmnbysmmoe<w°m

Cos @ = Lots
o -
I JC;"-}-@O

is the sower factor. Alternatively the behaviewr can be considered
in tera of loss angle 6

5= (9 = 0 ), where the 1loss tangent _
I 6

== i

e =
tan T
59 it is observed that the loss cwrent in a dlelectrie 1iguld is
due %o finite conductivity, so that the capescitor can be represen~
ted as wauivalent to & capacity C in parallel with resistance R g
&l shows in Pz, (1.1). : =




Ic:‘ jUCE

{a) — (b)

= Fig. 1.1, Equivalent circuit, and (ay dlar,q;ng*~—~ =
- Wl an) lessocinie It, Bt — =
== . yith lossy  dielectric . = =

jf——.——.-—:jf_”_"”_“‘rui’ T, ______ F:ng C&ﬂ%pmnts nf
fg___ = ——= _,;__7_, . 4 e =

current thraugh &d&etra: —of

complex dielectric constant

I
{
Ic JW€CGE |
: €= ¢ — j&*
l -~z
i
i
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in most naterials, hoveveld the dielectric bLe
from this simple form, indieating the presence of Othe,  differy
diedeotric loss. To give a gueral dosaription, with,,  —urce of

Somparing equation .(1,3) with equation (1,1), We get ‘ * oy

G, = LDE’CO
ﬂ ‘ C = EICD
» U]
MMWWS:QE'S :G',ﬂ
— = L)€ Ce ey
==t m G:_we’eo , =
# 0o — s ag
Cx 58 - Bpgoific

WC,
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thevefore specific condustivity (resl) =

~
b |

[w parallel mﬁ amw C“:L,EL  in vaowm mf—f,ﬁr%
e 2ty

mmzmﬁmzﬁmmm in the loss current

the Telatlon of the apparent cond
 end 10ss in the 1ight of the analysie
{1933},

Tor conduwotews, the conductiy

= E*é‘ ;?,3_ = '.

wheve I 1s the ourrent density, ¥ the voltage gradiont, and ¥ the

hoat MMWMWEMS cubs of the material. This pro-
>tionality betwesa Wﬁmﬁhﬁ%%@ﬁe&mww

does not hold in a dielectric material, fors in a &iﬁlﬁﬁﬁ’iﬁ; the

ratio of heat Gaveloped to cuwrrent flowd  veries with tm mwms

In an ideal disleoiric there would be no fres ioa condustios

m a&&x&l muht.ag mtrez'ialﬂ; Jaah‘s mt nay be m&m w the

emrgatnum;rmmmmaﬁmm mamm#
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doveloped 1is the sum of the dielectric loss and the Jowle's heats
The dielectric loss ig thus proportional to the total measured
asCe conductivity minue the ds.c. conductivity.

Let a dleleotric material of dielectric constant ¢ £i11 the
space between the parallel plates of & two plate condanser, which
has a diatance dsc.n betwoen ths nlates, each plate haviang an ares
‘s squore on on each side. If & poteatial difference V is established
between the plates the electric field inteusity

*

The effect of introducing a dielectric into the capmcitor can be
‘understood by considering the effect of the applicd electrie field
on the bound charges in the dielectrice The very low conduwetivity of
a delectris material indicates tiat sractically sll the electrounde
charges are bound to their pevent atoms or molecwles by the electric
fields due to the neuclear charges, and they are not free teo migrate
under the action of an applied ficlde The action of the field E on
the bound charges in the dielectric is %o @isplace then mlightly,
relative %0 one snother, the posltive chargos being displaced in the
direction of the fidld, the negative charges in the opmosite direo=-
tions Each atom or molecule thus acgquires an eleciric Gipolecoment
paraliel % and in the same direction as be fhe effect is known as
dielectrie polarisation, aad an electric polarisation vector P is

' Wntbmuphmthtm

73459 f,@‘,‘,!é'r"
? e Mam 1991 &
. &( Mlaspe -
s |
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S0 if a potential difference V is established between the
plates, a charge q per unlt area will appear on each plate and &
polarization P will be created in the dielectrics The dlisslacenent
mamummummuﬁmun

assume that the dielectric liquid is free from ions, so that the
conductivity due to free fons may be neglected then the conducti-

_"Q‘*

dg/dt = Ki,
eince the fellowing familiar relations hold,

P
Q= =
ettty =
dt 4 dt
D = 4ngq
= E+41TP
4o dg,
— == T\s..__
dt 3 dt
dg . 1 9> _ € dv
% ARt g dt
] = € av
4nd  dt
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where all the electrical gquantities are expressed in electrostatic
unite. Vhen the applied potential is alternating, V may be express-
od as the real part of

V‘-‘-V,,e:!w‘
and the dieleciric constant is complex the current density in the
dielectric is then :

' Jtat
I"-‘-ﬂ 3 T L 2 dv, e
dt =~ 4nd dt

I ¥ " .
e-Jé Jak
= V. e

L and S o

)

&

M P 4
i

J"

Ihén

n
= (l)e T me' :lmt
1 —(“ + 4 4,")5.06

If it is assumed that the high freguency conductivity K is a com-
Blex quantity and is given by K:K'+3w."

- dg, - ) — Jwk |.3)
_.—c:‘I _(K+3K)Eae = (

where K'-4“ real pert

we' {maginar !.
=4l‘\




«18-
For convenience in comneotion with & subsequent account of the
-duﬁéiat-hﬁnuun.thnuaumhmn¢uhﬂu:nmhmur-qrin!i?',
usanaintua¢#uutqmnwun$n-mnmluunuununﬁ and con»
&unuuilynﬂiﬁhﬁ:

= =99 (G +-ij>\] e (1B

ﬂ-@;ﬁum,a is in Parads and 0.9 x 10°° 1s the retic
of the farad to the electrostatic uait of capacitence sad of the
mho to the electrostatic walt of condustance. By using the express-
fon for the capacitance C, in farads of the empty condenser
== — = A =

== °" 4nd X0-9% l0* ==

wmm(hnmtm}um

4nRC,

]
] € 0
LR %Ox 107
K’ 6”5 = Gpj
R % 10 C, 2a5- 18 x '™

K - _3-85%16° G,
C, AF
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me’z-m“mm- in nicro mioro farads.
mummm anergy mu’ etmm-emmm

zn/w

o

and from equation I g* .&

ﬁﬁimﬂrﬁrﬂthmﬂtﬁhh“ﬁ%

wmwhﬂmmrfm&

" In this case no energy is dissipated in the dislectric,
a;ma@ﬁing to (A3) wo have
Mo

= = - o

when there is a phase differcnce © between D and 5, whiloE =E, (mut.
D 2 Dy Cos (wt-8).
* D g Py Cosocts Oon 54+ Dy Sinwt, 5105

Apvevently Ty Cosctis in phase with B, where as Dp 3ino has a
Méﬁmﬂt ﬂ/au&sﬁﬁhmumﬁasuw
n;loéﬁhlmnﬂh
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1= -% l% Simwt Coss — %D. Cos ok . S¥nd.
By this equation I is oplit into two parts.
This part again has a phase difference of - with & snd thus it
does not lead to a dissipation of energy. The second part, however,
13 in shase with 5, The dissipated energy per em’ of the ddelectrio
per second can be caloulated as %
lﬁjw

D.E . Sind jC&'&mmt.d{:,

=]

2.

< e
an

p

leading to W = S pehE
- an

where the factor sin > is generally called the Fower factor.

: - Hat=5——
r B=De =
where D* is the complex part of Iy

N »
and D = G*E 3 (@t-9)
then éj = L 2

E’ Eﬂe:‘wt

£ D 48
But Eo :

— = U
= g — e'_-je = —E—c(COSS-—JSthO)
m e‘ : Da &Ss
3 E.

il "L Do Gind
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uﬂutmtthounmmmmaatmmm-ﬂ

per second is given by

b X
= —9--—£.Sm$ E:

— gn .k,

|
i i

~ The heat developed per oyole in the dielectric is evidently

1 5.
W per eyele - %—e rgs por qyale
These equations show that K' (r.fs conduotivity) is propor-

mwmmmnMifgﬁwmmn

aycles
Considering Debye's expression for complex diclcotric conse
tant e

I Eo~ é:q
==
S I+ @ttt

1 (6-E&)wr
== ———— E - i +7m1—%

where € represent the static dieleectric constaat, ¢ is the dieleo—
~ tric constant at infinite frequengy 1.8s €= 1 whore n is the
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rofyractive mwmmwmmmmm
ﬂqmotnt.thn- .
wﬁﬂtmmmaenlehth wk'4—

and K €w =
k:4—n—— we gety

| D

= : €&\
, '4n(e+ :!-"__’”/
This shows that the reaml part of condustivity &' docs mot
ﬂﬁ@imumc,mwgﬁww

mﬁlmhuwhmdumt, gm
e @)
e - — AR W == :
€,.- €n
sc ( An’t) QG)

Mﬂlwm’Bhtwdm%‘
rotating in e continuous viscous fiuld pessessing a coefficlent of
: mmmw:mmmmam
relaxation the relationshiss '

-

=== = 4nadn
2 T
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it has beoen customary to use for M the experimentally mea-
sured macroscopic viscosity instead of the unknown microsecopie
internal friction coefiicient or viscosity. It is evideal fron the
caloulated values of molecular redius of various solutes by Hiller
(1938) that the equation T =“*—"K€f,l does ot adequately represent
the relation between relaxation time, molecular radius, and macro-
scopic viscoaity of the medium,.

instead of Debye equation, Fischer (1939) calculated the
relazation Time of an ellipsoidal molecule using the expression,
1.;.1\‘rif 4 oo b.C.

KT

in which £ is a molecular etructor factor; a,;b aad ¢ are the seni~-
nagor and semi minor axes of the moleoular ellipsoid,; and  is an
enpirieal viscosity value,

——— “'T=°'5VL =

The empirical factor 0,56 was obltained as the value necessary
to bring agresment between relaxation time ecalculated from loss mea~
surenents and that caloulated from molecular dimencions.

it is thus evident that from the measured valucs of radio
frequency conduotivify of pure polar liquids, it is possible to
caleculate the time of relaxation and the radius of the rotating
unite

=




X ctric conotant osges and cond

To obtain the expression for ¢ and < for dilute sclutions
of polar molecules in a non~polar solvent the expression of total
polarization per cublco centimeter is givea by :

4'\3 N./‘y €,+2
P =N, (E )-.. 34-.;3;;.( %e

ums,um:mmm(u)-naunemmnot
mmmu-umm-.mmmmuwmu-
tweon ¢, and ¢ for the dilute solution gives

P 2 CNA/ZKT 6"'2 4
™. e $—o

¥e then get, if c 1s the complex dlelectric constant of the
solution,

é“‘ 4N e Ny /-‘-L. @:,,u)(&o; 2)_
T 21KT 1+ joT

1
m

and thus, ssparatinz the real and imaginary zarts

e' = € + 4’”CN'P} -L@c’*i’_j__(éfz)
b 2F%T i+ erx*

== AncN pr (Eqr0)(ern 0T

= B FEY e
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Putting the values of ¢ and ¢ , we get the expression of real
part K' and imaginary part K" of the r.f. conductivity,

e p (€,42)(E +2) ST

k= ZTKT - (v @553 (1.7
i
N, C Eor2)(E +2
and K‘:iO_E 4-4“ /u(ﬁ)(‘o*').! - (1.8)
4n | 27KT. (1+ *?) |

where K and T are Botlzman constant and the temperature respectively.
So it is evident that, by IOI'MM the r.f. conductivity of the
solution of polar solutes in & non-polar solvent, it is possible to
ealculate the value of relaxation time.

#e have assumed in caloulating the above expressions that
there is no existence of free-ions or electirons in the dielectric
1iqui;éu. But we have gpod number of experimental evidences that in
almost all dislectric 1iquids there are certain porcentage of ions.
In polar dielectric liquid the percentage of ions is large in com=
parison to the non-polar liquids which are ofien called as liquid
organic senmi-conductors. 90 if we take a parallel plate condenser
type cell, containing polar dielectric liquid and the cell is placed
in series to a elecirical circuit,; where the electric field inten-
sity changes with time, then a conduction current appears, along with
a displacement current component, The radio Ifrequency conductivity
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neasurement however provides information regarding both the dde-
Mmmmmtnaudmm_
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Ce THE PHEHOMENA OF CRITICAL OPALESCHHCE

The existence of aritical points was discovered by indrews
(1869) in connection with his classical investigation of the carbon
dioxide isothermal. His main conclusion was that there is omly &
single fluid ocondition of matter which can split into coexisting
forms of different density, provided the temperature is below a
cartain critical value. It was realised that critical points have
nmﬂmhaum&qmnﬁlrm“bnm
thermdynanic mum. lqnﬂm under aritical conditions
are exiremely slow to establish themselves and prove very sensitive
to the minutest perturbances.

rerhaps the most epectacular anong oritical phenomena is the
enormous amount of 1ight scattering, the so called critiecal opales~
cence, smoluchowsii (1908) have his famous interpretation of this
phenonenon, tracing it 40 shnormally large molsculer fluctustionss
This was at the sane tims the key to the sbove meationed pecularie
ties of the oritical point. The standard metlnd of Statistieal
Hechanies of computing fluctuations maie use of the method of cano-
nical ensembles, By applying this %o oritical point one arrives at
the result that the fluctuations tend to infinity. In reality the
fluctuations are usually large, bt obviously finites This means
that at the critieal mmwmmmmmummm
ode reach thelr liﬁit- of applicablility.
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Klein and Tissa (1949) have gencralised the conoept of cano-
nical ensemble by introduecing the "cellular method". Instesd of con~
centrating attention on the system as a whole the whole ayoteam is
divided into oubic cellse These cells are chosen as ldentical in
size and shave and arranged in a sinple cuble arvay,

It was assuned in the old theory that the cells are statise
wwm»mtummmnmmu-

Mk&ﬁﬂiaﬁmﬁmmmnmnm
% give & sinple analytical expression to the conservation of exten~
sive gquantitiens It leads also % the correlation between fluctus~
Mgmmmmwmummtm;
mmuatump%nhmxmumu ‘
valus of the critical fluctuations.
lagarding the theory of light seattering amoluchowsiki's

theory (1908) predicts,

i
-—I—-a(—— (l +C038){\V>2 (10”

where I and I, are the iatenaity of scattered and incident radia=
tion of wave langth observed in the direction ¢ ;5 is the oompre-

soibility,
ok N
= (\ AP j
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and y..‘°/b the expresaion is valid at the oritical pointj
Ornstein and Zernfke (1914) modified the Smoluchowsici's theory aand
obtained

T + < & (tad) ! (110)

i L 4+ d(.Sm e/a‘ﬂ

m“ﬂtl.uamathm-ummm
nolecular forces and is proportional to B defined in equation
E:%Sﬁ@am where £(») is short range isotropioc tmﬁm]

The additional term in the dinomenator arises from the
correlation of fluctuation in aifferent volume clements giving rise
t a - dependence and a1 eahancement of the forward scattering at
oritical points The result is not guite complete me it stands, since
it mkes I/5, infinite for O- 0 at the critical point, Placsek (1930)
has shown that taiing the finite wolume of ihe soattering medium
into sccount a factor is introduced which preserves finitencscs with-

The theoxy presented by Rocard (1935) predicts that

I 7\# (.\ + Cosa} (._-+G) = {hm

Meu;mmtwmgmmmmmmm
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The general expression for the lizht scattering at the ari-
tical points can be written in the fomm

- =
15;’%9/
°< F (-I—CGSG ( <+ C -I-d. 7\12> (hm

!geio,mqum (1.12) reduces to the expressisa of Omn~
stein and Zernike and for d = Oy %o that of the Rocard's sxpression.
’ mmmummhmmm
differ in two ways, the wave length dependence, which becomes <
at the oritical point ia the former theory, and the angular distri-

bution, which is preferentially forward at the oritical poiat. The
neasurenent o:e:mmtatmumommmﬁmm
wmotmtwmmam'mmﬁmmn-h
Wuﬂn“ﬂalmuutm&.m
tion in clear fashion. The result of Andant (1924) and Bhattacharyya
(1923), indicated a changs in wave lensth dependence in the immediate
Mﬁermmmmaxwmamu —; at the
eritical poiat. It is generally recognised that near critical point,
large fluctuations of some of the properties of the system ocours If
these fluctuations are accompanied by changes in the refractive ine
au.mmuumxmomnmmnwuxun
soattered will be large.
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It was shown BV Xrishnen (1958) that the depolarization
faotor observed in W& 1isht scattered transversely ty opalescent
binary 1iquia mctures is uﬁmt”mawnm“
clear solutions the VElue is unity, The discrepancy was explained
by Krishnan on 9 WPOthosis that in the dear solution the seatt
mh“w“ﬂ&h&lﬂ“ﬂhmgm.‘.’
tures it is due to Auster of mlecules, ?bﬁntﬂummb

groups of moleeulo® °a7 Novever be obtained from the 1ight scatter-
tidles of sime not VO*Y SUALl in wmparigon with the wave length

of 1isht,

at'the oritical concentiration rises sharply. i alse studied the
fluctustion of densitys 8ad ¥he molosular polarizetion of the mize
tures Considerable f1u0tuation of density took slace ms the eriti.
eal point is approsehed which manifests 1teelf by the appearmace of
eritical opalescentes 1% 18 obvious that the density fluctuations
are responsible for Such wm&dmbls Gecrense of polarisation of

nitrobensene.
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Yiacopdty of ordtdcal Jiztupe’

The history of measwenants on binary miztures in the ariti~
cal region extends over a considerable period., It was early postu-
lated that the great incraase in viscosity of the nixture as the
eritical temperature and composition are approached l1s in some way
connscted with ihhomogeneties extending over small distances. The
analogy with the large visconsities of celloldal sclutions was the
main basis of this hypothesis.

‘The sharp rise in the value of the coefficient of viscosity
and Witrasonic absorption at the writical region have aleo been
moasured by & aumber of workers (Reod and Taylor; Chynoweth and
schnotder; Sohemidty Jura, and Hildebrand).

Pixmon (1962) provided a theory for the incrosse in 00—
eificiens of viscosity in the critical region, by assuning that the
mvmxaumamvmmmmmm-
mhﬁsm-mlmaetct'mmhhmw
fluctustions The restorstion to wniform density throwgh diffusion
dissipates energy and this loss has been interpreted as the increase
of viscosity.

Ammmmmmdﬁ.mnyumnu-
ture would require a rather acourate knowledge of both intermolecu~
lar potential ead radial distribution functions at cmall intemmole-
cular distances, and also the perturbation induced in the latter by
the veloeclity gradiente. 7ixman has developed his theory in two stages.
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In the firet stage, he has considered, the local equation of motion
and €iffusion in @ mixture in the critical region, a parallel plate
f1ows and 1n the second stage, & ealoulation of the eatFopy produce
tions The calculation shows that the frictional resistence of 4iffu-
sion iaduced by the veloolity gradient is really responsible for enore

mous entropy oreductione -
mwm«mmmmmw

of WW observed viscosity 1s

— +(@n3;11> ( "‘U Q’H’“)

‘DC:. / & 113k
\n AT & SR 9«0 =

ers - s 10cal viscosity evaluated at the mean composition
¢ w density of the mixture
Uy @ mass of component £ in wAlt mass of miztwr
& @ dstance through which shearing foree acts, sad
generally expressed in angstroms
~ w» diffusion constant
1_¢mma:mzmwa/um.
%wmﬁm(t.ﬁh)h&shhsﬁhahammnmm

with experiment and for the use of approxinate thoories of the ther-
modynamie properties of the solution.
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onsidering Gibbe-Duhem relation and the thecry of rate
procass by Glasstone, Laldler and Lyring, the expression for «
thctﬂam“tn;tﬂuotmmmi'ﬁh
written as

m Bln 2\
B, = (P = (1e14)

m *m.2 BTL:_ =——

m g;mﬁw“ﬂﬁncﬁ‘mv«a
my @ #ass per molecules of component I
ﬁ;mmmmamwn
%g = mole fraction of compoaent II

1% ean e readily verified that,

mmsmuqmzammmumm
Also ?’bﬁj‘; in equstion (1413b) can be written se

SEEe— o 0 >
“2(};&2} = (1418)
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Putting the equations (1.14), tw)-n(w)umu.m;
ﬁmmwmhm

RTm, $ @
A"] (T\ “) [ D, p vt vz(m+nz)]<_:—0h>

= 7 = I— RT mm,, a )
An = 1_ Dig M€ W'V, (nuany) ¢|-:K:R>

on = oLy - e
- — —__-—_-'__—"—"—-——.____ﬁ- =
: r] = e V|1 \lg_ (Th*i'nq) Cbi 40k

mmm Bt

m, O

b = ﬁ%%;'(&f)i ) )
o <l -3 g sl
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(%)mummm“ o

4‘“(1 = Vl R

= G’V 2 4>>” V.

“"uwm“

<:::>H = F (=) 2(F ab,]

_ixz
‘ /'SL: —%Tc (l-\-m?-)
-1
a:nd, #g, = Q+m_li)
= Ny s (
M
sa - =
an ¢‘,‘._ VTI .ea-N‘Dnz
m;%_ and T, 3 critical temperet
1

~ - Mm:. aumbers

=k -eglg = tal data of Reed and Taylor on
mwa quw, oy & ol

"oa 296.5°¢ =
'1' 1ﬂ.ﬂud ;,'h'm.e b.l
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0 = Oud62 Xp = 04387
and 0% = 14135 a/c.e

Putting thess datas in the equstion (14) he obteined the

- c ‘
— == Ab = (‘g )tA"q

= Lo — A _ZfZE?XlBG@ (%)

= ————— — —f— : =L =
(25‘_)2 68‘:'[ [(@4 -@-2609 - lo2¢- €67 C’; - f‘353]

ol=

'&Mmumwum 3 versusy the
volumte fraction yu%hmum“m.-#%“

{a} ;i,- i.!s (v) M. = 1.8% () = e’a

and obtained & owrve which shows the viscosity rises sharply whea
the binary ligquid mixture is oritically opalescent.

He also ealculated the friction constant ¢ . 3ince the
Sriction constant ¢ 45 expsoted to be in the vieinity of 207 w0 >
Sec™ and the constant "a® should be of the order of 1.4 he obtain-
ed @h‘}.m:w" u*&eiJnﬂumm

Fixman has concluded that the compariseon of the theory with
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the experinent is not completely conclusive. what is Mﬂ ovi-
dently, is more viscosity data very near the critical iemperature
%o minimize the firet difficulty end sn experimental determination
of %% in the same regions

‘It s not however been conclusively proved whether the
intense deasity fluctustion is dus to the formation of groups of
@oleciles in the critical opalescent state., ho information regard-
ing the actual composition of elementary velumes or sZrouss of mole~
cules ocan however be obtained from the light scattering data except
the fact that scattering is due to ellipscidsl particles of sise
7ot very small in comparison with the wave length of iights
| A gensrval theary which can explain all the exserimentally
obsorved facts such as sharp rise in dieleciric constant and loss,
inorease in viscosity end dltresoalc absorpéion, fluctustion of
molsoular polarization and density, depdarisation and large inorease
of intensity of sontitared 1light has not yet been provideds
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De TEHPERATURE DEVARDENCE 0F ELBCIRICAL CUGNDUCTIVITY IN LISUIDS.

In making a wide survey of the various properties of fons
in the solution, we gemorally meet three tyses of problem.
{a) Gomparing @ifforent species of ious in the same solvead,
{b) dealinz with the same species of ilona in different scivenis
{6) dealing with lons in sane solvent at diffcrent teuperatures
‘famwumzuﬁﬁ-xnwumﬂamsmﬁm
Mﬁwwm;mmmaﬁ&w ‘mesence of
1on8. Earéﬂ‘ﬁ understand the mature of the ionic vonduwotion a
mamamwmmwmmsmm
#&ﬂﬁmmﬁﬁﬁﬁﬁ' ﬁlﬁw It has been obsarved
Mmmummmmummwam:w
émaﬁiﬁiﬁﬁﬁiﬁmwm:m# conduction with
temperaiure may be expressed with a fair degree of acouwracy by means

E(e 5 K; [1 + c_x (& = 25>_+ P*(t-%)ljl

M&M%ﬁi&&ﬁﬁiﬁ»ﬁﬁﬁﬂﬁ%&iwm
Wt;aﬂ%hi&aﬁusﬁ%e;ﬁamm o znd O are

7@%1‘@5@3&&&2&@%&@&1&&
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From a seriecs of experiments it was obeerved Ly nmany workers
that the activation energy for electrolytic conductance was almost
tdontical with that of the viscous flowj hence it was presumed that
ionic conductance was related to the viscosity of the medium.

yulte apart from any gquestion of actual medhaciss however,
Lty of the 80 called activation energies for both the process-
ummmmunmm welfficient of ion conduct~
ance is roughly equal to the negative temperature coefficient of
viscosity. The experimental results helped %o prodict that the pro-
Meimm-mmmmooutynam-sam
ture siould be approxinately constant. Table 1.1 below siows the
valuse of 1 at temperatures between 0 ¢ to 166°C, where K, is the
ionic condustance of acetate lon at infinite dilution and w the

: iable 1.1
{Conductance Visecosity product of acetate iom;
‘Seaperature| 0°¢ |18°0 | 26%0 | 5970 | "0 |2100% 128%|156¢%

KM, [0s8568 0,588 0,366 | 04368 05569 0,368 04369 04369

| !
| -A— -—-i-t L l - T e A A A <=

|| ISR
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The data for non-aqueous media are less complote, but it appeara
that in general the product of ionic conductance and viscosity in
such media is also approximately constant over a range of tempera-
ture. walden noted that the product of the equivalent conductance
at infinite dilution and viscoeity of the solvent was approximately
constant and indspendent of the nature of the latter, and the cone
clusion is kuowm as walden's rule, whioh may be exaressed as

for a given ql.uﬁolyh in any solvents
Table 1.2 shows the result obtained by +alden and othery in
a variety of media. The viscositie-are expressed in poises.

Zable J.2
Por Tetrasthylammonium Iodide in various solveats st 250

Solvent |Cgfigl | CHgOM | CH5O0CH; | GHLCR GpHOlg |GHgNO, | OgighOp
. e e i
}'}T\b «85 65 ° 56 64 o560 69 «67
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The above results are utilized to formulate a rwle which
states that the product of lonic conmductance at infinite dilution
and viscosity is constant, for all temperatures and this formula
is kown as ‘alden's rdle.

Debve-fiigke), theozy! (Interionic attraction; the ionic Atmosphere).

Mmunmmwtmnm:nmm
MMMWMWmWan
this regard; Debye and iickel (1923) postulated a theory that every
mnmhommidwdumsmMWMMamot
eppnﬁ.te s.ta. They cousidered a positive ioa situated at s distan-
ce r from & small volume clement dve The dlstance r is supposed to
be of the order of less than about 100 $imes the dlametor of an lon.
As a result of the thermal movement of the ions, there will be at
a certaln instant an excess of negative lon in the volune slements
If & time gverage is taken, lowever; it will be found to have, as a
conseguance of electrostatic attraction by s posibive charge at a
gertain roint a negative charge density. Uvery ion nay thus be re-
garded as being associated with an ioniec atmosphere of opposite sign.
The net charge of the atwosphere is of course, equal ia magnitude,
but opposite in sig to that of the centrel lonj the charge deasity
will eM@u&lﬂ‘hg‘nﬁﬂhﬁhMﬂl‘hﬂMﬁ?@ttﬁhﬂﬂ
w&uoﬁwithmmswmﬂmtmm“
the electrical potential in the centre of the volume clement dv is
W# then the work required %o wring a positive ioa from infinity wp
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to this point is (Z€v) and to bring up a negative lon, it is
(zev¥)y vhere 5, and 4 are numerical values of the valences of
the positive and negative lons respectively, and e is the eleetronie
charge. If the Boltzmann law of the distribution of the particles
in a field of varyiang poteatisl energy is applicable to ions, the
time average numbera of positive lons (dn} and of negntive lons
{@n_} present in the volume elenmant dv are given by

i,

fz
= _KT dus.

dn—--nﬁ.e

and dn.

whers n and n_sre the total nuwbers of positive and megative ions
reaspsetively, hﬂs“#’&mm’zuwmﬁm
constant, fses the sns conatant per single molecule, and 7 is the
abgolute temperatures The electrical density ¢ i.0.the net charge

mmmghmamwmmtummamw

ot (Z+dn+— Z__chl _)

s

-

de
é = — : ewy v 1-18
- for o wni-wiivalent sleotrvlyte =, and - sve wdty, and n,end n_

#ust be equal, because of sleoiriecal mw eguation




(1418) becomes

= ne[ap(— %) -t C})} (1419)

maummorumuuotmumtmm

dlag the two exponential serios, aad writing £ in place of > ,
the eguation (1.,19) becomes

and 1f 1% is ascuned that X 1s0. i:.umumua

m,mmwwemmtmmmwumn-

= = 7
g =- K‘:" Zn {120}

in the genoral case; wheh - and z are not necessarily unity, if

hmmum&i{w)hmnnﬂmmtth

oase, oo that

ele e ——
== T e —
L .
where ny and z_ vepreseat the mmber (per unit volume) and valenoce

of the ioms of the ith kinde The sumnation is taken over all the
types of lons mresent in the solution, and equation (1.21) is
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applicable irrespective of the number of different kinde of iouns.

In order to solve for v it 1s necessary to hove ssother
rolationship between o and \y and this may be obtained by introdu~
mm-qmmmummumibﬁ-“—
lomb'a law of force between olectrostatic charges holds mod for
ions. This eguation in rectanguler co-ordinate is =

5" o § = = = —
=5V B =0 e ——
=l 30 b

x\&ﬂzmﬁ co-ordinates of the point in the given volume
Mﬁehﬁaﬁd&ﬁue@mtummm ‘
%o poler cowordimates, and meking use of the feot that the terms
contatuing qﬂg‘;:mnmmﬁnwmeg
memhwwmumm
mmwmsﬁmmﬁie c and & 2

equation (1.22) becomes

L8 o —48C
F'E?Q‘ = < (1423)

S AT -
—:;.; %{‘ (Y‘L bt) = T wiﬂn_; 2Ry (2e29)
A




&G
where the gquantity R is defined by

L
_ | ane? - ==
R= eXT nz; ‘ (1.28)

The differeatial oqmm (1+24) can be solved, and the
solution has the general form =

g pep(CR) A exp (RY)

whare 4 and A' are constants which can be evaiuated ia the follow-
matmmwmm;ammﬁﬁem

.
Aétg | (1.27)

for a very 4mmzmzamm aod hense &0

also is R ; as may gmm ihﬂr}i the vaiue of th
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distances will be Z{E/E.p « It follows, tharefore, that

e 7. €

T Ev

= ZL€

A= 3

mwgwmsummq)m

= Wy o= z": erp (—R")/v {1e28)

‘his equation may be written in the form

S s ol (o

-ﬂEﬁMhm.n that kumm\'_x E*PCP@)—]

i = e Zi € R
1 e T (1.29)

The fizet tern on the right of the equation (1.29) is the potential
ﬁthdmmlgmpmthhﬂmsﬂm surround-
mmm.mumm,wmumwwmm
arising from the lonlc atwosvhere, It is seeon, therefore, that
the potential due to the ionic atwosphere, is given by

(1.30)
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for a dilute solution. iSince this expreseion is independent of ry
1t may be assumed to hold when r is Zero, so that the potential on
the ioa itself, duo %o its surrowding atmosphere which is-%;c since
it 1s equal in megnitude and opposite in sign to that of the central
ion itself, were placed at a distance - from the ion the potential
sroduced at, 1t wuld be — Z°% » which 1s ldextical with the
value given by equation (1430)s It is seen, therefore, that the
effoct of the ion atnosphere is equivalent to Shat of & single
charge, of the samo magiitude, placed at a distance - from the
ioni the quantity - 0an thus be regardel as a measure of the thick-
ness of the ion atmesphere in a given solution. The thicinees of
the ionic atmosphere will depend on the mumber of fone of each kind
present in ualt volwne and on their valemce. If Oy is the conoentra~
tion of the ions of the ith kind expressed ia moles {gras-icus)

per litre, then

vhere i is the Avogadro number, hence, from equation (1.25) after
making slisht rearrangesent

1= —= /g% — —toenk a 3-1)
o e ” o
R Cizt aneN
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- The value of the universal constaunts are as follows:
1 1,38 x m‘“ erg per degreo, ¢ is 4,802 x 1040 @eBe undt

is 6,020 x 1V , honce

“he thiciness of the lonio atmosphere is thus seen o bo of the
order of 10~ oms 1% decreases with incressing concentretion end
. ingoreamses with incremsing dieleotric constant of the solvent and

m:nmmu'm* that is %o
Wsﬁhﬂ“hﬁwmﬂ'ﬁﬂﬂaw
mmmtmmummmmmhn
solvent, it has spherical symaetry. «heu the ion is made to move
under the influence of an external force, however ess by the appli-
eation of an elecirieal field, the symuetry of the ioanic atmosphe~-
re ia disturbed, If g particular kind of ion moves to the right,
for exanple, each ion will constautly have % build wp its londe
atmosphere to the right, while the charge density ® the left grae-
dually decays. The rate at which the atmosphers toths right fomrs
and that to the left dies avay is expressed in terms of a quantity
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called time of relaxation of the ionic atmosphere, The decay of the
fonic atmouphere ocowrs exponentially, 80 the retwrn to randonm dis-
tributica is asymptotic in naturej it follows, therefore; that the
tine required i the loniec atmosphere $o fall actuslly to sere is,
theoretically, infinite, It has been shown, however; that, after

the removal of the ceatral lon, the suwrrounding at=osphere falls

virtually % #ero ia the time 4qowhere O is the time of relaxa-
mumm:m;mm;naqumw

i k v K
1= z*-»z z X' +2K,

{i.82)
Z is the valence, excluding the sign and £ is the ion condudctance
only two lons; - and 2 are egual and g is 0.5; the time Zor lonie
atoosphere %o do0ay virtually %o saxe is $hemzo. '
EMmMazm:hmﬁ%zmﬁhﬂw
through a solutions under the influsnce of sn elecirical force czv
mvumggwmm.@;mﬁiw
the force due tc resistance represented by ju , where £ is the re-
sultant coefficient of frictionsl residtance and U ic the steady
velooity of the isn. It follows, therefore,; that

i
;C"f‘:r I'
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EZN

§
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nmmmﬁamh lwlimmthnvu&uu
aadts farther the veloeity u ls theu given Wy

= - EEE=
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ek &
300K =_1u4 = Lis33)

1y = 96,500, ince cm 44808 x 107 oy5e wlte
:#mmmuymmmmmﬁﬁﬁmtm
&mmmmamagﬂga:mwm
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: z, 1s equal to 2 Tor a binary elec~
m&mrf uﬁx iam«:* the equivalent
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fonie atmosphere surrousding a moving ion is not symetricaly the
charge density being greater beaind than infronti winoe the net
charge of the atmosphere is opposite 8o that of tho ceatrsl ioms
manu’ummasmemnhammm
moving ions The msymsetry of the ionde atmosphars, dus to the time
of reilaxation will thus result in a retardation of tho ion moving |
under the iafilssnce of an applied fiald. This fafluence on the speed
_of an fon 15 called the relaxation effect or asaymwiry effects
Another factor which tends o retard the motion of as ien
in solution is the tendemoy of the applied potential tc move the
ionic atwephers with its associated solvent molecules, in a direc-
tion opposite to thet in which central iom, with its golvent mole-
cules is moving, in mdditionsl retarding influence; eguivalent to i
an increase in the viscous resistance of the solve:t is thus exerted
on the moving ion, this 4s lmown as the eleotrophoretic effecty &
since it is analogous to the resistance acting against the movement ﬁ
1
.

of a Collpidal marticle in aa eleotrical field.

An attempt to caloulate the magnitude of the forces opposing
m»smwuwmmumuummwmﬂmr
they assumed the applicability of Stokes's law and derived the ¥
following exprassion for the electrophoretic force oa ea ion of the
ith kind: '

Electrophoretic Force = -%z\‘—%—- $:v (1458)
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where € z, and R have their usual sigaificance, the latter being
mumlhﬂmomdpromlofﬁutum‘afﬂum:&_
mosphere; ~ 1s the viscosity of the medium; £4 1e the coefficient of
mm resistance of the solvent opposing the motion of the ion
9f the ith kind, and V 1s the moplied potential gradients The same
resull =as derived ia an alternative mamner by unsager; who chowed
ﬂu::ithmtmytar“m'almﬁhmmmlm
msuz—-auumvoruun.

mmmmmormmmmmu
Huckel did not take into acooust the natuwral Irownien movement of
mzm:uxm:umummwmumm
oq:ntiul

Sglavation foroe s — - wV (1,87)

where ¢ is the dielsotric oonstant of the medium mnd co is defined by

= z.z .t%

4 -'Wf; (1+38)

the value of g balaz siven by equation (1.32),

it is now possibie o equate the furces actlng ou en loa of
the 1th kind when 1% 18 moving through a soluticn with a steady
veloeity U, ) the d&riving force due to the applied eleotrical field
is €z,vj and this is opposed by the frictionsl force of the solvent,



e

sgual to K U s together slectrophuresis and relaxation iorces;

hence
R £z R
eZ\/—- u + q' ""_0_) 'v ey
&’ F e Y oo oV (1459)
bn dividing throughout by $v and mss.m‘mwﬁ w2y thids bacomes

(1 ez, ez;k g3 2R
N, §, 6Tt 6eKT 8

I£ the £i61l8 strength and potentlal sradlent, in taken ns 1 vold

per cang dees ¥ oig 1/3500, then |

2
e zi eR /21 €z; 4

L 3005, 300 \6nn GERT &

7/

J. -
“-‘3.!;

A% Amfinite diluvlion K ig serg, and so wndey this conditions this

\

aguation bovuses

{ Q [
Ki _ ki erR{ za e ez
= - + . D
o F F 300\ ¢ o 6EKT 5

{1e41)

For simplicity, the spsunption iz snov oade thot tho sleotroe-

Ivte iz porpletely dissociaoted, that 48 Yo says o ig anmuned $o be
widys thie, as will be evideny shortly. ig true for colubion of
ekiaters Ul glectrolytor at guite appreciable conceimiations. dguation

{1.41) can shen be sub in tho Lorm

K"':OK er [/ z: 5ooe‘;<' -
A 300 \6nM 6eRT ©
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replacing f-f_—‘ by (500 x:m. Introducing the expression for R

*

given by equation (1.25), and utilising the standard values of esk
end N, equation (1.42) becomes

5
= o’ 291562, qqomo o 7 2
= K, - / c i
K‘._ X (&T)’”] @Tﬁ- K Wi /CZ+CZ, (1.48)

The quaatities O_ aad O~ represent the comcentrations of
the ions in wmoles per liter; these may be replaced by the corres-
peading conocentrations ¢ in equivelents per liter, vhere ¢ which
ie the same for both ions, is equal to c_z; hence

t e 12952, . A9%10 -
K= K, [@T)hn-i— L kirotl/cz z)

) ;o' 29;5(2++2) 99 %10 !r———-—
K =%~ [ (e'r)‘hn e T)’Ii Ollef+z) (1e44)

The above guation represcate forme of the Lebye-ilickel-isager
couduotance equationj these relationships, based on the asswaption
taat dlosocation of the alectrolyte is complete, atieszt $o acoount
for the falling off of the qmummm.twm
concentrations in terne of a decrease in londc velocity resudting
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from interionic forces. The decrease of conductance due to these
forces ia represcnted by the quantities in the square brackets; the
rmmmmmmunmmmuhmam
retis force and the second term represents the influcnse of the
relaxation, or assymmetry force. it will be apparent from equation
(1+44) that for a given solvent at a definite tenperature, the mage
nituds of the interionic forces increases, as is to be anticipated,
with inereasing the velence of the ions and with inoreasing concen=
tration ol ithe elecirulyie. ’

Pao (1943) conducted & long sories of measurenants of current-
voltage characieristic under dirferent tenceratures in lso=ocotane
and 1iquid alr, both of which were ionised by Y~rays from s rediun
source and observed that the current increases systematically with
result of chaaging the direction of aoplied voltago.

He explained the phecomena qualitatively by whe Tact that
viscoelty decreases with the iacrease of temperature and hence the
icnas in the column are more resdily separuted Ifrom each others. Jaffee
developed a formula expressing the value of the current at aay field
in terms of the moblility, diffusion aad recombination coefficient

afmmmhnmmw---

2 3 A
i | AN | bo E
= \}*7-35113“5”( 29 >jl s
A 0 .
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whare T, 16 the cu'rent por uait avea at & f101d B, I_ the satu=
ration cu-rent at infinite field, § the number of fon pairs pro-
duced per om length of a colwmn; b, the initial diameter of the
colum within which the lons are found and x,c> asd D sre the re=
combination, mobility and diffusion coeffieient respectively of
the foas Having examined Jaffee's theory of columar lonization,
Pa0 arrived at the following relationship

5 1N
= a (“"SE) (1.46)

A

o

S L

-~  whare 5=
- *’.gbbb}

mmmmmmmmmaamlq :
asinot -1 in iso-octesns irradiated by v-rave st 515,3°K, 273°%,
260,6°%y 250 %, and at 191°K 1s that all the straight lines inter
seet at one pm_(gﬁ-u:ﬂm}.mmm&tg
number of lons produced by the ionising sgmt 1@ indevenient of
the temperature of the 1iquids U the basis of his exjerinental

mmthummm snd T

= - g= Constant (1.67)

- T{-‘z B,
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Pao also iavestigated, the variation of induced and natural
conduotivity of so-ootane and 1iquid oxysen with Somperatures

Plumley (1941) applied poteatial ddssociation theory to
explain residusl conduotivity of the dielectric 1iguid ad stated
that even those molecules of the 1iquid whose dielectrie constant
ia very low (2-4) are likely to disseciate in higher elsotric field.
aceording %o his theory, the noutral molecules gansraily form paire
of positive and nogative lons which may dissoeiate luto two lons ia
an eleotric field, Thus for heptane

gty = Ggil QN

jsrmumuavommurmmmmut-—

perature T and the field £, applicable to number of dissociated mole-
cules ‘

\KT

where C is s constant and is proportional to the number of disso~
¢iated molecules at sero field. £ is Soltzman constant, ¢ the ualt
charge and ¢ , the dielectric constant,

The expression (1+48) could be represented as

I = e%b ’/ﬂ'\k},oau)‘i (1.48)

L
ba F2Y i (1.49)
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This is an inportant conclusion of Plumley's theory,

Reise sud Pao have conmpared the Ylumley'e relationsidp with
their own results and observed the depentence of the currant on both
temperature and dielectric constant. .

Ereniel’s Theorye IFreukel (1947) based his theory of electrical
conduction in dielectric liguids on s own general theory of 1lie
quids, According to this theory the molecules of a liquid are bound
together by the forces of cohesion but owing %0 themal motion they
widely osecillate around their position of equilibrium, There is a
distinet probabllity that in the cowrse of oscillation a molecule
might soquire such a kinetic energy that it would be able to sepa~
rate itself from its neishbowring molecule aud travel at a distance
equivaient to ite dimensions and then stop in a new position of equi~
1ibrixs,s The number of travelliang molecules is determined by the
aifference u_ botwsen the poteatial energy U, of s moleeule in aa
excited state aad the poteatial energy U; of a molscule ia a normal
state (U = Ug - Uy J» The number of mlecules also depends on the
kinetic energy of a molecule in its random thermal motion i.e, it
depands on the temperature T of the liguide vhea aa ion is influen~
ced by an external forece, their poteatial energy is reduced as it
moves towards the direction of the meotion of the forces The freguency
of the molecule's free vibration whea in a static popition is deno~-

,: ted by > (frequenscy is the mumber of possible jumps over the wall
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80~

wall in unit time and in a given direction 4o

= e D exp (-4 (1460)

The numerical 6 4s ia the dencminator because one-third of the molew
oules moves in one of the three perpendicular dlrections and a half
of this third turms in one direotion. In the absence of external

~ forces the sctivated molscules of the liguid move at randon in vari.

ous directions and surnount the poteatisl wall arriving at new 298i.
tions of equilibrium, This description of thormal motion in liquide
explalns various pelfiomena including the effect of temperature ob
the viscosity of the liquid.

- After myslication of an eleotric field, the ions sequire
additional velocity towards the field and thus gain extrs kinetie
enorgy Au=qES, (q denotes the ion charge, X, the elsetric
£1014 strensth aud 5 4 the length of the free path of an fen) AU ia
thus the work of the electric field along half of ¢ie lensth of the
free paths The additional number of lons cressing over the poteatia)
wall as a result of the action of an electric field was

e e 3(&*?(—“23“)—:*%:“:2““)} (153)
L -

The following expression was obtained for lower field AU KT s whey
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g 4 QKT

The v:mnaltg of the transfer of ioas in-rig inu Slﬂlliiil

T 'n_ =0 E)»J 1
@ T, - o —~—_t € Fé ‘ O”,
A 54

and the mobility of ions in the liguid

u:——g-‘:
E

exp ( Uy (1.87)

KT KT/
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'Asukiz "(’) (1.88)
mm&ummmtumﬁtm ‘fres*
path of an ion, the tesperature of the liquid and o o the work
.WBMhmmtmﬁummgm#
 strensthe

mmwumunmt mtmmmm'
ration petﬁm formulated as follows,

{ = 75, =NQUE (1,59)

o AL m“%l ex p(__?) (1,80)

the elsetrieal conductivity of th; 1iguid was

g= --E— = MeqU

T= “g:’f") bl ) (1.88)

whare 7., denotes the anumber of ions per Cet.

According to Premkel the mechasism of electrical conduction in
dielectric 1iquid interpreted by Adancsewski is as followsi an ion
produced by an external agent attaches itself to a molecule thus
foming an entity. As a result of thermal motion, however, the ion
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is able to separate itself from the molecule. In thds process the
ion loses energy when overcoming the coupling forces, i.e¢: when
generating m energy. Alter nparaﬂm from the molecule
mmmnaﬂsmmopmmmum

ble to the dimension of the molecule, and attaches itself to another

moleeule. QMmrmpﬁShpﬂlhﬁthMOfih

molecule and on the moving don.
mim&swmumwmm

(tm-ummmmmu&:hmww
108 in a 1igiid have sisilar valuss of mobility 10 u’m“f“
whwcnmmhintgﬂtmmmuogmmw#

The equstion (1.61) may be written as =—

oAl tem
e
whare e st U, - U -5 =
: A=0 QRT 0 (Ul U) At

It foliows from ¢ above formuls that the conductivity of
fons in & liguid should inerease rapidly with an incresse in tem-
perature. mwmumﬁomm(—— s the value A

Mmmwdthmmmﬁanpm- '

zination, thcrerm, .tt oan be asspumed that umimbip\no:j
should be linsar and this is generally e:maiaﬁt with exporinental
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data. Standhammer and Seyer (1957) attempted to measure the cone~
duetivity of cyclohexane saturated with water as a function of tem=—
perature, and also caloulated the number of ions per cubic centi~
neter per second produced in cyclohexane with the change of vater
content and tenperature. The result obtained clearly showed that
the logaritha of the conductivity of the oyclohexane, saturated with
water, was inversely mroportional to the absolute temperature.
Porster (1962) published the results of his research on
eleetric conduction in bensene under normal condition i.os when the
11quid wes saturated with air, the self conductivity in bensene was
of the order 10 2% 0wt gu™'; while after the de-aeration of the
freshly purified liguid, it was about ”“Oh!‘-t. lie observed
that the temperature dependence of the coanductance of bensone was
in all cases & straight liney:When log of conductance or log of
specifie condustance was plotted against L + He obtained the follow-
ing relationahip for the dependense of conduotivity on temperature
at the various separationsof the electrodes,

AE

where o, and AL are material constants. The value of activation
energy A5 was deternined by least-square analysis. Within experi-
~ mental error of + 0,04 ¢v the values of activation energy obtained

" wea AB g 0442 cv, The value of o wae b x 1040!140’1 for dis-
. #1110 and degassed bensene and 1ts value was found to increase
th decreasing purity of benzene.
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The values of activation cnergy obtained by “oreter for
aromatic hydrocarbons were about 0.4 =levand for bensene, tolucne,
and xylenes about O.41 e.v. ilo found similar values of activation
snergy for selfeconductivity in cyclohexzane (~ C.d2ev,

Jachym conducted a long seriss of experiments on the depea~
dence of conduotivity of 1iquid on temperature. The dopendence of
both natural and ionization conductivity (by moans of i-rey and
Y-radiation) was sinultanecusly measwred in coyclohozanss These
nmusmuthatantMMnﬁmma
the increase in temperature. That is, the sotivation energy for
natural oonductivity was almost four times greater ihan that for
ionization conduwction. Adamozewski measured the natural and Ionlse-
tion eurrents in wider range of tenperature fHr hexane %o hexa~
decane and showed asother important difference in the depcndence of
mmmmmummm Iounisation con~
ductivity is characterised by straizht lines, which are Almest pare~
1lel to sach other when [»1 1s plotted against - ; bub in the cese
of eself conduetivity, however, a sudden change takes place at a
cortain temperature, above wiich a further inorease in the matural
current was coaneoted with asx increase iu activation energy.

A mumber of experimente on the elecirical conductivity as a
funetion of temperature in various liguide were conducted by Bassler
and his colleazuoss They deternined the activation anergy for thwe
processes and established the following genoral relationship for
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natural condugtivity.

o= o+, = oy expl KT)W b5 (1.09)

~1
whare J_ 3(8*'2)1 ﬂﬁ‘lﬂ was independent of the chenmical

gmotm of the molecules, wnd 7;, was characteristic for each

substances. == =

quids there were changes of slope in the curves. This indioated
that at a certain te serature, a changd ocours ia the activation
Wofmwm,mmmmmm
of the equation (1.82) begins to prevails

Ursanisches Halbleiter (1966), justified the validity of
the relationship

eq:(- ) (1.64)

in case of organie substance having & euall molecudar sisee
Adgnozewski; =nd Jachym (1963) in their paser have given

a comparison of resulis by various research ﬁégma for the can~

ductivity or mﬂt dielectric liquids as a fmctim of tem~

sarature, (TJ: : —= Tem o



theoretical and experimental aspects on the olectrical conductivity
of dislectric 1iquidls that it is possible to obtain some defisite
information regarding the state, the degree of dissoclation and the
pm000308 of fres electrons mad lons in liguids. Tho rovaloat theoe
*ies rogurding the mecracism of eleetrical conduction in liquids
amwhym«utnmmmumunmu
the models that have been bullt up to explain the clectrical con=
Wyhﬁq@“pﬂﬂnﬂWMhﬂMﬂh
mmm&gmmnmatuwmm

theory of conduetion in electrolytes has been established on a solid 1
foundation by Dobye and Mickel mid later on the theory has boen |
improved by the work of Jnseger, Kirkwood, lebye sud idkenhangen.ihe |
nmmmmmmu that all dielectric

iiquids both polar and none-polar exhibit a fiaite conductivity. io
general theory regarding the mechanism of conduction in the dislec~
tric Liquids has hovever been advanced so fars The main object of
the present investigation is % osbisia experimental data regarding
the nature of electrical conduction in dleleetrie liguide and to
MamMatm*tmwﬂmmatdtmmthw.
1% 1s evident from the review of literatwre in this fieold that
almost all the work on the eleoctrical conduotivity of dielectrice
has been carried out in d,c. fiaolds and watly on non~polar disleo-
trics, It is thus thought worthwhile to carry out measurencnts in
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the radiofrequency region because these types of measurem-nte will
mkuutnuh:orwmmmuwmm
ents as welle The measwrements have been particularly restricted to
a number of polar molecules. 1t is thus proposed to wdertake the

following lines of investigation in the preseant woris

Almost all calowls m ns ntmmc relaxation time in
1iguids have been mada from the measurenent of dielectric constant
wmnmmmmwmmtmmmm-m

of Dolpey -

the relaxation time T has been caloulatede It has been shown by
Hurochy and forgan that the radiofrequency conductivity of a polar
dieleoctric is a complex guantity aud is related with the real and
imaginary parts of dieleotric coustasts by the egquasions

N g b
= AT | 4+ Wt

and
= [ (Eo=5n)
4“ w "

u

1+ T
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In these deductions it is sesuned however that no free electronic
- or lonie conduction is present and the Yotal swrront iz the dlasplace-
“‘f @7”?!7“* -
, ,,Iini%mi%ﬁtmmmﬁmwi
frequeaay conductivity of a polar liquid enables us te caloulste
the relaxation time of the molecules in the dlalectrie asd oifers
= &a alteraative m %o dleleciric constant measurements The relax-
atloa time T is giveu according to Debye by the relstion

— —Anwy
= =

where v\ is the coefficlent of macrosocuplo viscosily sad 'a' is the !
radius of the rotating witi. Thus the messursment of T will saable
us to obtain infomation regarding the natws of the intermolecdar
£i0id and the siructure of the molecules 48 in the case of dielec~
tric consteat and mw:rmﬁmh afe {0 be perfor-
med with polar melecules diesolved ia non polar sulvente in order

to minimise the dipole-dipole, dipole induced dipole interactions
The problen of rewesesting the interaal Ipree which opposoas the
rotational movenant of the molscule under the action of fisld app-
110d, by viscous force is a subject of Speculs tion snd no definite
conclusion has been resched though a a;_mw "é_z enpz&aal ﬁm '
tations have been sujgested. The messurement of radio frequency
conductivity of polar molecuWles in different non polar adlveants !ﬁl

L
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enable us %o get an idea regarding the nature of this intemrnal
force because the presence of different non polar solvent molecules
will have mmagoa on the magaitude of this iaternal foroes

It 1s well known that in the region of oritioal opalescence
of $w blaayy mu&mwmsmumm
properties of the mixture ocours A sharp rise in the value of the
dislectric constant and loss, coefficient of viscosity, wltrascuic
attenustion occurs as the critical temperature is asproached. In the
case of lisht scatteriag it has boen observed that the depolariza~
tion factor in case of opalescent binary mixture is differeat from
unity slthough i the case of clear sclution the va uws is unity. It
has mwwmiﬁhnﬁéwﬁfwﬁm@m
wmmmamu cluster of molscules, How=
aver no definite information regsrdins the composition and size of
the clusters can be obtained from the data on 1lizht scattering ex-
mmmﬁ.mmm'é&Mammmmm—
ereass of viscosity in the region of critical opalescence utiliaing
tho principle of statistical meshaniocs, The inoresse in viscosity
is explained by Pixman on the assunption that the density fluctua-
tion causes a velocity gradient which produces a distortion in the
long wave lmgth part of the spesiTum of density fluctuations The
restoration to uniform densigy through diffusion dissinates energy
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and this appears in the form of inoreased viscositys The object of
tnumno:tmmtmutommmmumv
kc-_i:h- ruiiornqm conductivity measwrenents as the mizture
approaches the oriticel stags asd compare the rosults with Pixmen's
theorys Purther it will also eaable us o oaloulate the volume of
the rotating uait and which in twrn will give a measure of the volume
of scatterers in the critical opalescent stage. Ho general theory
which eas exvlain all the observed experimentel resilte has been
developed and it is expected that this study may provide some data

which will be helpful in developing such a theory.

Ia eotions A mad By it has been aseumed after surphy and
“orgaa that @0 free eleetros or lon conduction takes place in a
dielectric and only the displacement cwrrent prevails. 7o test the
validity of this assumption the work in the preseat seotion is pro-
posed to be undertaken. from the expression for radic frequency
mxuw;nmmwamm_mmmmu@g,l
we get,

¢ (ems) S ()
> 6

= ibn'n o’
=S
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As in the moet common dielectrics T = 1V Sece and the frequenoy
of the applied voltage varies from 400 Ko/Secs to 6 MG/Seey, (Jx”
s 1
and K= (ec- ¢)wall

Thus if measurement of radio fregquency conductivity is made st

gradually highey and higher teaperatures then as (6‘,-*5,,1;;5& /T
are both decreasing functions of temperatwre, k' should decrease

with the increase of teaperature, The experimental resul:s will thus

indiocate whether the assumption of the absence of free ions and
electrons in the liquid can be rogarded as valid, In receat years
mmmmmmmmm d.llﬁ.v mmm
mdmdeomhtMMnﬂ%u
a wife difference in the number density of fons in poler and non
polar dislecirics. Based on the experimental resulis it is sroposed
wmmwmmammmwmmm
flows in a dielectric when placed in an external glectric field.

It s Mumwamefa.e. field the product
of equivalent conduotivity snd viscoslty of the liquid is a cons-
tant and the formulation is imown as “alden's Rule. It will de in-
teresting to see whether a einiler relationship cen be established
mmaofmlﬂaMthﬂﬁmwm&wwm
tivity and viscoaity. :




(1974) m&;nS(E—E}’t w.ﬁ' 2:’; n%jlfiﬂm
- radius of the molecdls &mmn i8 m-mmcieB§ “of visoco-

81ty and £ 19 the ﬁ'ﬁgm% 2T the appliéd htg fhﬁ;

mﬂfé!'@ﬁaimaﬁmmm“ si-dlar to that of
9pecific condustivity in case of intrinsic semi conductors, Based
and ekl (1365) have suzzestod that ia case of = .

= KO‘GXID( :?f?)

= Dexp (4E)
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where AL, is the activation enorgy for viacous flow. According to
the assumpiions of hole theory AL, should be egqual to energy of
vaporization of the liquid but aoctually the experinental results
indicate that it is smaller than the energy of vaporisation and
varies from liquid %o liguid by a faotor which varies from 3 %o 4.
Regarding the physiecal eigaificance of the term AE, no definite
and clear pioture is at present available sad since an expression
has beon deduced incorsorating radio frequescy conductivity and vis-
cosity an attenpt can be made to correlate the activation energy
for viscosity with the characteristic enorgy of activation for con~
ductivity.

- It is presumed that the infornation thus obtained for the
factor responsible for viscosity in liquids may help in clarifying
the idsa regarding the mature of the laternal interolecular force
wrich opposes the rotation of a molecular dipole i in an ex-

Lassuming the presenoce of free 1maal5dcam#lintpam
dieleotric it has been possible to deduce an expresaglion relating
the confuctivity of a polar dlelectric and its viscositys. To provide
an indiveet evidemce for the preseace of free fonsj it is proposed
%o study the variation of radio frequency current in a number of
polar dlelectrics when a variable transverse magnetic field is
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applied to the dielectrics It is expected that if a sufficiently
strong magnetic field is applied it may affect the motion of the
ions and thereby cause a change in the magnitude of the ocurrent
flowing through the dielectrics If the magnetic field is not suffie
clently strong aasther effect may be expecteds It has been shown
by Kimura (1943) that the viscosity of & polar 1iquid is changed
when placed in a transverse magnetic field and as the radio fre-
quency conduetivity is related to viscosity & change in rof. cone
duetivity 1s also expsoted. A aystematic study of the nature of the
variation of viscosity with magnetiec £ield may throw some 1lisht on
the nature of the viscous forces operating in a liquid.

P.

It has beou a general observation that whem d.o. electrie
field is epplied to a dlelectric the owrrent decreases rapidly with
tmtnnmuncmmurmumm.mm
of ourrent 18 supposed %o be due to removal or acoumilation of ions
near the eleotrodes These observed experimental facte obviously
suggest that in dieleotirics free ions &0 exist. It is thus proposed
%o make a systematiec investimtion of the phenomena in & number of
Polar dielectirics as regards the change of curreant with time. o
detailed theory regarding the mechasiem of the decrease of current
with time has been established so far. The detailed theory will
obviously have to take into consideration the motion of the ions in
the field applied. The theory may also enable us to caloulate the
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mobility and aumber density of the ions.

The proposed experinments are supposed to provide us with
information regarding the nature of the current that flows in disleo~
trics which are supposed to be ideal insulators. The resultes will
also show the imperfection in natural dielectrics. with these ex-
perimental results 1t may be possible to develop a systematic theory
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