
~· Debye' e theory of the diel~ctri e behaviour of :pf>lar 

moleot~lea ia the mai.n. bwd.o p~opoad, ti.on from which a vast 

emount of litc:rratun on ·the $U'bject bas ~wown up. One of 

tbe i!ir:ect reaul ta o:t the theory is the r:lave1.opment ot the 

method to dl$t~l!line t~ d :lpolo t.aoment of polar molecu1fl11 

t-lhiob ie a USfl.ful pa.~anulJit$7.' in understaruUng tbe .mol~culmr 

obaf,IQ and ~trnoture, nn>lecttl3'1? interactiont~ tm'l bond l~ngtbw 

for atoma tormtng the mol.ecul-ee. 

Tbe ffret quantitative r-elation f.or theil dielectric 

polt1rtimat1on o:f a substance in ;p~aance oi: an ext41'1:rnal 

field io giv<tn by the Ol.ausiu~oaotti equation ( 1850• 1879) 

E- \ 
E + 2. 

and tb$ eq,tta·ti.on :ror ~olnr t.<0he.a tion 
rn,_- \ M 
-n?- + ;t ol -

~ 7\.N o( 
3 0 

weiebt of the $Ubateriace, cl it9 detud.ty, !t the number ot 

m.oloottlea per mol~~ d..o i:B the polnrizabili ty j;H.u:• molecule 

lilntt n ia the refract:lv$ in~ex. 
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Debye aesumed that Y'~hen dipolar molecules ttre placed in 

e. steady el~etric fi,elclt in add:i.ti.on to nornal eleotrordo end 

atonrl.e polari$ltion1 n third polert£Btion called orientntional 

l!Oleris:ation '>ocurs due to· permanent dipole mm11~nt f'- of the 

polar molecule ·tending tb~ molecules to align tbelilSelveB in 

the di:recticm of ·the t~telcl. In that case tho total polarima­

tiotl · i.a pven by De bye as 

P= E.-\ M 
E+~·d. 

1-

::.T) (1~1) 
where . ~ is the polari aabili ty by distortion and fAj 3 K T 

th• pQ1eri~ab1l~ ty by ~r.il~n~ation, K is the Boltzmann 

eonetan:t, T · is 'the tal>eolutf;l to1npera:tu.re ana 1'1 is tl:ie . . 
I 

Avogad~o nun1ber. ~bum lJabye e~uation e:tfor(t~d tbe :poseibili t.y 

of oalaulating moleoula:r diPQli~ momentm frozu malsure:~enta o:r 

the diel~otrio const~t wl1ich bowev~r did not arouse ~uoh 

inta:reat until the middl.e o,t 1920. At that ti'l:le w'ldereta.~ding 

ot the &Jtruoture of molac11lea had advlana&cl to ttuob a dtJf!rt'tO 

that the value of the ·dipole moment could be oonneoted t91 tb 

the geomet"t"ical ar.rangatilent of ifh43 o.toma in the molecule. 

J!rom the.n tint the si.grti:fioance of Deby~' a method was fully 

resli~ed and an :lnoreaai·.ntt tluntbel.'" o:r dotnrminationa 9f per­

manent dipole roo:mento wore perf'o:m:nttd. Bu.t · it is w•11 known. 

that Debye' o eq,u11tion is .fnurul 'to be exp~rir.unttal:ey v~lid for 

gue~ mml for v~ry dilute aolutionm of po1nr 1iquids in non­

polar sol vent a mncl la:rgQ duviations ~e observed for polar 

liquid~ snd sol:hls. t_fbaa.e d :1sorepnnc1ea are due to the 

following nssumptioJ1S mrule ~by Debye• 
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1 • Ifo local d irectionel foreca due to neighbOltrs ~ot 

ur,.!On dipol.ee eo that they m-e distributed accor­

ding to Lrmgevtn* ~·~ lnw. 

2 • Tho fie~ld due to molecule within the opherionl 
. . tko.t 9- . 

region having r~ius la:r:e;er than!\. the molecules ia se~o .. 

3. The d ireetlna field wae taken equtll to the i:nt.erma.t 

fl eld. 

Onuger ( 1936) wn.s orw of the f:tra·t workera to •xmninct 

the problem of internnl ~tieltl. In ttia treat~eent the mol&eula 

of a polar liquid i0 conoida~ed as a pol~i~a.ble point dipol~ 

at the centre of a 4l:Pberinn1 cavity oi" ~oolecular dimonainne 

aorrounded by ~1 unpolar·ized rned1um. UQ c~leuls.te<l the tate.l 

field (F) on tbe epher:l iOn.l rloleoule ao du~ to flavi ty field 

arising due to utemei chargee end reaction fi6ld- ariuing 

due to polariea~ion o.f the 0nvironm~nt medium by the field 

of the 4ipoie-. The ~.nterne.1 .field aocordi.n.g to Oneager iQ 

'I u 3 E E + '2.( E- l) . a-n 

J..E. + \ ( ~ E: -t ' ) o-.3 

where E in the dielaet~ie aonetant of tbe sorro\md:tng 

medium •a• :i.s th~ r&ditto of the Sl)herical cavity, :H is 

the uniform macrosoo,pio :field. outai<1o the oavi t7 and m io 

tbe dil'>Ole mor:-<Jent ot the ce.v.i ty. lly applying this intorns.l 

field instead of Lortnttw li0l.d in Debye equation, Ona~gor 

obtainad for molat" polari.~l;~tton 

. (_E- \ 
\E + 2. 

E -\ j M f;1{J . 

E00 + :2.. d 

~ 

3E(foo+2.) 
( 2..E +E.,o)(E+2) 
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(2-E. + EoO) (E- -T 2.) . 
equation ( 1 .1 ) • As E approsell.ee · 

' 
ranches unity toot ia, .th~ two equation$ lead to s~ne renlte 

:for. in:fini 'tely dilute soluti.onQ o.f pola.·r solute in nonpolar 
\ 

solvents or speeial13 i~ aaso of £SG.il'J9 where E . nnd fo(J are 

very o1o~$ to ®ity n:t atnoapher.:te p:reerrure. Tuou.gh Otl~t•s:~r· s 

equatit>n im a.pproxinu.it.tQly .found to bu valid itl unasaooi"'ted 

liquids, large di~Borepencies have been .found in co.ae Qf esao­

ciated liquidft. The difmrep.f.m<liea artl due too 

1. Onsagtt~ did !'lot oon.ei.der tlle short ra:nga farcea d.ue to 

an o:t"thtwad array of nQighbour1.l18 molecules. 

2. On eager.' e treo:tmrn:rt; of polar· molecule a ia limited to 

thosfiJ wbieh are sphoi!1iom.J. in .form. 

TbflJ en,rl..ronment of. the r~oleeula is treated as a 

bQmogelleous oo!:rt:tnum~ a11d the local saturation 

e:r:t~ot~ 9re negleotea. 

The o:t':foot of short rnn6'J forcea was first considered 

by Kirkwood ( 19'S9). Unlike O.nsager, Ki.rkwood dot;ts not anaume 

tile: apl)roximation or a u.n:tfor.m. l.ooal die).f!ctrie oon!,\tant iden­

tical 'I.IJitll the meorosoopic dielectrlo constant of the madiur-.l. 

By· taking into·. Q.CCOUrlt the ~Um of the !D.Ol.ooula.r dipole m~t\\Ont 

· and moment 1.nduo~4 as a result of hinderetl rotstit:~n in tbo 

spheri.oa.l ragion. "or.romad tng the roolec.ule , lle der1:~te~l th.e 

x·elation 

(
E-\ -~-\\.M 
E+2. ~+2-J d. 

wbeZ"e d ia the cor~:oel.ation psr.o.mater which char.aoteris0s 

the int~:rnaoleeul~r intel!.'aetion w.td mhort ran,ze fo:r.Ce$. The 
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equation becomes identical wi:th Oneager~ s equation it d m 1. 

~he <bpart~are. of d ·from unity is a mnaovJ'•e of bind(tred rels .. 

. ti ve moleeul$r ~tat ion n.ll'i3i:ng fl:!Om short ~Sllf~ 1Jltemole-

. cula-v t'o::ecEJ::s. For u:n&{u~oc:l.ated li·®id tlic value Q;f d ie 

ap~w~ma.tely 1~.ni ty wllil.e :foJ: associated liquid the value 

dap~te eignit.io&ltly f~om unity. 

It is evident tbat Kirkwood uq~~atirin ropr~eent., e. 

theoretical tadvanee heyo:nd Onsager equation, i11 tluit 1 t taken 

. into aceo,~t thf.'IJ bindra.."lce of moleoulmt• orientation by 'tletgh­

. bouring molaoulea. :In the a 'b:1rmce of knowledge of 1:!. <l'!.aid 

. ' . 

structure tbia factor ia tutl<.now:n nntl utieful only as an empl:·­

rioal oon~t~nt. 

ll~ijb:lich (19M~) tnodififld l{il."J...-wood' a thElo.ey by oontJi-
. . 

fler1ng a dipol.tn.* die1eotr:lo with a number o:f polarizable 

unit$ of same kind withill a la~ge sphsrioal region. Bach unit 
r ~~ , 

,j, 

he.s Vm:ti~UfJ dipote··,mom~Ilt. r iU different dir-ections which 

o c(~ur in oolaree of th(!rtttal. fluc1;uationa with n certain pro-
~ . ~ 

babili ty. .lh~ average tnom~nt . F due to EJUC'h v.mi t wi tld.n 

the opher1cal rasion ·,i$ atftere.nt :rrom 1 b~causa ot snort 

raneQ interactions between thG polarizab1e units and the 

deviation of tllc ahe.pa of thG mol~cules from a til.phero. On· 

t1d.a b mie an equation haa been darived for low i;ntetitd't')f' 

:field8 as 

E- 3E 
2E + \ 

wb~ro No is th$ number of 'lU'lits per unit volunle. ProhliohtB 

theory h~s been ex.tend.~d to aniao'tropic molcculil s by Fowle • s 

(1955). eml to. t}1a cane o:f st'r.ong fi~ldo by O'Dwyer (19S1). 
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ThE~ difficult,ien in ll'r.oblieh' s ttteocy ar.e aseooie.ted witb. the 

evel.u~,tion o:t «!tr.tergy or :trrtElraction of' the asr:ip).e wi,th the 

aorround :tng m.ediunt .. 

'Thll9 !rom the d:i .. f;f~rent t-heo~l(!a oo far diacuaE1eti 

above., it is clear tbat iiha dipol~ ... dipolE! interat1t:ton pl~a 

em. outstanding p~oblgm itt the dete;t>min&tion ot dipole moment 

· of pol ill~ li quiduQ Conn~ently .a oonvmtitmt tllO·thod of dipolE~ 

moment de~te:rminetion fl~om solution i:tflta of pols solute in. 

no.npolro.x." oolwnta has 'be~n adopted as in thia case t'he mole• _ 

Qulet:J are well $Op~ated .fro~ eaeb other.~ the dipoln-dipfilG 

interaction i$ eonsequr:mtl-y r:~ore or leB.s e.beent nn.d moreover 

the t!Jipole mom<n~t value evnlua:te(J by this method oortlQS in 

reasq~.able n~G~mont 't~ith that ob•tainet\ :trmn gooeoue state. 
a. 

Whe-n a polar aolute ia dioaolvetl in/\nonpolo.r sol vent, 

.»ttbye .bas ahown. tllat· .·th~ ele-ctric .dipol~ :moment. /A of s 

solute moleou1o c~n be deX>:tvod from the equa:M.ons 

L\7\....N -1. x~· 
3 .2 e. .. ,~ 

·< . : { 1.3) 

wbere too suffix 12t 1 and 2 represent the i:i!Clutioa, Golvent 

.and iJOlute reape~ti vely • E the dtel.eotrie eortflt(ltlt, "' thE! 

re:tra¢'tive index extrapOl$ted .from thfl vissibl~ J)ari of the 



-~ .. , 

~-
\ 

- 7 .. 

solute of mole< hact:ton x~ ree:pecti.v<!'l.y, }l tbe Avogadro 

number, K th& Dolt2'1mann cona1:Mt> a.nd T io the tet>jperat.utte 

in abaolutti ac.a.l.e. J;qu~t.ion { 1.?) can be U$ed aireotly to 

obtai.n the Dlola.r. polari~t1on of sc:>lttta at infi.nit$ diluticm · 

s;!'ld thus; i:n tutrn th$ dipole~ moment of polar solute so cording 

to Z11lat i'(')n { Debye.' s method) 

lftJ - (1 --x:~)[P,J 

E,- \ V 
I 

E' + 2... 

')(.· 
2. 

Tbe value of P;?. 00 i •. nclud~a o:t 'cottrEH$ the C>ntribution of' 

electronic and atomic polarization which mu!!lt be taken into 

CQl'lr:d.der~ttion ·to ~veluat~ the 4ipole r.~omerat t;~t polor ~cl-ute. 

If we neglect .. · the co:tlrt~i'bution of electronic and atomic 
. . ' 

pola.:t:"ization of ool.ute and. Bol:v~nt molecule• i.t can .be shown 
. "l-

from (1.2) end (1~3) ae~ming E, = -n, 

n ~ - \ . A, 1\. n ' fl'-"2-

n~~ +2. 9 KT . . . ( 1.4} 

wheN ;·n 1 is the nu.mb(~r of @Olute molf.1<'.rulea pet- o,.c. nut 

equation ( 1.,4) when ~ppli~d to aae.e soluta end oolvent 

system in di£fei"·~.nt ('t.>Ilcent.l?f.l't:ion, givef!l dif!fe~nt· '\"elutu~ 

of fA • 'i'his is chte to the t•a.et that DebyEt' s .~quation is 

valid at in.fini te dilution onl;;,t in rarstl':'i.ct~d sens«! find 

;>ertly duo to :1-;he · :fact -th!lt the eomputat:1on ot fA dopentltJ 
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purely U!>On tho theory ot extrcpolru:ti<>n (jf dif.filreat pbye:tc~l . . ' . . . ~ . ' . 

c,,uant.~ t:l.em tJUtth COB E , 2.. , n '2.. ·. , d, ~ eto. £4nce the 

.extrtapala.tit»l curve is not a .atraight :tin~. ~ret'ot"e several 
' I . : ' ' 

attempts .hav$ b.~H~l~ made, _to improv~ the p~oe.eaa Qf $xt:r~p~la­

tion by di:ft~l."ent e.utbo~ao 

. Redestranfi. (1929) poi;nted O\tt thnt i.f E ,~ and d,2... 

'rary lin.~~r~y with X :2. 1 th~ mole, fra¢tion o.t ·the s-alu:'te• 

1ih~n. · tlw value o:r -t:ota1 molar. polm·ima;tion o:f the uolu:to · (P 2) 

can be oat oul&te.tl :~t">m etdno ( 1.2) ltHld.ing to 

X;2_ P:l = X~ E,:;,_- 1 
. M~ + (1 - x:!) M1 [E':t- \ -~ 

E.,~+2.. ol,~ E.,2.+2.. d,~ 
' ' 

. ' -~::~. ~J .. '(1.5) 

D-lf'.fe>?t~ntiati ng both sith'.:ltll of equation { 1 • 5) w:t th !."e epeot to 

. X~· Blld to.ki.ng the liniit X~~- 0 , w~ ht~V&.l?2 t:a P
2

oa, the 
' ' 

;to·tal mola.r- pola..~.~atiQn ot solute at inf:.inite dil.t~otion, 

E , 2. a E \ , a\, 2.' l:o'l d, • we get 

W'tlen thfl eont¥1.bution of eleotronio and atomie pola~isatio.ne 

&r{! taken tn.to emlsida~~tiont ]'2 co giv~a th0 o-riGnta:tional 

p~lan~tion (!!2 /"- ) ~f. th$ ool~~te mol\lau1e ,and "'.;herehy thct 

value ot .f'- • ~he a~h.rantetsa ot Hed~etreud' e extrapol.ation 
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-.X~2~- (1 -X~{P1 o_J 
· wh<n:e. '[P2.e J &1'14 '[P,o] are the molar. electronic and 

atornio polar1 mtion of solute r:mtl .uolvent respootively. J:.'lif.fe­

rentir.rting m th respect to X 2.. and taking the limit X~ ~0 

tmd negl(totingthG contribution dul\l to atomio polsri~ation of' 

to b~ rrtther aul table ~ it i a not rutc(l;aawy to mea~ntre the 
/ . 

d~nai ty of the aolu.timl and pBrtiCUlG'f."ly u8afu.1 in thoae 

CB.;J·es wh0re atomic :pol~iw:ti(H'l e>f the solvent is very emall • 

. Bott(fh~r ( 195~) laas oomp~"~d ~bye, I~I(tdestrand; Cohun-lienrtquez 

and la.t:ttly the ta~our Guggenbei.l'J extrapolation 'i;ocluliqt.Hil$ in 

. cue of l~henol in beneene· but unfortuna.tel.y ob~-;e:rved a notabl& 
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devi.ntion in the valtts- of fA aa obttdned by tUfferrent matbod0. 

lJcFeV'l'~ ·antl Vine {'1937) prQf'Qrred to usc the apeci:fic pol.a-r.i­

sation inatead of. mol~r polarlli!!atitm. and ssaurJed that E 12 

and d,~ are linerm. function, ~d~ w0ii$ht fra.etion.- (Q2.J s.~ 
Cf;l1.r~tl.ated iihe ~flci.-fic pola.r.i.zatio:n of a. eolu.te ~t infinite 

dilution ati 

. . . ( 1.6) 

where 

E,- \ \ 
a 

d, E. + ;L \ 

.o 3 = (E,+2)~ d 1 

a.r., c:onstanta wlrlob O!ln be d$tt~rroiJ'UHl ~m the 

"l'elation E, :<. = E,(\ +ol..cu2-). 

q\, l \ + ~Q&tJ 
spooi:fic volume$ in~ten.d ·or derioi:ti(HJ ft.nd. deduo~d that apeoifie 

polar:tml·tton at infinite dt1ut1o.u is given 'by tho :r~lati\Jll 

'\31~= 

E, + o...cu~ 

\9\+bwd1... 

But th$ value o:f. f'- ealoulazttld hy ue:ing this relation by 

Italv+arstadt a.t:d tum1er wae gEH'U:!l?mlly high<tr than thoa~ obtained 
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by usual tr!ethods and :i.t~ eoma caElt\\S Gtppret:ldtri&ted to the vq~lt:\ae 

fourul from meaa~1rementa on tll$ ftpours.., 

ll1GQai ( t94;l) hae euggaarted a. VG:r:¥ aonveniettt but 

empiJ?ioal relation for tlu~ quick tloterttdJaation o£ diJ)Ole 

moment. Aeoo:rd1ng to :b!mt · r is given b~ 

( 
6. E. )Y2.. 

f ~ X2. (1.8} 

va.luee; of d:i.eleet:rrlo constant~ or .solution nnd aolve:nt, r 
is a Qonstan't d~~~ndinm upon the intx·inmic properties ()f the 

· ~olve.nt and its value .is :fotuld to bo 0.90 D with a pcanible 

fiuotua.tiol!l of ! 0..10 e~s.u.. · J'Jater on i~ has. b~en abo,~-n. by 

f(ri shna. and Br1vnetava. ( 1957) thst Et(iOOtion ( 1 ~s) ahoultf be 

replNtG@tetl u 

- - . (1.9) 

w.hel'e ~E.\ 2-/ d. 'X.. 2... io tllf} slope of E , :t - 'X. 2. 

Cl.lrV'e., ~hey ha,,e eGtablitlhed tbat equation (1.9) ia valid 

for the straight portion of the· E \ ';L - ")C. 2.. m.lrVO with ~ 

as 0.828 n. In the qame aolv~n:t 3rivast&vs. end Oharandas 

{ 1959>"- have obttdued di"ftarent values o:t 0 for <lifft1trent 

solute moleeule$. TbitrJ ;tnturn, :iTGfleote the· .failure of 
Tl\ . 

lligaai' fs met~hod in det~rmi~ f- for liquid milt'tu:t'6~ Jey 

ira.Jtaeb {1973) bn.s Ghmm tbat eque.tion (1.'9) ie a upeoial 

ease o.t l>ebye eque:tif1n '( 1 ~ 4) under -t:h~ ooeu:mption tha.t E \ :t 

ie equal to or very olo~ to u.nity. ~here:tore i!iEaa1- s equa­

tion ~·na its modi:ficatiGn~ era val.i.d for -u~a o~ for tbose 
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l1qu14 :mixtures of polnr $Olute in llOnpGlar aolvent \'fhioh 

have die:teotrio constant close to uni tlr• Since no S'J.oh liquid 

mixtu.t>e ie ktl.oWl'l, lligasi' e ~:uathoa, al thourgh a convenient 

approach, tails to b~ applicable in the oaaa of a polar 

aolute di·seolve<t hl nonpolar solvent. 

Guggenheim ( 1949) has px-oposed an ingeniou13 method 

which avoids the meat3Uremen.t of a12 aoou.ratel1• In d~v~­

lopi:ne; bi rs ·method,. he ·has inoorpo:r-ated the following aesull!p­

tions: 

1. 1'be .per't'lal. molal' volume ot the <1ipole col!l.pound ( v2 > 

tbat 

· a.tld P!U'tia1 molar vol.ume of the solvent (V 1) are 

both independent o:f concentration ant thua equal 

to v2 and v1 respeetivoly which laads to 

V12 a ( ·1 - X~) V 1 • X~ V ~ 

A fi.cti tioue atomic polari za'bili ty 

••• 

of the 

oolute molecule has been assumed according to which 

the polattiznbilitiua of th0 oolute nnd eolvent are 

in ;the :t"a:tio of their :molar volumes. 

The value of atmaio 11Glariza.b111 ty Qt the solute 

mole oule [ -1 :ta. J l!ao been &sBUJiled equal to [ .Y ~o._J 
Tht!a BSaumption loru:ta to the eli:mination of the term 

[ -~~CAJ • 
Uaing (1.~), (1.J) and, (1.10) it can be easily shown 

+ M c ••• (1.11) 
I}_) ' 

3 KT -<- · 



' 

where C 2- c x~jv1 :t · = molar eo-nc®nt:ra.ti,~~ t:n mol.es/oeo 

Acoord'i,nf~ to ( 1.11) • :tf' the e~par.i:mllltltal qu~!lnt;t i~ies 

is plot<ted. P_.ga:lnt~t o2• the elope of thm curve will give the 
I 

Vfllu~ of fA when -../ 2 a... = -Y ~ex • As a .further 
4-

aimplioation be ah6ws that if f:. \ 2.. - 'T\ , ~ ia plotted 

egai.n~t c2, ti"iO f'- v~lue etm be obtained from tl~tl rela­

tion 

Smith ( 1950) hoo t;~uggeetGd a further td.mpli.tlat.ion to 

Guggenheim' a procedure by :t.ntt*~clucing the CO.tleept of '!eight 

~action oe a coooentl."'Qtion unit inatea.<l of' o2 • He abowa 

thet f- can be lieterr.ained from the r~le.ti o.n 

3M~~,['d(E~~-n,~)/aw~JU)~~c . 
( ~-, + 2.) ~ ... ( 1.~13) 

where \91 is the n:p~oiiio volut~~ of tbe pu~e solvent .. l~cor­

pora:ting too id~as o'f ~i th ( 'i95G) nnd LeFevr_, ( 1950), 

Gug~ .. tn1heiril ( 19:;1) modif"'itjd hi.s t.)trm equa:tion tor the evalua­

tiotA ot {A- wh:teh can bo w;,it'tetl as 

9KT 3 . . 
L\ '1\...~ ( E, + 2)2-
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wher~({{l = ... I( dE,:t ~ - 2.n, ( .o"' \ J 
;)w.,..:,o L'. dCJJ:t)Q:t--'>0 dUl;Jw:t~o 
Pa.lit and Ball~l?jee ( 19$1) augge:ated to plot the 

specific polarize:tion of tile aolut1on 

E.,~-\ \ 
E.\'2.. + 2.- . d,~ 

.again®t th~ weight hQction W:<.. and draw the tu.n~nt ·to 

tbie cu.rvQI at W2.~ Q and elt;trapolate t.hia ta.:t'l80ni; to 

pure aolute. ~hie gives 'p :2-oo t the Jit?.~ial ap~cif'ic 

polarization of the f!lolu:te :at 1n:t'in1te dilution which r.nllti­

P~_:ted by tl16 molfl'cu.lar weight of the solute givtH~ the tt:U$ 

pol~mtion ot the tt-olut$ P2,.co • l?t'!om extenmtve caleu .... 

ltlti.ons \vi th a l~"l'go &r~unt of ·publiahod l:>eliable data th~y 

f~und the validity of t~~ th~ory. named on the above oonc~pt, 

'Falit ( 1952) developm.l $ l'llftthod seeording to which )A is 

giv~n by 



-Y 

' -r 

- 15 -

l~quation {1.15) can. be written as 

+ 
3M,_ J. (1.16) 

G.J,_ ~0 

the f1rat term of ( 1. 16) beconu~B ()Q.ual to 21e:r.o «od benoe 

3M2. [ 
which 1o nothing but 't:be final rn.odified Guggenheim equation 

o1: Smith ( 1.13). It is therefore, cleew that Guggenheim­

Stli th procedure ''hich in effect ncglacta the contri bu.tion 

of tba first term of equation (1.15) or (1.16) t<lay oausa 

an error in t;be val.ue of' • Bq.untion ( 1.15) has 

been eucceasfully applied in a nunber of casea fo~ the deter­

mj.ne.tion of dipole moment of polar aolute and i;1vea a reaso-

nabla vaJ.ua of even in the tmat9 of molecules 

havi.ng low di.pole :mom~nt v .. here Guggenheim' e m~thod fails 

to do so. J 9.y Prakash ( 1975) on the other halld a bows that 

Debye's equation (1.4) can be re-a.rra.nged as 
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where 

~~XU);)= (E 1

1
nY ~ !~:) 

W~">O c~~;or ~:;:) 
~ \ Q~~o 

'When E, = '0\\ • tho above equation reduces to well 

k:uown t~uggenhaim equation ( 1.14) a.~d benoo it oen be con­

cluded that Ouggonheim' fit procedure is simply R spooia.l onse 
~ 

o:f' Dobye'o method. But E., = "n' for the rolve.nt ie 

not always ee:tiafied v.hiob may introduce an er.r.or in tha 

val~o of fA ~valuated trotn Guggenheim' a metbo..1 o.a discu­

aaad Gar."li er. However, ·the following points must bo taken 

into aooount before airplying Gu.agenhBim1 $ method for the 

~valuation of f- when a polar Golute im d1~$0lvea ·in a 

nonpolar t:Jol vents. 

1. Th~ tOOthed will b~ less acau:r.att~ when then:oe ia a 

3. 

to.. 
consi,lerable cc.tttraotion· or di¢1~ion of the volums 

of the eolution s1nae equation ( 1 a 10) \ih1ch hoo be~tl 

&'ifplied in derivation of the theory will not be valid. 

In case of rooleeulea having low dipole moment it 

The aeoumption 

not e.lwaya sa·t,io.t:te<l which ·intro,!uooa inA.-lCnu:r.~cy 1n 

the value of' fA- " 
Though in .a .fo-.1 ce.aa.a Cuggonhai'ro' a aque.tton deviates 

elightly f'rom the actual value ot fA , the _theory has ba<?n 

used by many worltexre O!BUJ:?ty, 1957; Purcell r.md Singez-,1965 etc) 
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due to 1 ts eimi>lioi ty in eomJJk-u-iaon to otuer methods. Gulla, 

Das and Aoberyya ( 1971) obtained a pbyoi cal l}a'Jr'ameter Y 12 
eolely expressed 1Iltemu of exparl.mental.lU deter.rAined 

-pl:'~sical q'u._!lntitie·s · E,'l.. attd -n 11... ~ solutions of 

dii'tgrent welght frnotions C0 2... of t'h{) eolute which can 

l"tJpreeent the itXperimenta.l :toots at eve'ty stage of dilution. 

At:UJW'nifijJ · . 

\ - f-> U)'L 

~1 and d2 are density of ~olvent :and solute raapeoti vo11 
').... 

arul eonsitlerlll£ Y12 = a0 + a, u.J 2. + ~ 6:):2.+ · • • 

they have oolcu.lsted tho dipole moment of aeveral syatema 

f'l"Om reliable published date atld found e. good agreement 

w1 th tlmt ot literature valnG. 

Thus it is clear thnt th<l t11pole mm~ent o:r a 

polar solute d:isuol ved in a nonpolar aol vent totally 

depends upon tl~e tlwoey of' cxt~apol~~t:ton of ttiff'erent 

pllyet cal quanti ties such ll$ f. , 2 • 'll 1 'L ete~ '1-bi n 

p1:oceea. o:! extra:pola.tion should be sim:pla and s'b:'tdght 

tom-~.m;"'a &ul at the same ·tim® gi Vf! an n.oaurate value o:r f 
which inturn. p:r.()v$.des us ini'ormation ragBX'ding. thG otruc­

ture "llf the r11ol~cttlo. 
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B. .I;I ELJiO~~RIC· C OD'STAJ$':J', I-tOO$, Ii.LII~AX.ATlO!I 7'ltm .. A!~D 

'!1AD!O lfl'U$Ql.1E::101 OO~rllUOWIVlfY. OF tJ!QUIOO. 

ln the case o:f atatlc o:;cc low frequ€tney d:i.elmetrie 

cox1sta:nt, the di~ile:ot~io is i.n equilib~l.um wi'th appli.e(l 

field .. When tba frt!Hiuen.lO.Y of' tbe fi~lcl il1 an altorn~ting 

orte, the pe~anent dipoles oaQnot follow the alterationo 

ot the field wi·tMl..tt ni(1Ul5Urable lng. This las ia oomrnortly 

rei'ES~l'ed to BB relaxation OOd the tirtH~ in Wbich 'the pola­

riZQtion ie ~aducad to 1/e ti~ea its orisina1 valu~ ie 

call eli too :re'l,rtltntioil time. ~he polnl1"i:tntion aoqu11soa a 
component out ot l>b.aaa with. field and th~ · dieplaeemff.nt 

current acqu.iree a C{)nduot!Ulee oomponont in phaee wi,th tb~ 

field reeu.ltine in tbaroa.l d1an1pati.on ot ene~gy.- ~o have· 
I 

nn idea. l.et us eonaider 11 parsllal plate ~ottdenser. of 

geometrical c~pooitance <:0 , oom·l(.!cted to an Slt~rnat:tng 

source of e·,.m.f. (E) ~ E
0 

exp. (J"GJ t) o:f angul er ·freque­

ncy w = 21\.f whar.oe f is the fr~qv.q:ney. 
-

Tba clu1rge of th~· tm.l?l'loi to.r at ~my ineJta.nt ie Q c C0E 

the applied vol tSGe by s. phnse ~'1gle of. 9.0~. ! t the ~pace 

between the plates of the O!ipacttor 1~ ·now tilled up with 
I . a clieleetr.i'O liquid, the e~pateitor i·a i.norea~0d to c a E C0 : 

• I 
wht.trQ E. ia the (real) ateleet:'t.'io coootant of the liqutd~ 

Dtle to preaQnoe of (lie1ectr1c the chargfJ on the. capaei tor 
I 

1 s inoreaeJed to Q = E Lo E · 

i~ iner~aged to 
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It is known tta:~, flo·· dielectric liqu.io ia a pe:t"teot 

insul~tor so f;hl\.t i.n t'1;(ld1 tion. to I
0 

whi em leads by 90n t 

tbe:t•$ ~.$ a, lolls current componer1t I L in J?haa~ with E o£ 

magnitt~de 

where G = 1/a ia tb~ aquivalent Cl(t:ruluctat'loe of the diel~ct­

ric• li ia tb~ finite tneulation I·esietarlcc. rr:ot~l eurre~lt 

tb:t"ougb the oa:paci tor 1 a tlooJ:"efore 
. I 

I = 1 c. + ll - J W E Co E + G E 

( J (,) C. + 6) E 

tRb1. a· 1. s shown in the vocrtor din(1raln :t.n Wi.g.· ( 1.1 b) • Pbe 
0 

current I leads · 'El by a phae0 an{;lo e ( '4 o wherQ 

C.os e 

ie tbe p<Yttar faotor,. Alter.r.wrti vely the behaviour cnn 'be 

cnnsida.red inte7:1%1S of lose» angle b ·end l.oas tangent tan~ 
wlun:•e 2, = { <~0° - S } mld ta..~ ~ :::: lL a G ";/ . I we. 
So it 1a observi!t1 "tbnt ·the loss cur.re11t in n t.fielootr1o 

liqui.d ie due ·to :finite ecmducrtiwi ty ao that the o~paoito:r 

can- be represent~d as eqtiivalant to a C'"d.J")Boity C in par$• 

Uel with resistance n = 1/G as ahrmn in lfig. ( 1.1 s). 

In moat materi~lth however tha dieloott"io _behnvlour 

differs .from this eiml~le form, intUeati.ng tb.e p:cesenc'! of 

otho~ satwcea o:f dielect~ic lostJ. Without auBU.ming the 

.natura Ql" origin o£ the di elfJctric loath B compl~lt 1!liel.eot-

3'1"iO ootlata.n.t can be (lefirHtd as * ( II 
E = ~ - JE 

. ·, II 

wlter$:,: E ia the dielectric lo ·art factor 
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:J:W E C0 E + WE Co E.. ... (1 16) 
·' . 

Ita om~pononts baing rnp:Jreaented vecto:~.~n1ly in Fig. (1.2). 

Now com.peing equation (1.18) mtb (1.17), we got 

G 

c 

II 
·wE C 0 

I 
E. C.o 

I/ 
WE Co 
WE.' L.0 

II 
E. 

7 

II 
E. -= .nP!'t.£i ~is .sad u.~tiy~ ... 't..~ 

w 

I 
k 

II 
Ew --
47\.... 

( ~ ~ s ;;.or parallel platf} captloitor, u 0 = .-:q 7\....l in vacm1rn1 !md 

G t:;~ 1/fl whe:ca ft ~ e 1 ~ ) 'Equstim'l ( 1.:20) d,i~eetly / 

.g1VeQ llfl the :rnla:'\;iQn betwc~n th~ a.o. condUOitiVi ty and. 

dial~otrio loa a. In tl);i~ oonnaotiQn, i·t will b~ i~rt"ros-

t.:tna to ~xm.mif.le the :r~ln't:t.o.n ll)~tween the C!P,r>ar~nt cnnduo-. 

tivity ~to dielectric coiletant etd loss in the ll,ght ot 

ena.lysie given 'by t!urphy ancl Y!o~gan ( 1939). 
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R=i- I 0 = J"t.JCE 

I 
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F_IG·~ 1.1 . EQUIVALENT CIRCUIT ANO CHARGING CURRENT Ic 
CURRENT I l . ·OF CAPACITOR . WITH LOSSY DIELECTRIC. 

lc;. = J"wE'C0 E 

E 

IL:: ~"'c.>CoE 

FIG.I.Z. COMPONENTS 
COMPLE)( DIELECTRIC 

OF CURRENT THROUGH DIELECTRIC 
CONSTANT E*= €' -·J'(": 

E 

4! LOSS 

OF 
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For oonductorm, thct cond.uotivi ty ( K) can be defbled 

ara the· factor by whi.ch -tbe voJ:tegEi gradient E mu.at be mul­

-_ tipli.ed to give the oul!rent density (1:) 

I. s K.'Hl 

o~ ~ tlle :tootor. by wh:i.oh thf!f square of t!lo voltage 

grooi 13.nt ·must bo multipli~u to gi.ve bcutt (W) developed 

per eecond in a unit cube of material 
·1<1 ,.~ :rro2 w = .,t,CJ t:l ![1,;414 

for the heat dev~loped ~Y a ~ven voltage is }:WOportional 

to t:he current .t uo matter of \v'bat rnatcr.iul the con~iuctor 

ie compoa~d. ilowever, the propo~1,:iona1ity between the; current 

tnld h.,a:t develope(l which ia the obaractftri atio a£ oonduotore 

does no•t hold in a diel•otrio :material. \Vl\e.n an altem&ting 

Ctn~rent fiovm in a. di~lectri,o :lt (liesi!Jatos l!JC»~e en~rgy aa 

baat t~ougt1 the mount is gonaratly n\Ucll emall ~ than would 

. ' be diaaipa.ted by an oqun.l current flowing in a oon(hlctor. 

'rhia beat whioh :i.a <tcVt':llo:ped in n dielectric by the polari­

~ation ourrent i~ known ae dieleotJtio ~ .. lOB$. In fact the. 

compl~x ~~ontiuotivity repr.~aents tbt.t case of ilisplacement ot 

electric oba:~"ge in ti. -dit!!ltlctrie whila its r~a.l part a-e 

conduot1vi ty 1$ the raotor whloh &tQrt'iinee tho rate ot 

diaeipatio.n of· aleotrica.l energy af! heat in the material. 

ln an i,deal. d.ielectrio there o}:aould be no elec)tro:n or tr~e 

.ion condootion but in actual ·pre.etiee there are uome tree 

iorua or electrons Qf!d thef'le 1~roduce Joule's heat ae they 

drift towardo tlle eleetrodou il'l the appliecl field. ~ha total 

neat de1i~loped is tb\'l ~\tm of thu dieleetric loi:ie antl Jot.tlG' a 

heat and ma the :lettifr io propol"t1.Qnn1 to the tl-o t>r :tree, ion 
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conductivity, tt-..e dielectric loss ia proportional to tb.Q · 

totfll ·a-o conductivity lese the d-o conductivity. 

Let a diel~atr1c materi e1 ot cli~?.laotri:o oonatoot 

E !ill thte apace lJa .. tweeu. tlle parallel :pla~s of a t.ro · 

plate ~onden.eer; . flbich hafl a distrmoe nd~ am. between the 

plates, eaob pl.atct having an m:oea "A" aq.cm. o.a enoh side. 

l.t a. :potential dif.ference V is cmtablishetl 1>etwe~n the 

plates. the Gl~ctric fi.eltl int~r.mi ~J 
v 

Ecd 

The efftio't of. introducing a diel1Setric into tha ca.peeitor 

can be underf2tOOG by (Ort"idt:tt•ing too effect of the RJ:1pl:l.ed 

electric fiel. d 011 tho bourtd ollarges in ·the diclr?etric. The 

'fery low oon~u.ctivi ty of a ~li eleetrio ~.n.tar.iat 1nd1oa'tea · 

that preotically all t~ba electl.\lnic ohergea are bound to 

their. t'lal"ent atot11e or molaoules by the ~leotric fields due 

to the neucletU" chnrgefJ and they ~ not free to r:ligrate 

under the action of an applied· .field. 'X'b~ motion of th\l 

field E on tbe bound cltnrgcs il) the diel~ctrie :is to 

displace them t~liahtly l7elativo to one another, th~ PQ!litive 

ebars~s being displaced in "thG d!1:cction of the field, tho 

neeati ve chnrges in the opposite t!iraotion. .Each atom or 

mol~culo thus aoquiree an elQ.Ctrio dip()l(J mom~.nt parallel 

to a~ in the fUUU0 direction as li. The (JffBot i a known as 

dieleotx-io polat.tica;tion, and an ~lectric polarimtion 

vector P i e defin«d aG too eleotrlc dipole raoment per 

unit volume. So if a potEtntiai tU tf~renoe V ia establ.iebf.ld 

b(Jtween the pl~tee, a clmr.ge ~ pel' unit aroa will a:rt.JP6o.x" 

Cln ~~Jtoh plato and a pol~izst1on :P will be created in the 
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I 

~ 
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. . . . . P..d.~ldt. 
dielectric. The displacement current tlowinr,& is"'and if v;e 

asm:Wie that the dielectric liqw;.d 1$ ~e :fi:oom ie>ns, $0 

that the cetndtlet:i,vi 1;y tl\lfl to f»es 1om. mey- b~ negl.eoted 

then the conductivity is 

S.ince, 

n. 
dD -dt. -

Dtcr 

d]) 
dt = 

d~ 
dt = 

I= 

x = t. dcvjJ.t 
d~ =rut 
dt 

v 
d. 

EV 
~ 

E dv 
---;r·dt 

L\ 1\..~ \, 

L\~· d9,.. 
dt. 

\ d-:D -· 

D 
E 

., R + 47\.._P 

E dv 
47\._ dt ·--4 7\.. d_ dt 

~ o\v 
~7\...d dt 

-.hero .811 the EJl.eot~totll quBntitieo 8l.'e <ltltpressed in .eleot­

ro£Jtatic unita. ill1.en the applitMl potential 1.s alternating, 

V tttay be oxpresocd aa 

V o V0 e 
:J<Ut: 

where V0 ia tb$ amplitude. ~1le diGlect~io CQUutant m$y 

thon be written as the oomplox qut:u::at1 ty. T!ae curnnt den at ty 

-" • .. 
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in the dieleatrio is then 

d~ 
dt 

I IJ .J"UJt 
E - 3E d Vo e 
~1\..d d.t 

r I It :rc.ut 
c-JE. :JW ~zd.· Vae 

It it is aeaumed that lrl.gb trequenQy oon<iuct:tvity K is a 
. I . I/ . 

complex quat.~t1 ty and is giV<iilJ by K = K + JK 
o\ C:V (, , '') Jcvt 

I 
K a ,, 
1r :c 

I • d t = \.K + J K E. o e 

is thtl ron.l pan 
i$. the :i:ntaginary ]Jnrt. For ccmve-

nience in contl(tction with a uubl!equent r~ethoo of mef.t.t:.iUr(itl.flnt, 

th~ admi. ttence of the (}Ont:lenaor ntmy be encp1~eseed in term~ · 

of e.n equiva:tent pal.'allml oapaeS.tmlee Cp antl co:ndttote.noe 

Gp so tb8t an .alte:r-nate ~xp)!'Ges:ton fox- I in 
dq, 

I • dt 

''( JC0t = o· ~p..x \O Gp + J"W c.t)vo e . 

( 1 •. 22) 

wbl!!re Gp is e:r~qrrema$d in "lrlho~ • C F in 

:rarade and o.g x 1012 in thEl ratio or the tara.c.1 to the 

cl-aotr.ostatio unit of oa.p:O.citnnctt and alao · of the '"mho 

tQ the 0leotros.ta.t1c unit of oo.n~1uotanoe. Uy uains the 
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II 
E. = 

I 
K 

K'' a 

L\ 7\_ R ~o 

To obtain K1 ·in ohme-1 om·1, wa can write 

I 
K 

Ll7\.. X 0·'9 X \0\:<,. 

E
11
f 

I. B X 10 1:<.. 

Gp.f 
Co· ~ 7\.}. \" 8 X \O'~ 

-1:<. 
<6·8~XIo Gp 

. ( 1.23) 

= 

where 00 JAr1 ie the cu~paoita.nce in 1dcro r1ioro farad,. 

The dia~pnted energy per co of the d1.electr1e 

pla.oed inside tho t'QXS.ll~l plat~a of the pla.~ oondem;er 

and. per second . ~A..jw t· 

w - w j 1... E. . d-\: 
~1\.. 

0 (1.24) 



l = 
We will firQt consider the caae where D is in Pllmie Vii th E. 

Then we be~ 

!hutr.J t'be current denai ty ha~ ;phs.~~ d:iftersne~ ~ ~ witb i. 

In tbi$ came no ener§ iQ ~iaaipatad :ln the dielectric al1d 

bence from acr~ation (1.24) ~..,._/VJ . · 
W - - G.),_ '])

0 
E J S\.11'"\ C0t. C.e;)s G.:)t dt. = 0 

- ~~~ 0 
0 

whue tbsre is a phase difference S bcstweon D and E 

while B a E
0 
Co~ w-t. . , we have 

D w »
0 

Oou ( e0t - 6) 
(on~ . 4-

CD Co$ e0t. + n. Sin c0 L 'Sin b 
0 0 

Apparently D
0 

Coa e0t io in phase with B whel'O D
0 

Sin 6 
hae a tlhaae difter.ena~ of 7\./ :<. with E. '!h.e phQ!le diffe­

rence 2) is g~n.~~nllY. cnlleii thn loss ~le. 

l _ 6) ']) 5\. ...... e0t Cold~ . + ~ J)o C:.Os cvt ~~T\ ~ 
- - ~ 0 U\ L\7\._ 

I 

.By thia equatiOJ'l ! ia cplit into 't\vo pets. ?he first pal!t 

baa a ph$!1ae Cl. ifterenca Of Y 2. with J3 ~nd thue it tloe a not 

l~ad to a dismipe.tioll ot eneray. ~he fJ~cond :part, however, :ie 

in pbaac with a~. i'he tlisaipai:ed energy pe:l'..'" o.a. ot the 
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I 

di~lec.rtr~e per seaond oM be celotdatea. am 
~ 2~W 

W c 0.)"}.- J)o £
0 

S\:n 2,. J C:os ~G()t dt 
·8 7(l- . 0 

where the tactoxt Sia a 1~, ge:ne:rally oel.led thQ power 

:r( UJ-l - d) 
It »*' • D e 

0 

"* I II :D~:~ J $;.-n~) But E II; E- JE. - (C.os6' - Eo 

I J)o f.t!hen E. • C.os ~-· ·----
E-o 

II Do St.T\~ and E • Eo 

We f1nd that tho dissipated one.sv per o.o.- ot Ute dielect-

--l-1 c mlt't ~ eeoond is given by 'l-

• W :Do s· - " . E -w • -. -- '\.T\ d 0 
97\J Eo -

II "l--
E. cu Eo 
.t:4~· -r • 

• 
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The h~at developed, :par cycle in the d5.Etl.eotrio it1 evidently 
I/ ")_ 

W per cyole = ELl Eo e.•~f'~ Fe..... c. a e \e. . 

I 

This demonatrnt~s tbat K is pt-o.po~tionel t<> thee heat 
II 

developed par second and E. to that d$veloped ·per eyol0 

in "the di0lectric. In the above oqnntiOl'l W is in er6B per 
. I " second or per eyolo t~ne_u B

0
, K and E a-cG i» e.a.u. 

!rhcase equatit3:Jart also mbow tlmt the total current flowing i.n 

tbQ dieleotri:o baa a diesillative and a non-disaipativs part• 
I , · II ' 

E. ie propo~t1one.l to non-disaipa:tive pl:U:"t and ~ to 
llj I 

d:l G sipati ve part.. f!lh0 lo m tange.nt ~ 1 f. rasy be -inter-

preted aa the-ratio of the diaaipative to the tton.,clisaipative 

our~nt and tbc pawer :taeto~ ao th' ra:tio of tlu~ diaai:pative 
.... ~{,,..~ 

current to the total cu11~ent. 

Uruler the infiuGnoe of vaeying electrie field eaob 

·type of' polal!'i0at1on takes ac:n:t:!e f1nite time to respond to 

applied :fieldo This lag is known as rolantion. Oonaidering 

Debye'e expreaaion for complex dielcotrie constartt 

* E = E.co + 
Eo- Eoo 
\ + JC0'Y 

where E0 and Eoo 81'0. tbe otQl.tic and: high tre<tuancy 

dielectric ~onstant md 'Y is the time of relaxation 

and S$pa:rating real ant\ imaginary part 

I 
E. E.oo + Eo - E.oo 

\ + 60 ").. ..,., 'l-

,, 
E. 

.. ,":.. 
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E and E. in tlte expr.es~on of 

II 
K = 

Differentiation ot equation ( 1.25) w .. r!l to W ahows that 

the Hieleotrio lot!Je fnctor baa a r1a."f:itm4m which oaoure when 

w ,.... = 1. The. '\6lue W '"n"'\ .of the angular fl.'equettoy tor 

which the less .f'at'Jtor :ta manmum, ie called the critical 

frequet1oy·... I.n tbe.t caee 
. \ 

rr' 

l~quo:t:\.Qn (1.27) hatJ betm ut;.liood by ~1ny wo:rkertJ in det~r­

mittg tlltt value Q:f rel~tion tim~. On -the otberh~.ndt <1if';f.e­

reentiation ot faqtmtion (1 .• 26) w.r. to w ahowe that K
1 

doQo ttat J?-6os through t:t mxitnut~ uo does ~ 1~ l?ut inc~c:tt~'ee 
with LV tho 

infin:tte trequ~ncy eonduotivity whieh :to NaollEHl when 1 ct;tn 
'l.- ~ 

be negl eeted i:n eompf!lrl.non \l:lth W '1:' f!k? tbnt 

I 
\< 

00 (1.28) 
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I 

whe~ oq,uation (1.28) ~ttvea K 
00 

ohms·1cm-1 .. 

It is <tbus a"rl.dent that fr.!>m th~ mee.anred value of' 

~setiQ :frequ.eooy conductiv:t:ty of. pure polar liquid :it i.s po~ei­

ble to oalculQte the ti:me o:f relaxation which is a uae.ful 
- ·1 . 

parrn:aftter in unde:ratandtng th0 n<r~ivation energy, inter-

moloo\;t:lar field and the stl"UOture of the m.Qleoule concerned. 

fie have asm~med in e~tlculat1ng th~ above ex:prcaaiono 

that there is ·no free iona or eleQtrons in tbe <:lieleot:ric 

1iqu1de. In thin eooe displttcement ourl."ent il'.l tho only 

factor oontributing to the oo:n,lu.oti:'lity as has baen t~toitly 

aasumed by .Mu:rpby and t4orgen" Z.,n praetioa all diel~ctrica 

fall far aho:ct of this id.eal roquix'ement. The evidence :for 

the \!:xistertc~ of free 1<UUJ &i'ld eleotroM has be~n ehOWJl 'by 

many worker$ in rf!laent yeara such es Standhenner and Seyer 

( 1957)_ • Aaanu:n~tiwsld ( 1969), Loheneyaen $ltd Ungeral { 1971), 

Sen and Ghosh ( 1974) ;$to. rto~ver, i.t bee been fotn'ld tbat 

:tn pola-c dioleot.rie ltqu.tds, the pex-centage of ·lona is 

larg~ in compm.~~on tQ nonpole't'" liquida. Aa the ion oo:n-

. duot:ton -proihu)e~ J ou1e• fJ llf!nt, in an actual d:ieleetric 

when an elactri,a field is Qpplied the total heat produced 

ia clue to the ®11b1ned et.teet of dielectrio loaa end 

Joule• s h~ati.ng .. Thus tho rai.U.o :fraque.noy oonduetivi ty 

!OOaaul'a~Hmt J:)t?OVi<les us :iniomation regarding th~ diopla­

eemf1tnt <'"urrent and Otlr.l:tttction ourr~nt in a dielootrl.c 

li'!uid wbicl1 ''ill be ,"ftwther rliacu,;H!6€l in aeetion D. 
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FillLAXATIOU TlMI! A~ID !OU OOrm~m~:HA'riOU J?R0~1 RA1Jt0 

FHEQU.EZICY G01WUC'{'1V:tTf. Ol~ :P(.JLA:B 80LU~l~ 1.!11 non-. 

Momt o:t th~ aat'lior. worka centtJrcd around tllff $tudiea 

of thQ app_;Lioa.bili ty of Dabye equation for thG doterm:t:nation 

of mol~oular radii from tho mea.au:t~emsnt of relaxfltion tim$a 

a.ncl l1ttlcroscopio v!eeoei ty and eX})ell'ime nt.o wertt doue lru\inly by 

the microwave teobniques on pure polOO!' liquids as well ao on 

polar liquids dissolved in nonpola~ aolventa. In oaB.e ot 

d.ilut1) aolutionn of polar eolu~e dissolved. in nonpolar 

solvent,, tho ayetom is in a. quasi-isolated ata"te antl poler 

mOl eoules 1!frf) Well &G,Pro::"ftted to Gf'i'ect EI'I~Ob Other and COnse­

quently dipole...-dipole :tnteraction forooe are absent. The 
• 

thtaory :for the formulation o:f time ot r$lrutation from the 

radio frequency conclucti vi ty meanurement of polar liquid in 

nol'lpolar solvent :i.e dioouoatl<l lu~re for which we start f-rom 

well known De bye equation (l. 1) 

E- \ 
E+2. 

/vll- ) 
3KT 

where t..J1 is the numb«Sr ot dipoleo ller c.c. !(ow if tho field 

inetea.d o! being ates<ly is a high :rreq;uoney al terna.ting one, 

the ori(lntational pola~iza:tion cannot tollcw tho changing . . 

electric: fie1d but lagm bahind the field or in other wo:r.da 

the pol.arization nnd so the die:tect.ric constant beco:maa 

<:ornplcur and ~ebye' ~ equation is given by 

* •\ 
E -\ 
E* + .<. 

L'\ 7\..N I ( ~ ..1. 

3 . ' • 
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I II 

E ---:- J E can axpl:d.n Wall the b0haviour or 
di~lectrio in statio field 

* we put E = Eo 

as well a..q in altaJt•nn·ting field. If 

at an en~la.r frequency UJ = 0 

and E.~ !rJ E 
00 

at c.J = oo 1 equation { 1.30) 

rftduetHJ to 

"l...-

~T) · · · (1.:51) 

*" 

L\7\.N, ·o( 

3 

I.n eqn. ( 1.30) 'I is }1.-nown ~s intrin.e:te rel roca.tion time 

which is related to 'Y by the reletti.on 

For very dilute solution slnce­

rf.tpl.aoed by 'I • 

·......-

.! oonven1 ent d evelopruent o'!' De bye • e e·qua. ti on has 

di el~ct:ric ESubatanoea 11.1 en n1 te-rnnt:lng field by cons1d.(t­
o.. 

ring ths/t the attainnaent of el'!Uilibrium in"die-leotri.~ i.e 

4iUtponGntiel. with time ana btiifJJ the QE'CQY function 
- t/'1' 

. which ia proportional to e where 'I' 

f (t) 
1,s :tude-

pendent of tirrte, but depenaent upon tempe:t."at\l.re. He be.e: 

obtained the rel.S~t:ion 

* E . E.ao + 



y 
- 1 •. 

.'~ 

- '' -
* Since E ie a. ctnnplox quontity, ee:p~ating ra,al ... ana 

.imginaey parts we go·t tbe well known e.quationa 

I 
E 

II 

E. = 

E:· + 00 

(Eo - Erx;) Wrr' 
' \ + w 'l-ry"l-

Theoe two are the bdeic equations wbioh are uoea f.n deter-
. I II 

mildl!S the vnl'Ue of f: and E o£ a polor t~lu.te wb.en 

dimsolved in nonpolar solvf))nt. 

From {1.31) and (1.32) 

Eoa- I 

c;;_OQ + :2. 

L\ 7\. N, M,_( E:o + 2)( Eoa + ~) 
~7 KT(1 + W"l-'1~) 

/ ,, 
Substituting tbio v.iltte in ( "'nd E , we gat 

I 
E. • Eoo + 

L\7\..N,)U~ (E0 +~)(Eco+2) 
~ 7 K T \ + w'l-ry"L-

when a polar solute {2) i.~ dissolved in a nonpol.ar solvent ( 1) 

to make a solution ( 12) of concentration C l!lOlea per c.c. 
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L.N 

where N iB the Avogmdro numb&r, d,2. is the d~naity of 

the solution, GJ ~ &l'ld M ;2. are tbe woight traction 

and moleoula:r. ·weight of the soluta reGpectivel~ .• 

lienee 

I 
E_ 

If 
E. = 

I 
K 

II 
K 

Lli\..Nd,::2.C0~ ).A"l- (E.\2+;?.) (Eoot2+~) G)'Y 
'2. 7 M~\<.T I+ w"l-ry'l-

-4 7\..N d\2. (0~ M"l- (E,~ + ~)(Eoo,i:2.~ 
2. 7 M~KT \ -\- W"l.'l,_ 

.• 

So it ia evid~nt that by measuring ·the radio treqn0noy . 

conductivity of aolu·tiorm o£ polar solute in nonpoJ. ar· 

{Jolv111nts 1 t ia po~:utible to ca.lonl.Bte the value of 
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_y 
\ .. 

\ 
~· 

relaxation time .• 

We bave ooswaed in caloula ting the above expr8esions 

that tbal;-e i$ no exi.ntence of free iona or electrons in the 

dielectric 1iqttida. !u:t as dioouasod in earlier aeotion, in 

an e.otut\1 diel~ctr1c wh~n an e:teotrie fi~ ld :i.B Sl1pl1 .. atl tho 

totaJ, beat :ta produced due. to combinett effEHYfz of t1.1eleotl11C 

q W~Jll sa Joule' a heat dtte to eonductf.on of ion$. I:n tha.t 

case for pure poln:t• l:i. quj~c1e Ben and Ohoah (1974) deduced e. 

w.athematioa.l r•lat:i.on foF tbe r .• t., conauctiv:tty whtoh itJ of 

the form 
I 

1\ B 
K + --

"l") 
whera A C! _!_ ( E -

~1\._ a E oo) 

~ 

and a 'lie 
= bl\._0... 

"n ie the number ot ions }let" c.o. o:f the polar solute, e 

i ~· th~ electron:to cbarge, ~ ia the vimooa:i.ty of tbEt 

liquid and 'a' i.n the radius o£ the 1:0tating unit. From 
I \ 

'J;he slope of K - 'r) G\.urve the nm~ber of ions J)er c.o. 

of the 3.1 quid such ni t.rob.ansen$, n-propyl alcohol and 

acetone hns been oe.l<rul{ltGd end in nll the tb.~ee liquid.$ 

the value booomes i:a of the older o.f' 1013 ~ But when a 

polar solt:ito is disaol wd in a non-polu solvent. it hne 

been ah.o~ by Sen and Glu')sh (1980) toot K
1 

can be 

written in the form 
I 

K 



~-
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where A •• 

where ~ , '2. · ta tlle v1Qcosi ty of the solUtion and · 

other eymbola have their u•ual atstd.fio~c$. l1'~om· tb$ 

above expreeaions it.i~ thus pos~iblo to find tbe r9la• 

.x"tion tim" as W$11 as fl:'ee · 10..11 conce:ntrstion. 
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In investir~atj,cme on thti oonclttot:ton mmclumiam ot 
. J.iqui(! dial.<-tc·trios both in na:turnl. ~tatf3 and \'il'teu exuitQd by 

ion1.~ation, an important role 1s played b2f the& activa.tion 

en*reY• !fbn acti:vation energy b. E for ele~trio cn::mauotion 

i~ dete:em.tned in ~hs simplest form f:rorn the formUla 

6 ... ( 1.33) 

wbsre K is th~ Bol:tf:':roal1n cm1stantt ~ is the absolutG 

tempera.tur~, 6 0 irJ ·fli. .cO.!l!Ut$nt having the 61-rn~n!!ion~ of 

thn contlu.QtivitJf 6 • Experimentally ~E can b$ deter­

mined from tbe mlope of log 6" VQ.. 1/T :p:lot aooo.r<ling to 

the equation 

Chong and lnusbi ( 1960) ~ea.•n:rad the mobili ti~eJ o~ 

rh1gati ve oharg~ oar1:1ex-a in ht5xane and 'ben~ene lli'i1 a :function 

of temperature t~d found that the e~pot'imente.l ruaul t$ ~ould 

where the activ~tion 0naraY W in h&~ne was 0.16 eV 

( 3. 7 KCal mo1~1 ). G~owek1 ( 1961) ·conducted a series of 

e:Jtpr:iritila.nts at a t$mpera.ture ~~r.J.ng frmn 8 6 e to 51~o using 
'· ' 

aaturat~cl hydrocarbons an(\ do-temirH!d tbe vnluea cf ncti va­

tion en~rgy fer th~ vit-!coai ty ~nd mobility of ionm from thu· 



\ >--, 

A e~f· ( w,;RT) 

. B ex_~ ( - w2;RT) 

viacoaity of tba liquid, Geowaki drew two plote:e 

one. OO:t":r."l~m:ponds to the Stokes-Walden law \A. = 

wbile t.hn sooond wau wi t.}l Adrunceweaki • s formula 

~~ first 

f ( 'r)-1) 
\.A_ = f ( 1")- 3/2.) . 

It has been found that the negative i® raobili ty follOW$ 

Walden•a law w~rcas the mobilities of positive ions obey 

Adaroezwesk11 a formul~l. :Forster ( 1962) obeerved that the ter.t­

peratu.re dGpen"Jame of conductance of bentsene waa in all the 

oases a tatra1ght line when log of conductance or log of •P•­

oifio oonduotanoe was plotted Bpi·nst 1F£ • He obtainQu the 

rel&tionehip of the form given by equation ( 1. 33) for the 

d~pen<iertoe of oontlueti v1 ty un tem];l~ratura nt the varir>ua sepa­

ration of (~leotro(1et~ mnd towld th0 value o:t . D.. E. ae 0.42 ~v ... 

~be valutl Q t 6o was 5 .lr: 10-G Ollm.-1 cm-1 fOP. diJJtilled and 

deaasaed uenzene $00 its 'Value ·wan found to increase with 

deorca.sinti puritl' of benzene. Tbe values of' activation ener&V 

obtained by 1'orster tor a:roma.tic bydrooarbone were abont 0.4-

1 "v. 
~Jachym { 196'3 - 64) co:uducted a aeries of experl~ents 

on the d'l~n<ht:r.u~e of conductivity of liquid on tempe:ra.ture. Thtt 

dependence of both na:tu.ral ~..nd ioniea:tion oonduoti.vi ty 



I 
_)..-

- J9 ... 

( by means of :X-ray and r/ -l"fllf1i ation) waa si~l ttm$PUel)t 

tt1eaaured in oyol.obexane, ... These c~eriments. sbomd that an inc­

rease in 'the ioni~a:tion o~nt wn~ leas dfl'll~ndent than ths 

natural curre~t on the inoraa~n of temp~r~a.ture.. !i~be aoti vation 

enerey tor na:tural C<lndufitivity was almost four times gree.t~r 

than that :tor ion1.$e.tiou oonrlucttvi tl• Mea~ur.ementf'J. taken in 

. sa:tuvated hydrooub_on~ ff1.'0m hexm1e t-o hesa.decane) of natural 

m:td 1o:ni.1i;ation current$ in a wider range ·of tempe~aturcnl 

ellowed another i:mpertmnt dif:ferllnce in tbe de_pendeDoe of 

nBtural and. ioniaatio:n oondl.tCti v.t. ty on temperature. Ioni~a­

tion coduetivit.f 1~ cbareoterizod by otraignt lines which-ere 

almo at }')~allel to ttBeh otll~rr when l -n l is plottetl na.ain st 

1/T but in tbo eMe e:f. self conductivity, hotvever., an abrupt 

change takes place at a. certain temperature, &bt)ve \tl\ioh a 

further increase in the tmtural Cl.'l:rrent is oon:neoted w1 th an 

increase in activation ena:cg. A 'numbor ~f e1Q;)erim~Jllt9 on th• 

aleotr.ioal cond~ctivit.f a~ a function of t~p~rature in va~ioun 

liquids ware oonduotetl by 'Basale:" snd l!ie-bl { 1964 .... 65). T.'bey 

have sbtJtvn tbat at higlu:~zo tOil!lp0.ttaturo, o:r«.{Uli e liquide ahow 

an intl?.nsio con<luctiv1ty with ~m acti.vation eneQ wllioh is 

cllar~tc.u~·istio for eooh su.batane~ a~ they htr..;e obtai.tted a 

l'ela.tion oon.':laoting "the ~onduc't;ivil:ty and active.tion ~nergy 

given by 
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Orgsnisebt"a,' Halbleiter (1966) juati.tied tfl.(jr ·vaLidity of tbe 

abova equaticm unde~ tlta Mndi tion wbe11 tha ei~e o! tb.e mole-

0\do. iD amll. Ad.wnc~ewsld nnd Jaabyro ( 19.68) in tll~ir. paper 

bave giWJl a compe.ri.tlo·n ot reaul ta ·oy va:rioua :ras<!aroh tvo~kers 

for the ooncluo't.~5.vi ty of ilif:forEu:at tl:i.~lectric liquida m1tl oon­

oltu.ied tbat the natural corlY.'hmtivity values of org~~io l.iqtdda 

is a tunotion of 1/T. ~licolau et el ( 1971) ha$ mea~u:red el$­

ctrical oo:r1ductauoe ( 6 ) of n ... butyl, iso-butyl and titllyl 

alcohol a in the tumpereture rran.ge 0 - 97°0 uaing an al texttlB­

ting 1field ( f = 100 H~). Tho writ?.tion of b \'fi th tGmpe-

7:a.tura for th~att aliphatio aleoholm has be~n expl.ained. by 

a.seu.ming that the i:ntemo1eoula~ byd:m')JJ;~n bonds plElY an impor­

tant rol\il in thtJ m~ahAl:'d .. sm ot ~lOJctJ;"ic eonduotion. 'they have 

alao determined th~ ootivation ~nergy o:r the~e al.eohols neing 

the Gatne r~l etion .a:t V\Ul by •q.ua.tion ( 1. )4) • Regarding the 

natul.'O of in'tet>I1~;L fr.iotiotlnl coe:f'fioient which ~ppoeee the 

rota:tion of J~ol~.r rnolooUlea in a high froquaney f'ifll(l ~ttuoh 

wo~k has been don.e. S:ri:~.tastava et 91 (1972) inveatigated tlte 

re1st.itt:1tll:'l meolla.uiem of ·~e polar liquids iu a m.ixture ot 

b~.nzene and pwnffln at~ a sol: vGnt et microwave frl'lquenoieo 

and found that stntic viacoaity:ta not suitable for fixplain-

5 .. ng too experiment$;1 results obtain~Qd by tb~m in tbe Debyta 

equati.on repm~sant~d by 
3 

. . ' 'I - Lll\.'10. 
l<.T 

t:riahnaji and ~&t'l 3ingh ( 1964) derl,ved an clH!t~t\t.iQn Utlilltl thtt 

th~ory of rat$ proocGses, 
' ' 

... (1.35) 
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obtained 'by Sxd.vn .. s·tava at r4l shewa -that .tle:i:tber llebyo e£tua.tion 

nor ~quati on { 1.;)) can expltrl.;n th~ l'~oul ts sati~'lfaot~mily. ~be 

linear nature of th9 Ot.!r.'Vta aa J!$Q~ired by ·the a.'bovta two •qua-

' . 

at art• !'!'om ~ low~r. val.ue of vieoOei ty st higher :fx..,qtumc:lq$. 

Dina ti'atb (1968) l'ma also r&port~d a eOl"lt.ii(le:t•ahle dev:tntion 

from the linemty C\.rttV(l) 1r1 the ln.gh viaoc.Hlity region. ~hio 

di. «ao~epa:noy at high 'Yisooaity region hM bE9~n o%plainad by 

Sr:tvn&ts:v'll et al on th~ ba.'31a ()f viacoelaatie effeot. ~h0y 

explained that th.e visoo3:tt:y wbieh i& directly measured i.a 

-the tl.e ~ vigooai·ty a..~d ·t::h:ta is d i f!Err.•Mt f'rQm tile v.t soo ei ty 

at m!ot?owave t'requeneiea. T'hi~ bas alao been f3hm.v.n by 

Trevem { 1966L~ Hance they au~~eated that it is d~$iraole 

to t~.i!ia the dymunical viacoed ty '1 c\d'n. in plaoe of 

static V'J.seosity4 Ba1t"1Cw aoo. Ln:mb \1959) he.v& sllow. a. :t"Gla­

tion oonnecti:ng tho two vi seositiea as 

\ + 

tiber& '\' s 1a the vl~eoela..etic ~~la.xa:tion time wbiQb 

r~p~aente a time conat~t that pre-:r.nrt the :r."eturn to 

eqUilib~im.~ of the eyatem fQllowine a e\t<lden tliett~rb«ntlo. 

BarlQW a.ud Lar1b' a eltjjirassion has b~e.n teated by Snvaetava 

etal. bUt unfortunnteJ.y totmd to l1a unAui tabls to ~~plain 

the oba~rved e!l!p~rim~rtt~l :t~ots"' 
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The frett~.lency dependence o.f viacomi ~.; baa bGen inv~s­

ti~sted by Ge.n amt Ghoab (1978) who bava liGtermined tb~ 6o'tiva.­

tion enere:s of conductivity ~nd viscosity of aome polar 1iqu:1d.a 

euch Qs aoetOJ-i.C 1 ni.trobln'lzantt and normal :propyl alcohol. tr.om 

the experim~ntall]f mea.snrad vBluea o:f' r.adio .frequ~noy conauo­

ti 'V"i ty. at d:l. fferent tempera-ture fro!ll room temt~rature to l)oil.­

ing point or liqui~ ana at <li:ff·t;'JlrUtlt freq:uont)iee in the range 
., 

0.4 to a Wz. It h~c be~n ehrr«n thtl.t the ootivBtion ene~~ tor 

@leQtrio~l Qonductiv-lty and that for v.l~coaity BX'G rela.tod to 

-one another, beth baing .furtctiona o;f. .frequcmoy ~d gradually 

dec:rreas~ almo11t lin.mrly 'd th incr!eaee of :fre~lilfU'lCY. The g~ma• 
' . 

raliaed 'tbeo:r,.y :put ro.rwawd by Sen and Gboe'h { 1974, 1976) i~ 

bBaed on the aasumpti.on oi". the existence or :f~ee ions in polar 

dieleotr1ca ·ao that when 'a. radio :fr-eq_u.tl.ncy ·' fi ~ld is applied 

to e. polar liq:uid1 displ ooemont eurrent ie not only the fm.otor 

contributing to tho oon<iua-tivity ar.;; bRll bQ~n as~utned by Murphy 

and 1.tforsan ( 19:39) but the oontluation cw:-~ent due to natural 

~ay.a: ~:~ i oni fl1sti on playa a donrinant role. fl.ur1'hy and MQrgan •. e 

exprese1on assum.i.ng the absence of. fret) ions for the eon&.to­

tivi ty :ls given by 

I 
\<. 

II 
EW 
L\~ 

where the aymbola have their usual ~dgnifiemlce. 2ul>ati tu-
3 

ting Dabye' a ex:presa1on. for t'i:te relaxation time 'I' =- LI~~Ol 
in (1.'36) 

I 
K 
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I 
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A" in thEJ case of tnost oom:mon dieleotrie liqu::i.ds 'Y = 'o s 

and aonaidering th~ freque.ney range in the r.:t. :eegion t~o 

that w")..ry"l.-(<\ 

K/ (Eo- Eoo) W~0..3<VJ 
\<. T 

Thus it is eviden-t that if I1eas'l.u:rements of radio :f're·qtu!noy 

·conductivity are made at gt'*adunlly highar and higher te;mpe-

raturoe then as Go ,_. E 00 cad 'Y) j T are both 
. I 

decn:aa~ing functi.~ne {')f temperature, K abould deoreaoo 

w:1. th th" inore.atle ot temparat'UX'e9 But i;he oxpe:timent.a,l 

results ohow that rarlio trequonoy conduoti vi ty increases 

with tbe 1:nc.n~oaae ot temp6ra.tur'!to !t is well known that in­

case of' elactro-l~tes where the conduetion is m.'li rtly <lue to 

ions, Walden's rule ie valid \Vbicli atatem tlmt the product 

of equivalent conductano~ at infinite dilution a~d th~ vie-

. eo.sity of the solvent is SPJJ.t'OXitnately co.nstru1t and indep0n ... 

dent of the ,nature of thsa lat0r. Po :find out whether a airoilar 

relationship hol(ls in case of' radio fre~uenoy conductivity 

or polar di$1actrics. l{ I ha.s been plotted nga.inst Y'r) 
and it has be"n ob flf!rved that. the variation ia almost 

linear for nll tile freque-ncies investigated and can be well 

fJXPlt~ill~(1 by assuming the prcst:n1ce of ·bee ions in polar 

dielectrics. 

Taking the a.nr~cgy :from tho mo·tion of an electr¢n 

in· an 1oni~ed g&a when thf3 deg.retl' o:f i.oni$a't'ion ia small . ·. 

and aeeuming the 1"e.aia·ttve force tJs due to vttJcoeity, tba 
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oh.9· 
M. dt 

I l 

whe~(.t · OL 1$ the radiU'$ of the fl}Ql.eculo1 

ci.errt of viscoG:t.ty of l.iquta. !hon 

.. 

:root 
.e.Eo e. 

M ( J) + ~w) 

_ :r w J J"oot 
~ '\ '1- "l- e 
'V +G.) 

If '1\ t!$notett tho nttmll$::: o:t ::£xt(hl io:sw Pl:'Oduce.:J per unit 

vol~e then tbe- Oltrr~nt 

~ 

'- (eonduction) = 

lf only tho conduction current iB present 

I 
K c 



I 

~-

\ 
~ 
' 

I 
X = 

I 

- 4!) -

-~~ 
M = to d'YT\. 

where E 1~. the nal va:nt ot tlle :rad:.i.o ~equeney con-

duotivit,r.- P'urtller as the applied field ·tn al:t*ifrnmting, 

from !.!urphy and Jiforsnn et1u.ation ( 1 ... 21) 

and 

II ') JC.Ut l (di~:pleceraent) • W (E + J ~ E0 e. 
L} I\. . . . ( 1. ,8) 

l (total) c 

I 
K -'- (Eo - E

00
) WI).. I + _"n_e._"l-_ 

~7\.. ~1\.0.\ 

. . . ( 1.39) A + B 

I 

I 
It is thum observed tba.t in 1\. -
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I 
intercept nade by the &trfdght linfit with K Q.ld,.e and. 10 a 

t'unoti .. on ot fr~q.uenoy while •:a•· d~notaa tba alo·pe of. the curve. 

The a'bow theorei;ia& deduction. c'm caxt~lai.n very nstiafactot .. :i.ly 

· the ob~Htrved expcrim011ttil rc.Hmlts \'?i t.l} regard t.o dependence of 

rooi o frequency conduot1 '\rl. ty on viscosity na well no the varia­

tion of •A• on flJaqufl!noy nnd ena'bJ,e.s us to calettlat~ tbe numb0r. 

of iono pe.r c.o. of the< polnt' t11.electric. The axper:!.ment~. 

resul ta by Sen end Gooah ( 1974) aiso ahowa that there im a 

eimi.l arity bet,"teen eq_uat.1.on ( 1.39) Md Waltlen' m rule. 

Agnin the beat r~pre 1Sentati ve emp·crical :formula 

:regarding the va;riation o·f vtscof:li ty o1: n liquid with te~lpe­

l~ature ,,a g:i.vf~n by 

... {1.40) 

6. E 19- is the e.c1;ivation 

I 
·Putting thia value ot K end l from (1.,4) ttnd 

( 1.40) resp~ctiv~ly ·and remember:J.ng A -= llf "l- ( E 0 - E
00

)'1 
and B = -n e. "1-- we have from (. 1. S9) 

e xbf- AEc.\. = 
I C2.\<.T/ 

where 

")_ 

f (Eo- Eoo)IC.'Y + 
l<o . 



and 

~en 1-/!~ E._) -
which ebows that D.. E c.. 

frequenClo 

llrom equation ( 1.41} 

( _- AES, 
e xf \.:;._ 'KT )= + 

- 47 ... 

L)o( KT f 
[~+o(f').] 

will. decrease with increase of 

.B 

k 0 D 

~bus 1 t 1a poseibl(~ to :tlnd tl1~ vnl.ue of act1.va:tion onerg for 

· visaoai'ty from equati.on (1.4,2) if we know the values of \<a 

and. 6. E.~ o! Qq,uatio.n . ( 1e34) .and A. and B of equation. 

(1.?9). 

A$ 'the pro¢esm of el(?ctriool conductivity nna that 

o:r viscosity are now coneideF.ed in i;(}:r;rns of activation energy 

.;. it is worthwhile to m~aaure tlli.$ quooltity and $tuay ita varia­

-tion wbioh will. en-able u~ to inveetigo.te the procoases 
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It is we11 lmovm tba't cer,otai.n binnry liqu:hl mixturea 

$U~h as an:ll..in.ta and n-hexnm, r:i~tbyl alcohnl and cyclohexane, 

Jt!tx-o~ti~enn a.nd n-hexane etc. uxhibi t a Y!im:"ltatl opaleaoence 

Ol' tu;;;;bidi ty nt a temperature ltnow~ 1111 ori:tica1 aolui:ion 

tef!:tper~ture. $'his phonomenon of upaleao~ncu in litl\~id m.ixtures 

baa been atttdied by mal}y inve:s'ti!~O.t()I"a both tbtloretioally And 

exr..eriroentaJ.ly ftoom ili f.:ferent angles su.Qlt ae light scattering 

phenomena • chan6e or iH.e lac trio eon~tant, vi sQoai ty • ultra .... 

sonic absorption etc. 

Th~ ex.iate:nce of' cri. ~ieal pointe was d ~.on.ov«red by 

An<lrawe { 1869) i::ta oonn(~ction wi.th hie olassioal i.nveetign-
" 

tiort of co.rbon di o:Ud~ i ®)thermal. Ui e i'!lai.n conclu~i911 T~a~ 

thP,.t there ia only a m~ngl.e .fl1dd conlli t;ton .of matter wbieh 

om1 split into ooexi.mt~. t'lg forma of different d~rtsi ty provid.ed 

the 'h~mpere:tn:t'f.! is 1:3eJ.,Qw a oar.-tain ori tical value. Hmoluohow­

aki ( 1908) nnd Ninste1tt \ 1910) wnre the f:i!!et tQ. :P.:r.o·;pooe a 

tb~a.:e-otioal explarm:ti.on of ()paloaoeno~ i.n liquid -ni.rlureo in 

the imr:utdiate nf.lighbourhood of the critical solut:to·n t6ape­

rnture. Theae f!Wt:bor.s '.1:1'egart:ied op31EUS~6~noe :ht liquid 'V'lixturee 

e.s thA~· to locttl fluotua.tions in t!iCC\pOai.ti em and ce>neeQt~EUlt 

optical :i.nhomogenei.ty. The 't;he(n-y of flmoluchowald and Einstein 

pt.,.edicts an infinite :tntens1 ty of eoatte.red lietht. and also 

complete pol~ieni;ion. 
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Regsrd:i.ng the the-ory of lif,ht scattering Smoluchow­

eki's tbeo.ry (1908} pret.U,ctG 

!__ o( -'- (1 + Co,;-e) -ly2 

wh~n!e l 

ratlintion 

end -1 

I
0 

)\1 

ru1d 1
0 

are th~ intenoity of soattel."e(l laitd i.noithm.t 

of wa.velant~rtb, 'A ob~,erved 11~ i;bft diF-'H:ticn e 
a3 v 
a·p3 • 0:t"natein and Ze:t11llike ( 1914 - 1926) 

q,uant:i tati vely Gtudied the i.ntat'lttti ty .of light sqattering in 

opal$SO~nt bitmry liqui(l inixt\tres and put forwa:r.d a motl!:fiud 

tli~ory whioh talrea into account the mn.tual i:nfluenc@ of fluc­

tuations 1.n deuai tw in neiahbouring 1Jtnnll el~tlHmts of volume 

. in tile f:l v.:l.(l. Aocor.lill~ to the:m. modified Smol1.mhowaki' B 

eqUtttion beeomee 

by 

I 

/\4 

~ (~~\ 
nor:ard and Ponte ( t9?.8) aclversoly c.rit.ised the Orne-

tein - Sernike theory n,nd have ahown tbat some o:f the co:tlelu­

eiona deri.vea from Oa:onat~in ... Zernike theory do :not agr~e 

with the Ob$er.ved resu.lta. An a-ttempt - has been row1e by 

llocard himaelf. (1933) to axplsin the finite value of tbe 

ael-;olar-10$tion of the opnlu$.oent soatteri.ng. He tskae into 

oonaideration tbe scattering arild.ng from -t;he f.luctuationa in 

tho molecular fi0lt! wh.ieh. a~oor,ling to llim beco:mu appreciabl$ 

at tll0 orl. tictJl solution temperature. ~he th oory pre f?Janted by 
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Boeard predicts that 

whe~ 0 i a oonotnnt te-

Ueneo the general ~xpreeaion fo~ the; light acatt6ring 

at the ori tical point a crm be written in the fortil 

o( 
(

' '2-~+<:-tc\ 

For c = 0 equation ( 1 .43) :r.eduoea to tbe exp::r.eataion of 

Ornstein and Zsrnike and for d. :1 0, to that or H:ocard' e 

exprofuJ1t<>n. Though the meaau.:r.:i}!:le:nt of deperuhmce Qt oritioal 

opalesco:tlee on the w~v~l~n'lt])th and sugl.{t of aeatte~ing could 

throw aome light on this problem,. the experircental work baa l'lot 

sett'le<l the ~blem in cJ.et:tr fashion so :tar. 

It was 110inted out by l~riohnan ( 1935) that it 'ls impor..: 

ta.nt to make comparativ$ fi\tudiea ot the atate of pol,s:M.zatton 

o:£ the tranavora~ly sca.ttnred light with the incident light in 

different states of polarization in order to get a correct idea 

of thtt t)ta:tf;) of dill}'H:raion o.f: tt1o scattering eleruents in the 

medium. Tbe depolarization factor observed by him in the li.ght 

f!cattei'ed tranavsr.soly by crpale3a~nt binary liquid nixtu:ro 1.e 

di f.ferent from unity alt-hough in case o1r clear t!Olui;iooa the 

value ia unity. lflue dimo~:pnnoy was eXPlained by Krin'bnan on 

~he l~potheain i:hat in CBtlO Of clear solution the scattering is 

due to 

it ie duo to ol~-lster of moleculeo. 'Whethar the inte.nse density 
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fluctuation 1.& due to 'i'ormation of groupe of moleculeE~ in th~ 

cH.tiaa,l ats.te ·b~ not however bell ooncltwively p:rovea. lio 

in!ormati,on regarding -the actuttl composition of' el~men1~aey 

vol1.unes or grou,pa of molQcul~EJ cnn however be obtained from 

the li{!;ht so~tteri:ng data except the faot that scstte!'ing 1 e 

_ du~ to '!llipsoidal parii ol~s · of fJig@ not very $!!l!Ul in compa­

rison with the \Vti.Velengt'h of 11gbt. 

So far fUl tho clumge of dieleotrie constm~1t of binary 

liquid mixtures near the cri tica.l temparat,ure ia concarned, 

'l?·iakara ( 1932) observed that i·n oaae of ni troben0ttne-llexane 
I 

eyst$m at the critioal tampe.reture, dialQOtric constant ~ 
1 

increase~ with da:ovetl.~:dng terwperatut:e and the de:dva.tive :~ 
waa not constant but decreased near the critical temporatu:r.e. 

He a1so studied the danPJi ty and nolecula:r. pole:r.ization of the 

mixture. Conshl~rable fluctuation o:f dens':i.ty took place as the 

critical ~~oint is appro~ahf!d which man:tfeatn itself by the 

appemranco of critical opaleeoenea. It in obvioua that the 

deneity nuotuatione are r~spon~.ble for auoh corwid<t:r.able 

dacresae .of. polarigation of' ni trobenGone. Semenebon'ko C 1951) 

ElxaiDined a number of. polar l)on:polar systems and toun.i that 
I 

thQre are maxima in both dielact~ic oo.nntnnt E alld dielect-

ric loea E 11 
• He :t'orr:~ula:t;ed. that in eeneral1 the p-1.'1.-mar,y 

process of tl1.e .fo~mt:ton ot a. d1eperaed system at tbe cri tiQal· 

point conaists in the t~nnsition o:f. the ayrrtem into a miel:"o­

heterogeneoue state and umlar the critical condition a maximua 

poaaihle microheterogena:lty can be real:f.zsd for a given system. 
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. When the.ae co.n~i ti.ons e.re eli eturbed, there oac.urs a audt'!en 

fu~r!.on of the moloeule.r 8{5ts-regate!J end a trrou::tti .. ctn of. tbe 

rn1 CTOdia.p{n:"Bed S'Jetem :tnto a.t'l Ordinary dii!'Jij£rrood aystent 

having a milky eloudi.neaa as it e cha:rnoterletio. Uaing the~e 

prinoi:r.>les and s themody!:l.'ltmie srgu.ment. Semenchenko hae b~Sen 

able to explain the erl staneo o£ roaximurJ of the dielectric 

conot~t ·and other phyaioal propertie~. Although S()tao.nohenko'o 
I 

treatnHu~t p:t•edicta a large ino~~aae in E: nt ori tical tempe-

rllture, the exp<;:rim~ntal evidence ia meagru:o nnd frequently 

contradictor;-. Lomova end Shakh11aronov ( 1960) ·t.ttudiad the 

nitrobt~Jnzene-hexane oystem nnd observed airnilnr rosulte for 

tho change of dielel1trio oonata.11t at the ori tio~l temperature 

as that obtn:tned 9a:rlier by l?iel(ara.. Quinn a.nd S:royth ( 1963) 

examned t])e n:1troben3ene - 2,2,4 trimethylpentane at a gingle 

concentration of nitl:-obensene, .t.lar!'iely 25"~ by tteight at :t"'requen• 

o~.ee o.;, :;.o x 103., 9.:5 x 103 and 2~4 x 104 M.H~. A pronoun-

ced ma1timum was found in E 
1 

at a tGrnpcn~atnre ahout 2QC 

above tho (~onaulate <temper.a.ture,. Arkhangelskei and Stm~enchenko 

(1967) ~xm:1ined a number of polar non:t,olar uyatema ar)d found 
I II 

that dielectrie constant ~ and tlielectric ~oss E allow 

a maximum at the eritionl temperaturE) l'egiort. JJubo~ky Md 

1~ciutoah ( 1974) studied the ~niline - eyclohexane system ana 
' I II 

found ·no anoma.loua l(Jl"f!~ <rtaJ.ues o;f' ~ $nd f a.t the orl ti-

cal tem1Jerature. They have. suggested that the approach to the 

system' to phase aepar(:}.tion invo1ve.u only "the density :f'l·\.totua­

tions and no evidence w~a .foond for the mtdc'htn :fom.ation of 

~oleoula't' oluater.a when epproaohed. to. critical point. 



A rf.!-e~am1.na,tion of the the!'modynE!.micml. ar~u.monta led bif 

Halliwell etel alco predicte that there ehoul& b~ no WlOtml.• 
I 

loue v~lua of E at the c:ri ti.cal te~?erntura. Rec~ntly 

Konecld. { 19?8) inwstigni;ud a lro;ooge ntttabar of ayotems vi.~. 

nitrab'1nMne in 2,21 4-tr<lmothyl pentfme., hexane, eyelohcx~ne 

and oyolopontene pur.elJr from c:x.perlaent~ point of view and 
I 

· oheervt5d no maxima in f value at c:c1 tical }f-aint but the 

der,ivati.ve dE
1 

/ dT deoreasail witb.decme~sillg 'tempe-

ra.t'IJ.l:'G neat' the eri:tioal temperatu:re. 'lthe. resul ta are oirdler 

to that of Piekara o'bt~naa fH.i1?lier· in oaa~ uf ni trobenra~ne­

hexane ayst~n. 

Althotlgh the,r,~qt ore aomra eontra.diotory .result$ regm:-
/ 

ditt6 the aha.rp iucr!9e.s~· ixl E- in the o!fnlosoeut state it 

ia howevt'ili' conclu~,ively pl"oved tha:t there is a &hruzp ~i~f;l in 

the cQ&. . .f1f1oient o:t' viscoei:ty and ult'Y.'aaonie abaor:ptiQn near 

tne eri tieal ten1p~a:tu'Ce. ~:he large values of ~1maa1oue 

ultrascmio abtl!Orption ·rt.e~ th~ ID."itioal :(legion have be~n 

ro:ported by <li ff.erant wurk~s auch as Obynowfttb and Sohn~ider 

( 1951),. Fixman ( 1962), A~tar.mt'l~ etal ( 1966), l?ula and. 

Ki:rkaldy ( 1911)., GuttSoh:te1t and Pi:ng:t ( 1971), Aggarwal a.nd 

Gupta (1975}, 1~iahigak1 ( 1978) and slao revie\fed by C.. w. 
tJar'land ( 1970) and K~ Itawaeaki ( 1976). / 

tEh.e anom.~loua i.nol:'c:a.oe in --tioaoa1 ty o.f' binary li qui.d 

nrixtu].'(Jj B nel'lr the eri tical tampera:tu.r~ has lonts b~en a ma·tter 

of int~:J:e~rt. Mondai,n - :Tx1onvnl and '~J.iQue:l:'ez ( 1944 - 1945} 

investi2a:tet1 the V1auosity and opalenoence of bi·n~:try and 

ternary nystmlle $UOh as water - an11in.e - e'tbanol, 
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'tlla.tor-b$:tlZene-etbanol.1 water-t.olune-ethat.tol, anil:i . .ne-c~yolo­

hexane, n:i:lir.oben::t3ne-h~xane and tlboorved an inG~nse ir1 vis­

oosi t:t near the oritical temp.erature. Tn.a syaternu E!bowing 

abnormal v:teoosi ty· ru:-a believed to poa~a$ .a collo:ichll etruo-· 

ture in the criticnl r~gto:n. ~le;_ae.nchenko and aorinn ( 1950) 
" ' 

investi£R1ied 1.he ViSlOOt:;ri•ty of nitroben0ene-hexP...ne W.xture. 

!i:he results ahowsd tllnt thl't peiMt o! vineosicy in the critical 

l!ep.J.on wae atl.~at 201~ in exo•~ss o;f tbe va.J.ue ishtlt would 

corr.-eopond to a lin~mr inc~~-tlae., Reed and '.i:gylor ( 1959) have 

observed the atiDm.q.loua inor~~ in the visooaity of ieooo -

· tane-p<3:r.fluo~o11~ptane mixt"trve~'1. The J;\..noma1.oue 'behaviot~r cP.tn 

b6 detect!lld ~l.e tar wuy aa 10° from the o~:i tioel tempera~rur~. 

However,. othmr investi,gat&»a £ound that for thaao systems 

the anome.ly Otl<nt.rn only at tem.p.eratur~a 1.auoh closer to th~ 

· cri ti.eal point,. 

Fiman ( 1962) on ·the basis of denai ty fluctuation 

ntml." the orltica1 1~~-e.ion treated th~ore.tically the increa~e 

o£ vlscoF.rfty of critical· mi~ttwea. His m.Ert~bod :l,llVolv0s cal-. 
oulation ot the entropy production tlttougn di:f'futd.on which 

results when a. mixture in a etm:te of coraposition fluctuation 

1$ onu~ed to have a. velooity ~aa,ient. ~be lone wavelenfzth 

pa:ct of 'tho ap~ett<ttun o.f omnpo~.tion flnotunti.on is iuten.a~ 

anil wry easily diato~ted by e veloc1 ty gradi~nt in 'the 

cr.i t:i.ool l'~gion. 2be return 'to unifrn:.t'l Qom};)OV'tlitiom through 

(liffuaion diaa:ipatee enere:y, n:rul the loss ita intorpr.eted atJ 

an exoesa viaooai ty. Fixrn,_"ltl h.qo dev•~lopeH1 his theory ill two 
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etages. In the fit-et Qtflge. he· baa considered. the locf.~ GQJJnti.on 

of. motion and diffl:ta1.on in a mt;&ture :J~ 1~he cri t:tctil region, s 

;para'U.fJl plate .flow and in tile neeorid stage, a aal·ottl!Ation. of 

the entl'Qpy pro(1u.ation. ~h~ catoulation shows that the f.rio­

tional rq~s1etance ot ditf'ilsion ioouoed by the v~loci:ty gradient 

ils ret\lly rasporudble tor enowmou.s entropy produ.crtiO'n. 

Considerlug the above. m~ntioned at~ea. the :final 

expreesion of the mm~:r:oaco:pioal.ly obanrved viscosity i" 

. . . { 1.44) 

where 'l'j 
0 

= looal visco11i:ty eve.1:uated at the ~een oompoai t:1on 

e u dmt$1 ty ot t11e ~ixtU.lt'e 

<: ~ • .maaf;J of nompo.neut 2 in unit m ms of r~ixture 

Q .• di 1.1rtanoe tl~rough which ahelU'ing force acto 

and generBlly oxpres$ed in sngotY.'oms 

~ = diffuei.on constant 

"'t<. = nuiOlbE~r of moleoulerJ i:.n component 2/c.o. 

11ne equation ( 1.44) has -to be put in n form aui tal1l~ for. oom­

.parieon with experii~e.n't &mt'! fo:t" tt.\4! nae of appt'Q:dms:te tlu~orien,; 

o£ th~ tberrn0dyn~~ie pro~e~ties o1 tb~ oolution. 
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Co.nai.de:r:tng C#11>·ne-Duhm:n relation ·ana the -the·ory o~ rate 

proeeas by Ola.iitstone, I;aid:t~r a11d. l5yri:lg { 1941 ) ., thG e-~l!I~Qei on 

for d... tnt·eNs of tho diifuHi O':tl con~tal':lt »10 of an ideal 

mixtur~ can be m1ti:$tl l*.i~ 

wh~re, 

n 1 = num'bsr of molt!eulea t?f oo~pmlGnt I/oo. 

"'~ = number of molecules oi <Jomp~n.ent !I/oo 

em 1 -= ma$a per mol~eule of oo~pon~.nt I 

~2. • mass per ll10l~cule of oomponnnt II 

x ;t = mole frs.ction o! OOln1'H;:,nnnt ll 

a.nd it or-.n be read:L).y VCJ~ified that 

-I 

. [ V 1 n 4 ( -n 1 +"~"~ ~) J 

. . . (1.47) 

From equatiol:la {1.44), (1.45)~ (1.46) and (1~47}. the vincoeity 

inot>em~nt t'})'CfYr.ea~ion becomes 
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J t4~J 
wbere fr-iction oonata:n.t ~ = Kl 

has bom evru:u.ated by F;bcaman as 

' ' - i 

where 

v, M, = volume per molecule of comimnent I c: e 1N 0 

v2 M~ = vol'Utlle per moleoule of oomponent I! = _e~N"o. 

m "'lv ~ critical temperatura = -~c :II! . I 

~, = v,n, N-o = Avogadro's numbG:r 

Ta.td.ng the f)x:perim~ntal data. of Racd and TaylQ;r on 

the mixture ( ;_ -- c. '8 H, s - c. 7 F 1 6 · ) and considering 

· C 7 F 1 f, aa eompone.nt II, Fix.l1lnn ahowa from hi~ theore-

tical model that visoosi ty rise a shm~ply when bi.nary liquid 

mixture is ai"i ticall.y op~<,scent. Ue elno on.loulated the 
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value of 

theory wi.th the e~lGrim.~ni; i~ not ·aompleteiy oonoluaive and 

what is needed for thiSii' ia more viscosity data. near. the 

critical temper.atu:tte,. 

Campbell et~l ( 1968) h&,ve. studied a.n:Llill$-h~xnna 

ay•tem. and observed 8nom~o,~ely high viaooaity over s. tempe­

rature rang$ of 2.4°C above the eritica~ ~olution t~mpe~dture. 

Brunet and Gubbins (1969) roport~d th,e inct'ea.se in viscosity 

that OCCU-~S for a binar;y xaixt~l) cloee to the critical tempe­

ratUrt! in caae of phenol - water, aniline-oyclohWttm~, methanol~ 

n-hexane, me1.~banol-cyc1ohe:.t1!!lle. .Viacoaitiea have been taeaaur.ed 

· for· thn above syatemt1 at sever~il te:mpfn:"atures and over tht 

ent1.re oompoai.tion ~tmge. Compmrieo.n of tht) experimental 

resulta·~~th the predictions of ~i~en'e theory reveala that 

the temperature dependanoe o:r the exceEH~ viseoGi:ty :to well 

de~mribfid by the tbeory .- However, the i;heocy is lear~ succHb-

a ~i'ul in :predicting 1~he ~ff~ot ot cotapoet tion ·o.tl excaue v:i.s­

cosi ty. Yang and Meek~ ( 1971) obom .. ""Ved the increase tn viF;co­

si ty :t:n oe...~e· of <r.fclohttxe.ne-an:lline 'bina::?y liquid ~ni:rlu~e 

netll:' the critic~l tempe1•n.i;ure for thr.e10 coopo!litione 0.430, 

0.4451 and 0.460 taole f:r.acrtiona of anili.ne. Neither loe;at"itb.­

Plio .nor expour~ntia1 bah~vicrt.n: o.t ·the viacosi ty is followed 

for the full :rango o:f tempera:tu:ms invuatiiatcd. 

fhe pionee:rina thaor.etioal work of ~Fixnuu1 ns W(fll as 

the later tr~e:tment ot Kawaf3eki ( 1966) and Detrtcb ft.lld Zwanzing 

( 1967) predict a. atrong divargt;tncie of _th~ nnomaloue vert o<f the 

shear viaooai't'y a.a a power of (~-Tc) nea;y: ori'ti.cal temperatur(t. 
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Anoth@!r report of lkndQnof:f ~md t;wi .. :ft; ( 196B') afl(l Swift ( 1969) on 

ths other h8tld• euggeats that tb.:1 singular l'fll'it of the v:taooatty 

£toes not; divt:rge ~,.. a power o.f (. T ~ :rc } in the o:r.i tict\l, region.~ 

'bv:t~ atm~st ·snows a weal~ diWJ:genoa. A deoirni.on base~ on exr:e­

rimenta as to ~vh:tch of ·the two tbaoraticttl a.pprooohas deoeribes 

more accurately the ebeflXI viaoos;tty coe:tfi.oiont net:l.'r. the criti­

cal tam.pf:rature ha$ been tlif£1cul t to mAlta. ~he eal11Y work of 

need snd ~:aylor ( '1959}, \1ioermonn and Sarholz ( 1965) and Barber 

anti Ohat1pi.Orl ( 1969) lend support to the view tbat tb0 .W.nb'Ula-

ri ·ty i0 atl.'orrg:ly di verg£l.nt. 1:he., ,f!!P.erimental reaul t$ vreaonted 

by .Leister etal ( 1969}, Aruovita etel ( 19G9), tlu.a.ng and if(l!\l'be 

( 1969) and Stein flta.l ( 19"/1) support at lenst in 1;he rtena.o that 

there i& ~ppurGntly no .sftrong power law divo~gene~. The meaaure­

~rrt ot viscosi 'ty by Bsllsro et aJ. { 1972) ahowa that n-!1 e.noma­

looo b"baviou:-r.- of Viaao~i. ty appears closel? to the critical 1Xlint. 

It has been :round that the aingul~ beba.vio~ of the visootdty 

ca . .-·:mot b~ fitted by a siel;ple power law nol~ by a lognri thmie 

one in the anti.r.e rnnge ot tam:pe:m.\.tu:rc:. ~h0 aaympto'f::lo beha­

viour/Jt howevetr,. tende to oec~~e :togarlthraie as tbe m~i tioal. 

temperature is BP!~oached. 

Son and Ghoab ( 1972} nav~ rr.uw.:tsur-EfHl the :r.c-t<li .. io fraquenoy 

coniluot.ivi t>Y in caea ot two crpaleaoent. mi:d;ure~ (ni t}?'obenftene . .;.. 

ll-he:z:M<ft anili,.ne-cyolohtlxa.ne) and .:founct a large ino;reame of 

radio f'1requency oonihtoti vi ty at Clfi t.ical tem;peratu:ro. 'E'r.om the 

calculatad value of t·ime of. :r.ela:!t.q.tion and. rad:hts of the 
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rotating unit • it has be~n ahown that the :tn1;t3noe d e:nai ty 

fltu~ttmtion at O't'i tical stage is not due to :formation of 

cluster of molecules aa Pl"oposQd by Kriahrum. Utilizing 

l?ixm.$n•e theory they h~ve calculated tbG i.ncreas$ of 

viGcoei ty and h~nee the v~llll!)m of friotil).nel Cl}natant A ' . \-" 

which are found to be i.n eloee. egr.aerr_aent .aa rc;gt!lr\lS the 

order of rnagnitucle incase Qf n. 11. quid. :I:hay have ruao 

suggested an BJ.temntiv$ wethotl ot calculatine; ~;h~ valtt& 

of ~ ~Uld fin!llly ~onoluc1~d th .. ~t aa atiHJ.umed by J?ixroa.n, 

there ia an intenae tletlai ty fl:uotuation ·in tile c-ritical 

otate end :return to norr.~al deltei ty fl;lctuation through 

dif'fufrl.on d!soip~tea en~gy whioh ap11eara as a eha.t'p 

.incr$aa~ of v!scoai ty. 

· .. 
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Tbe problem o£ tho effect of n".agnotia :f,leld on the die­

lectric constant of a m.tbat~lo& has not reoei ved tmch atten­

tion either by ex_parimentaliats or by theoreticie.na. It is clue 

to the fact that.ao far oxparimentslly investigated, the change 

in the dielf)ctrio eonatant ie normally very Gma1.le Ho\tever in 

liquid. oeyatal.e .large Ohflngea have bean Ol'>oe"ed {Ke.st 1924, 

Bauer 19261 Msrinin and Tsvetkov 1939) and app1?ec1able effects 

have b~~n found in some solids (McrAahon 1956). 

~he phenomenon o.f F.~patiBl quantization ts one of the 

best kttow:n and mo et char~~teri stic f!enture of the q uu1tum 

theory. By this ia mean-t the fact thnt aoaordina to the (luantum 

condit:to"l.'la the molecule can only aa1~ume otertain particular 

orientations in apace. ~he pttrticular cond1. tion responsible . ' 

for the apatial quantization ia usually the r.equirement that 

the angular momentmn of the r..ooleoule a.long soma direction f.l.xed 

in apaoe be an inteeral or halt :intosral tmJltiple M of hj~?\..: 

Here M ie calle<J the magnetic quantum number. .A direct expe­

rimental oonfirwstion of spatial quru1tization is furnished by 

the well known e)tperim<fn.t o£ Stern and Ge~laoh ( 1924) on the 

di!!leetion of atomiJ ln a nonhomoseneoue .mague't1.o field. Since 

the technical .diffi cul tie a ot tbia e~peri:ment ore eo gr~at.­

Ruark and llrei.t ( 1925) have prope3~d to d~Yiae other meane of 

testing the space quantisation. According to the suggestions 

made by Ruark and Breit ae wall e.s aorne thcoret.ical c31oulationa 
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made by l)ebye ( 1·926) the x~oasible change in the di(tleet~:ta 

oonatoot of ga.eea w.~. hel:tu..~. oxygen ana air in ma.gnotio 

fie.ld duo to space <numtizat1on we~ unde~t!lken experimflln-
. ' 

tally chlq by Weatherby and WQl.i' (191?6) uoiug hoterooyne beat 

method and the results show that for h~lium ( 20 em. preaaur.e) 

air (76 ()m) and oA-yg~n1 (76 em} at room tern:t-"leratilre, there io 

:no obnng~ in d:f.~ll\tetrio OQnCJtant to 1 pnrt in 5001000. The 

magnetic tieltl \:vas o'! the. order of 7000 - SOOO gaU$$ while 

th~ eleotric fielcl wee etJtimated at 5000 - 10,000 volta/em. 

!Sx:perimentB were carried out with the clit>~otion or the elect­

ric :f:leld both :parallel and no:mnA-1 to the direotio:n of th~ 

magnetic fie1<1. ·S1no6} -none of these gaseE~ helium, oxygen or 

air are or 90 ca\led polar. class, naturally it seems that 

1 eck o:f et:rect of Jn.t:tgnetio field in th,e above eases is due to 

their ·$m1-l3.1 permanent ele.ot:ric pola.rization.,r,..M. Mott-~lmith 

and Dnily ( 1926) have ooda tm expar1m~nt to to eat the ohanse 

of dielectric oonsts.rrt :b'l p%'omence o£ ttnguet~.o f'iald or the 

syate.m Hol and llO gases which have uerta.tnly a strong pGrnm­

ne:nt eleetrl.Q dipole mom!tnt, but no ob.'lngo wae deteetod. ~be 

magnetic field st:rellt1th wns 4800 gause a."ld the appa.J;"atue was 

capable .of detecting a allange in "Uelectric conratant of one 

part in 100,000. Th(i .gae~s were teated at :preaaurco of about 

2 to 40 em •. of roercu:ey at room tempe:ra:ture ana with the mag­

netic .field both pat.'al1ol nnd perpend'ioular to the oleQtrio 

fiel«:l. 
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Pauling ( 19?7) 1nveetigm.tad thaonetiC' . .a.lly the motion 

of a. diatQnlic {fipola mol0cul0 in. cr.oaued OO§iftetic and e1oot­

r1c :fif?(~ds and shovrGd tbE~il according to old C'Jt.lantum theory 

. there will be spatial qunntization lJmrticulfU'.~ly \rl. th· r~ar~ct 

to the clirectitm of 'th~ ~~etic field for expGrimentally 

r.enlimable valuos ot :ti~ld strengths. lie proved math~roatioe.-
' . 

lly tllat in preaa:naa ot strong magnetic. fiel(l making an 

pe~an~nt di poluo wi~ll a.ocord1.ng to olcl quantwn th~ory be 

(3/~ C-os.,_t - 1/"f_) times ita v~\ue in th$ ~bsenoe of 

the magnetic field,. On tbe othl'l'J:c hand .aetJording tQ .new qut\n-
' 

tu·m m0ohanics, "the thoo~ of dieleot!:'io eonetant of diatt:lmic 

dipole gaa roquirea the dielect:tJie constant -not to depend 
I 

upon the direction cha:ractenzing; ·the fJpo.tial qnunti~a:tion 

ao that a magnet:i,c fie :td should :not intlu~nco ·the · 

dieleetrie oonatf.mt of a gas such aa hydrogen chloride. 

Assuu1ing certain conditions Van Vleck (1927) t'leduceJ the 

Dob;)HJ formula 
f:- I 

E+;(. 

with the help of new qun:ntum mochanics and CJon.fir.m.s the idea. 

of l?aUling that unlea~ the ·r,~agnetic field ia exceedingly 

J.ar&ra~ tbnn those ordint-arily considered, a tilagnetic fiEJld 

should according to o~w Q.u~ntum m~ohanics be without effect 

on the diel"ctr.io conetant of gases. He alao concluded that 

it must not1- however. be inferred that the dielea·tr:ic constants 

of all substances are not inf1u~noed by magnetic field. 
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1!"1or instance, the exp&riments of Jezewski. ( 1924), Xsst ( 1924), 

Friedel ( 1925) and Baue:r ( 1926) ehow that~ t:he dielectric oo.ns­

to.nta of oertain "mesomorJ)t'l:i.o substances (anisotropic liquids) 

e.re perce}ttibly, a.ltered by magnetic .tielda. This nevortbltHISt 

must .not lle l:egarded aa diSl)l~Ving tbe axier!iing 'theo;r.oy, as 

liquid oryatala are .likely to be built out of. large complexes 

( elen11.9nta.ry crystala) ra-ther than out of ord1.na~y free mole­

cules auoh as we~ assumed by Van Vleck in d&duoing the 

Lt.mgevin-Debye tbeor-..r intendeid primarily for .gases. . . 

Buckingham ( 1957) invea'tiga:t0d the effeot of a tttrone; 

rnag.nt'3tio field on the static d.telectri.c corHetant of a diamag­

netic .nuid t.l:leOX'etica1ly U.aing statietionl rnechaniea .. I·.n a 

strong un1 :fom ~1ectr1c field X& E can be written ~~ a 

pownr a~riee in E2 

E .,...., 
I r:~ -4 

E
0 

+ o t:. + C E + · · · · 

whex-e b and c are chnracteristic ot the spacimen and it 

hae been abown {Van Vlcoi< 1932., iluokingba.re 1956) that 

6 '1o + 
' 

~0 .is related to tbe molecular 'hyperpolal.:>it&abili ty' and 

Dy 1 is de·pendent upon thu anisotropy in the polarit:nbility 

tenaor. The te:rm in CV2. is also depen(.lent on the anisotropy 

but in addition is proportional to the sguta:r.e o:f' the molmcular 

dipolf) moment • rapreoe~nts the dipole aatura-

tioll term and ie proportional to f--4· BuokingllfWl eon ... 

can be 
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"l- L\ 
E. 0 + B H + c. H · + 

where B =r B J) + B v 
) 

Bv 

(E:o-l)(Eo +~) VH 
3V 

. . 

If. B is maaau.red at oonsta."'t ~)1un0 then B v · = 0 

and hetloe B • B :D • Using ata:tieticnl mechanics 
. ~ B Duo_ld.ngham e,i!~oulfl-'ted the vru.ue of J) in ctaae of non-

;polal? moleculee, spheric3l n'.Olecules and poJ..ar .:misotropic 
? 

molQCUl.<Wn. Utilim:ng this the.ol"Y' in Oe,$0 of. nitrob~mztme:, 

iluckingh~ found tbn.t · B'D becu>mGe equal to 2.3- x 10-14 

{:; Ccs'\.._n_- 1), __n_ be ina the angle 'betwe~n electric field 

and m~netic field. 

oer.at~ds• tho change ot diel~ct.rio cona't~SUlt A E '!:11 2.0 x 10-5 

which ia only one thirti~th of Piekn.ra• $ obaorved ( 1936) 

experimental value b. E = 5 x to-4 .in oaee of ni troben~ene 

tor the a~me field at~a.ngth. ltiekara. a:n~i _Chelkowslrl. (19~;) 

he.ve det~cted ~xperimentally an increase of dieleot:rio QOlltl!­

t9.nt of nitrohehe~ne by en a:m:-~ount 3.9 x 10-6 when a atrong 

:magnetio ftelf>1 from 0 'to 1lO kilo Gauaa ia BPJ?lied with 

AE. -G a oirtlu5.t c.e:pable of detaetir.'ig LJ,. C'::::: 10 • ~be measurements 

were oar.:d.fld out by the roei:l1od of lrt<lgnatio field etrent<th 

differences in order to reduce hea:ting Qf the oo:ndenser by 

eddy currents. Tho va.rio.tio:n of fl. E "thua found was in 

very &JOd aa-reement \vith tho theo~etical o~~lculationa tor a 
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loeal eleetri t1 fielbf of One:ag.er · type. 

In the above diacussion the R'.agnet,~o fiol.d. applied is 

hori.zontal eo that t11e volume of the li.qv.:td may 'be take.n ee 

conetmt. The effect of magru!t.:tc field can· be looked upon 

aa p:uoduc1.ng a m.echnnical stres~ i:n tbfJ liquid. As a resttlt 

the vollU!l6 and henoe the t:ient:d.ty of the liquid will eh~:u1ge 

Md e. chs.nge in ditaleotrie constant may be e:xpeote!Jd. !n 

fact tho effect oi' preasure on the diolcctric ot~nstant ot 

a liquid has been inve~tigr-.rtod. lJy many workers auch as 

lloentgen ( 1094), Ortvay ( 1911), 'Falke.nbfn"g ( 1920), Kyropoulos 

( 1926), DanForth Jr., (1931), Jaaob$ mtd !Jnwaon ( 1952) G:il­

ol'lriat, Early and Cole (1957) • Jobari BJ1(l Dannhauae!' (1968) 

and more raoently by l?ranok md '.Deul (1978). It hn.o be~n 

oboerved that the dieleetr.ic C<li:l~ttnii i.nortutsao with the 

incrf.la.ee of pre~:mure'• When a dielectric i5 plnm.h .. 1 in a 

maenetic fi.eld it ia ·at~bjcotad ·to a ntechan.ioal atresa wh1Qb 

is·; equivalent to pr,eemu:-e end it is exp~o·tad that if a aEJ.n-

. oitive arrangement can bE) mllde, the soall change ot 

dielectric con,·tant can be doteoted. 
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TbG conduction o:r e1.ectricity ia one of the moat funda­

mtntnl problems in liqu:i.O. .dielcotrioe e.a i·t gi vea 't:he information 

regarding ionic coneentl~ation, mohili ty of ions ar.U activation 

~nergy o The earliest illvastigatio.n o;f oor~luction current in a 

liqu.i.d wna dona 'by Quinolca in '895ot I19 <!Onoluded ·Uua.t th$ 

current i!S u<:m.-olunic a."ld 1n·~·oha'bly 0lectrolytic in origin. 

Curle C 1902) oboerved tbat the electrioevl oonduotiYi ty of 

petroleum 6therc, carbon tetrac.hloride, carbon diemlpbido P.l.nd 

benzene was incrcatHid by <!Xpostlre to g&lma reye or :rc-ra.yss .. 

Schweildlttr (1907) showed. ~~:periro.enta.ll;y thmt the oonduotivity 

uf: satura·t$d hydrocarbon decreased with i:nareaaed purifioatton .. 

Jaffe (1906, 1908) atudied the m.u·r.ent voltage cllaraot~rigt:ic 

ot heX1:'l1'1@ when irradiat4d oy ga~ ~ays ?.tnd considered the 

our.r~5nt aa sum of two aopara.te currents, one :r.-iaing to a satu­

ration value like the C1.tr1"'ent in the gas while the seoo.ntl ia 

an ohmic current. In '1909 he s.mccad~d in measuring the smnll 

current th~t dov«lloped whl;)l'l a vt;,ltag., was imp:r.esaed. on highly 

purifia<.l hox~..ne in a braa!ill conductivity cell. Hie t'eaulte 

show that in the pure stBtf! the condu(~ti vi ty ot hexane wae 

· due to oosmio ra~1iation fi»d that about 146 ions were produced· 

per om' per aectmt1. nut J.afee ( 1913) himself d.iaca.rded thie 

view of ~operate ct~rants in favour. of a th~ory according to 

whioh the ions are l?·rod.uced in very densely packed columns 
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isolated from emch other. These coltttma are the trookn of the 

photo elect:r:Qns ej~o'tGf] blt the ga~a raye nn£1 ho concluded. 

that for e. field of leBG tl1an 100 V/cm, a lar.go palrt of the 

current ia ce.uecd by e:r<terual ionizi.ng :ra.din.tion. rakuradae 
0... 

{1932) studied the current in dielectric liquidG over"wide 

range of field stre.ngth and gap width. l-lq observe-d that current 

depends on the purif'lcation of the l.iq,uid, eleotrode geoMetry 

and eleotrode mnteria'l, 'but is iu(lG:pendent of prssaure.. When 

all tla 1.on1~ing agent a $UCh ae x-raye end other radio aeti ve 

sources ~ere 't'entoved, it wa~ found that there stj.ll existe a 

ree1.rluA1 or nn·ture.J. ~onducti 'Vity in tllaae liquid a. Many then­

ri. es have be Bn advanced to $Xp1a'i n th~ maoh eni arn n :r cur~ent 
conctuo·tion in liquid dielectrics" 

Earl:ie~ inv0otigator$ (Nilru:rade(B 193'2) obtait1ed some 

cvldenoe that ionization by collision in e.nn1ogy to e.aacous 

col:lduct:ton occurstt in liqu.ic1s. It is aeau~d that ions aro 

initially pr.eaent in the lit.tu:ld whioh are tne cu-rrent carr1.era 

at low fieltl str.engtha. ~fheee are suppoaed to be fo:rmod by 

som0 ioni?.ti:ng agents such aG x-re.ys or coamic rnys or f.rolt 

elect:r.ol!rtic diooociation. At intey:r..media:to field strength 

this ion current antUY.'a'tea and beoo~oes i.ndependent of fi~ld 

until a, value ia .reached ouch tl:lt-:t.t the ione attai!l sttfticient. 

velooi.ty to form n~w iorlm by collisi0n t_tt •1 ~a:~.a~ tha.t tha 

ourrent becomes an exponentiRl ft:a.notion or the voltag~ .. Inge 

and Walth~r { 1935) rejootad this view on the ~""round thrlt the 

electronic trfl!s .path tn a liquid would ba insu:f.fieient for. an 

electron to acquire the enermr n(!H~ded for ioniza·tion. 
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· !ieies ( 1936, 1937) applied the Onsa.ger theory of weak elec.t:ro­

lrttc d1aaoeiation to explain thn oo.nd:ucti:vi·~J phenomena. 1Ue 

aupposi tion ia tlla't even tbe moet ohe.mioul1y pure clielentrica 

contain trace a of l)Olnr impuri ti~a whoae ionization ia suf!i-
' 

ciently CJUh•tnced at high :fieJ.da to explain the ol>:il~r'Tf1d con-

duoti'1i "ti.es. Bakel! nnd .Boltm ( 193'!/ e.nd. Dornt~ ( 1940) inter-

. preted their in"\t6atignt1on to raean thnt the aon<luotivity ia due 

to 'therm:tonic em1aa1 on !rom tho cathode combined "'Jith a 1>chottlcy 

effect~ AceH~Y.ding: to them, current - voltnge rel&tion ie given 

by 

KT 

where E is thti dit'llectric t'mnsta.nt of the liquid, E is the 

field mtrength. !?hi a h.a5 bean cr.i tici sed by Lepage and Dub.ridge 

('f940) who showed that thu current- voltage relation i~ o! the 

form 

Lnttc1:e on they ccmoluded ·M1at currant ia due to .f'ield enhanced · 

thermionic emission and derived the rela:tion 

'/-;_ 

I 'l--ex. cpe 1 e E. . [ Wi] A T p - l<.. T + 2' 3 K T. E - ... ( 1 • 48 ) 

\vhere E is the dieleotrie C;Onetrmt _of the li~1uid. 
-. 

Gemant ( 1940) .eutureste\l a method tor the determination 

of ~o:nio mobili tiea in ineu.1ating liqutde fY.'om the current -

time curve obtain~d Bfte~ application of a d-e potential. 
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The ionic radii and tbe ooncontra.tion ot the charge carriers 

hsv~ been oompl~tad from tlle mobilities thus <ibtnined. Ae~mnling 

that the decay of current !)Main(\; tl:w.oueb an insulating 11 t}uid 

after the aj.Jpliantion of a d-o potent:f.al is :t pa-rtly at least. 

eauoed by the removal or a,ceut~ulation ot ione present near the 

electrodes, Gerr.ant deihtc~an equation interms u'f apeoific 

conduoti viti ea 

- mE 0 tjOL'l-
6 0 e + 6 f · · · { 1 • 49) 

wh'lr.G 01\ = mobility of an ion. E 0 = Applied field 

ex. 2:.lntereleotrooe diatanoe o:f the condenae:ro of croea 

aeotionml mt"ea 1eq.cm, 

ponding to saturation vnlue. If '1'n 
I 

an<J Til are the mobili-

t1.ea of :positive and negative ions then eq:uation ( 1.49) C!in 

be ~earmnged to 

.-n e- IT\ E 0 tj o.?- + Til I 

~+on' '10) + ~' 
. . (1.50) 

Equation ( 1.50) it~ the fi.nnl f~)l:J:~ from whioh ionic rnob:tl:lties 

hevo t1eon COI!ll1Uted. 'Xhe ion1.o radii &'lf1 mimber of l?ttX'tioles 

have been ~~1luated :from thl') equa ti.ons 

- I 
')\ 

where e is the el.octronio charge. OJ i$ the vs~lency of 

ion an~ '1 iu the viaooe>ity of the liquid. 
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Plumley ( 194-1) and 11-ao ( 1943) interpreted. tid tb experi­

mental BUPJ;-"'O:rt, the potential <!iasooiation tbeoey originally 

proposed by Onsager ( 19'54) !or very ~eak electrolytes. Aocor­

div~ to thie theory ttw.re ~e present in pureet hydrocarbons 

such an bexam.~. a very smell number of ions resulting .from 

spontaneous diocoeiation of molecules. A favourable o:rientn­

'tion o~ the molecules with reapcct tQ the f.i.eld inoreaaes 

diaaooiation and the nur.1be:t- increanes rapidly with the a.t 

strength ot the field. On tbie bf:l91a Plumley was able to 

give an e~>resa1on :f'or tho cur.rent interl!la of terJ])era.tut•e T 

and ficl.d E, a.p;plieable to n numbe~ o:f dissociated molecules 

. v~ 
L. ex.h c· 2.q,) ( 9-E ) 

r KT \:3oof. 

whl'.n~e 0 1a a co:notant and 1~ proportional to tbe number of 

tliaE\ocie.ted mole(nllee at! aero ~.ald, - R ifiJ the Bol teruann 

consta-nt., 9_, the unit qharge 91\d E ie the dielectric 

constant.. ~1e above expre~sion oan be rapreo~nted as 

l")') 11\ . A E '/2... 

which is en important eonoluston of PlunJley•s. ·theory. Eok (1949) · 

showed that veri ation of ourro;nt strength with tim& can ba · 

repr.eee.nted by the equation 

1-l 00 

where 

-KT 
e 

is tbe :L.nitial,. current, 1 00 1s tb~ l':mlting 

valt&e of cur~nt mtd It ·is a oonat.nnt which containm 1on1o 

mobil:t tie a. 'lhe e:r.rect is aeaum~d to be due to initial exis­

tence· of tonic olu.sters 1n the bocl.y of: the l:tq_uid ., which 
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eradually disperse. He performed experiments on acetone, 

nitroben~ene and acetone aubatitu:ted con1potmd3. Gocdtr.\.n ~t'ld 

htaofadyen {1953) measured ·the cu:r~nt, as a :function ot 

electrode g$p wldth and. field strength. Extrapolation to 

~ero gap width showed the exiet~nce of a zero gap width 

current t1J..r1t obeye a field emission ralmt1on or the form 

1 ••• 

Jaffe and 

in hexane :fo:t' wide eleetrooc gapa ancl low vol tagea and con­

cluded that the O'l.lrr.ents are ionic •. Green ( 1955) utudied: the 

conduction Md breakdown in n-he.xane and conclUded that· the 

magnitude or the oonduoti on OJ.trr.e.nt depen<l a on the riature 

of the ceth.ode and n eignificnnt cu:t.Tent would re?.a1n for 

~ero gs,p widtbo A :more im:po~tatlt eonoluaion !ll~.e by him 

in thH.t .field e~issio.n relt~rtion or field enbanoed. thermio­

nic· emiat!Jion theory repreaanted: by the equation ( 1.49) or 

( 1. 51) ie not able· to explain the observed experi~mental :raota. 

On the other h'iUld be ast~mled that posi ti v" ions are e.luaya 

r "· ... \present in the liqUid beca.UiJe or. e-z:ternal radiation or diseo-

. ciati.on of !:mpurity moloculeo. When s.11: external fie'ld ie applied 

'; tbese ions drift towards the oathodo but a en thode aur.fm.cQ layer 

. ·~ .. :impedea their immediate ueu.traliza.tion. The iona then sot up a 

local :fi. altl aoro.sB the at.trf::aoe layer that tends to produce 

el~c't}:!on Qrnieaion. Tb.e size of the local fiel(l del)tmcl9 upon 

the r.tagni tude of the ionic cu...~~ent and the probab111 ty 
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of neutralization of the ions. Crowe { 1956) tm.t forward i:be 

'p 

hypotbosia o:f tlle "ho~tngn c.lectro_n. Thie waa ln.t~ diaousl3ed 

by LeBlanc ( 1959) on th<~ baafe of G:xpe:riroe.ntal remtl ta. Accor­

ding to this bypotherJiBt tbe ~lectron in the liq,lid tra.vele 

sa a free electron the distance .~ and is then captured by 

a. moleoule (trap). lt remmint:l in the trap in a bound at e.te 

for the ti.roe 1-' and then leaves the trap as a free e1ectron 

to travel the distance 'A until the next capture. ~huB the 

drift mollili ty o! the ion in. the electric field can be formu­

lated e.a 

snd C ia the mean velocity o:f.' the electron in i t.a therma.l
1 

:root:ion. ·:r;:r tha influence o.:f temJ;!erature on th~ tim~ rr' 

' [the length o:f ·time in tlfi:l.ich the elaotron remain.$ in tlHi1 

trap ( '\' := roro ex.p ( W/kT)] ie taken into consideration 

equation (1.52) can be written as C = 107 om/nee. and 1')) C 

tvhere W denotes the mean «Hler.gy with which the ele.c~ron 

ts. captured.,. Sta.ndhammcr ~mel Se-yer ( 1957) bave obtained eVi­

dence :f'or the f.or:nt-1tion of j,ons 1.n oyclohexanft nnd cyclohexano 

saturated \~.th wat~'llr. Ha!>t and Mungall ( 1957) observed that the 

conduction ctt:t':t'ent in oh1.or.obenzene continued. to decrease even 

.after continuoua rH.tatillation for as long a.e three months. 
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Chong et al (1958 ·- 60) while studying the Kerr effeei~ in, 

ni troben~.enEJ found that, t1he rn.ovem~nt of poei t1.ve tons are 

responsible for tha field distortion end the mob~.l.:Lty of the 

ion a :l. m estimated to be or; the <r~Gr of 10-3 err?· ee.c-1 vol t-1• 

Vlhile conducting the experimEmt of terope~e.ture vari~~tion of 

mobili tiee or negative charge carriere in hexane and belUHUl~, 

they found the ntl.nlerj.oal valu.ea of ion r~obili.1;y a·t r,oom taropa­

rature to be 8.5 x 10-4 and 4.2 -x 10-4 cm2 v-1 S~e-1 respec­

tively. Blank. Gt al ( 1961) sia,tdied 'tha current time characte­

ristic eurve and found that rate of decay o:f O\lr:t>ent depen.dG 

upon the umoun.t o:t impurity px-eae.nt in the liquid and decrensed 

with :repeated pu.rl:fication of liquidr Fornter ( 1962, 1964) 

etudiod the nature o:f' conduction in pure benzene and also at 

di ffer~nt coneelttrations in n-bexans &"'td obtained a ·relation 

is the conduction of' 

n-he~a.ne, K ia oonstMt a.~d 0 is tho concentration. Het 

showed that the conductiOll in al:iphr:~t:i.o liquids is most 

probably related tt.> ·the preset'tae of polrt~ itnpuri ties or 

tra_pped electrons present i:n the l:i.quid or eenarated at the 

electrode su~f~oe. Accordinz to Forste~'s theory, $~lf con­

duction. coneist$ of two clif.ferent proce~oes=· ale.ctronic 

conduction 6 e.' and O{>nrluctio:n 6 cl oa~sad by excited 

:moleculea. In the forme-r proeesa e. free electr-on jumps from 

one molaoule to a neighbouring molecule '.Vhere :tt is held up 

:for a ehort timo { thia itJ called tra.:P co.nt..~l.ct:!.on model). The 

latter p:r.oceee is 'ba<3ed on th~ hy:potha:sia that a liquid at 

room temperature contains a f'Jmnl1 but atri ~tly dl?fillacl number 

of molqcules whiob are excited to the lowest degr$e or. 
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ezci te.tion. The interaei;,.on of exci te<1. I~Iole.cules :i.a belioveti to 

lee.d to th() form~tion of poel..t.i.vo and negntive i.ons .. He obtained 

t:he followi nt~ ~elst:tonebtp for the dependertoe of oonduo·ti v:i.ty on 

temper0.tttre 8t th~ var:f.ouo separations of the electrode 

whe.:r.e the activation energy <wr obtained by J?o:rst(olr tor.n.rornatic 

hydrocarbons wan El.bou.t 0.4 - 1 eN. and for. benzene, tolune and 

"-Ylene abou1; 0.41 eV. 

Ja.ehym ( 1963) nlaa8l.tr4:?<1 "!~he mobili.ty of negative nnd 

pord tive iona in oyelohexa.n(l!. Br.iero ( 1964) has F.rtudied tbe 

conductivity of Wt=rteJ:" Hnd nrgani .. o liquids u~.ng v~rying gap 

end d1.ffel."ent electr.od~s a:rv.1_ found that the apj:!arent conduo­

tivi ty l·ncreased more rapidly with appli€!1d· voltage :for poler 

rather thn.o for uonpola.:r liquids. 'but the currexrt decreases 

with t1.me in. both the cases. Ue concluded tha.t the electric 

behaviour of liquids m.tblllitted to bigh st:reesea is strongly 

controlled by secondary proceaeea due to thE) acm.unula:ti<m of 

non-disoh:ttged iona at the ···e~ectrode~. Utilizing eot~e ofllcu­

latione ·of J.J. Tbomeon (1920), Silver (1965) has c1eveloped a 

theoretical modeJ. f.or the conduction of. current i.n inau.lating 

liquido which shows th.9-t it is :POaaible to o~lcula.te. f'Y;'om the 

rnaamuremeut of pot~ntinl diBtri'bu.tion thCJ rate of :fonnation 

and motion of chargee •. A oonsf9qu.ence of Silver' a theory is 

that the conductivity is e. f.u.notion o:f' electrod~ apaoing of 

the form 

v '"1-
/\J + BJl 
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where A and B are eonstantu. 

J 1 1':1 tbe our:t>ent denei ty end. l 
V is the applied voltage 

the _gap length. lrbi.le th:i s 

theory expla.i.tled euccesafully the veri,a:ti.on of oonductivi.ty 

_wi.th e:l~ctrode epaoing at varioue constant vol tagee in ben.r.enet 

the· reeulte in nitrolae:nze.ne smggest tba.1: the electrodes play 

an important :role; the t!athode appeare tt) b~ the injector of. 

electrons. The role of dl.opersed co:rtt'!uct1ng particles duEJ to 

the diasolutj~on of metal in the liquid d:tt}leotric~ :in enban-

. oing the con4luctivi ty bas been ex,pleined by Falsenthan e.nd 

Vonne Gut ( 1967). :r t wB:s turthur observed that when th.e 

liqn.id 1e al.lowed to· rer!lain in the ce1.1. 'fiVhioh waa kept open 

to the atmoey;;h~re, the c<>nductivi ty inoreaeea. ~his ia possi­

bl~ <lue to ebso!!1'ption of gaaee a.nd rnoisture pr.~aent 'ln ·the . 

atmosphere. Xao et a1 (1967) observed that !or low olectric 

field, dark conduction in n-h.exmle obeys ohttla law whicb is 

aesoc:5iated with the inC9movab1e imr,n.trities. Adareczewllki and 

Jaobym (1968) pttbliehcad· a paper which giVC5 n ahort eummacy of. 

resullta concerning elecrtl .. iC·a.l oonduotivi ty of dielectric 

li.q:uid.s obtained by tbem as well as 'by d:i.f:forent w~rk~:r€l*. 

They concludecl.that (1} the nada.tral CGlldnot:i.vity value" of 

or.gnni.e liquids is a :1\motion of 1/T wht:~r"' T is the abso­

lute temperature (2) &rllo.ng all i:mreetigtlted orgi9.11ic cor;.l .... 

pounds whioh occur i:n liquid. state, the lowest conch.tctivity 

values ar0 tho eri of nonpolar liquids ( 3) there are ~eat 

tliffere.nces betft.en the lowaat values o'f nat1~rel oor.<lucti-­

vi t~ea :we}?orted lJy variotuJ a\Tthora•l12ha clitferGnCel! depend 
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' 
most often on thE.: degree of purl ty. and in po.rticul~r on thti 

p:r.eeenoe of tre.cee or s.dmiJttu.retl of water and electrolytee 

< 4.) in e. certain group err dielect.ric li.Qtrl.de (e.g. in tho 

group of aroma.t!.c 'hyd:roonrbona) a ooneiderable role is I>layed 

by 1'\_ - electronE.l which bring about sn inc,eaa~ in. conduc­

tivity by several orde:tte o'£ ma,~itude (5) the lowest value of 

natui"al electric conductivity in best liquid insulators ia of 

the order of 10-19 to 10-r!O ....n--.·· .. ::"~ om-1• (6) ioniza-

tion P-nd condu.ctivi ty e~ci ted by x-rqt~ or gamma rays may btl! 

million timee greater ( da:pe.nding on aouroe at~engtb} thatt 

natural conductivity for the ata.mfl liquids (7) thore ia a 

conside:ra.bl~ dif:fe:re·nce lu~tween activation ener.gy v.alnea for 

natural and excited conduction. 

·While carryi..ng out a aeries of measuretnenta on the 

variation of c:mrrent Wi-th "time .in cane of number of liqui.de, 

lu.iamosewski and his co-workere _( 1969) provided an expression 

to explBin t·he nature of the cu.wcnt dec~y as 

where I
0 

nenotea i;he ini t1a.l current ana A. ia a conot.~Wlt 

oo.ntaining mobility factor. The iori:to mohilitiea!:u pure non­

l10la:e 11 qui de maoh as bux~e, heptane, nonane and their 
. . 

mixtures have b?en monr~ured by Ad?...mezewsk1. ( 1969) and the 

value in all the eaaa0 is of the ord«!r or 7.2 x ·,o-4cD2v-1s-1 

to 5~8 x 10-4cm2""'1s-1 • B:riere am Gaspard ( 1970) etudied the 

photooondnotion in case- of highly put"ified 'Yn'trobenzsne. 
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Gaspard and Goaea (1970) gave·c1~ ovidence·ot ionic conduc""" 

tion i.n polr;ll1 diel.ectricu. 'i!r.unr used r.lernhra.ne aleotrodoa and 
. -

g;ave ovide:noe · foJ:" 'tll!"ee di stin~t regi.ons. of conduetio.n and in 
·+ 

eaoh cOllCluction i.f! ionic. 1n natu~. ThQ value of fA 'ln ca.ae 

of nit:tobetlZEUl$ has been found ·to be 2.4 'X 10-4 om2/voltaaec. 

Prabhftkax- Rno fWd. Govi!lda. Ra.ju (1969, 1970) stud:J.ed the natural 

oond~e.tion in ehlor.oben~en~ t b!'omob~uwan~ and nitrobenzene. 

1:hey found that the: ele~trodo r~teria1 1 diBaolv~d air and 

degrGa cf :purlficeti.on have a p~onounced in.flulj$nce on the 

conduotivi ty o~ polar liquids. r.!lhe conduction current is ·found 

to be oaused meinly by i;njeotion of·eleotrons from cathode 

into the liquid .• Lo'bney$etl ru,:td Nag$ral. ( 1971) asfdl1roed the 

eidatew~e of n~~tur.al ob~r~e oBrrit~rs o'! two kinde having mobi-

litiea )'A 1 an(l f- ;?... for developing a satisfactory theory 

terr. time dep<~nd.ent current den~:t.ty. They have obtained the 

vnlue ot number ot ions pr.eeent !ncaa~ of benzyl ~llcohol as 
16 2.8 x 10 pe:r o.o_ Although the m0ehsnlsm of charge· transport 

in dieloot~ic liquids bee been investigat~d tor. mapy yea~s, it 

is only duri.ng the last te.n years. that aicjl'lifioarrt· .Pt"Otjreaa 

has be0n aohiaved in the study of' the behaviour .of faot charge 

oarri0re anr:l electronic mobility epooiPJ.ly in noi'l:polar di.olect­

rics wtth aom4': rcsulta reported :l:n oaae of polar liquida ee 

wel;L. ·amna of the refel"enoe~ wb:1cli -may be mtmtioned are those 

of Kleinboins (1970), Schmidt and Allen (1970), Holroyd lil.Ud 
' . ' 

All~n (197i}, Davia et al (1971), Dodelet and Fr.aem~~ (1972), 

Wollers ( 1973) • B~a,ltl and Schmidt ( 19T:S), Allen and Holroyd 

{ 197 4) • Blair and ~red gold ( 19"'1 4) , Krause ( 197 4, . 1976) , Bi ok~ rt 

et al (1976), Adamc0ewski and Calderwood (1976, 1977), Admac 

$ld Calderwood {1978). 
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Sen and G·hoeh ( 1975) o,tuaied the current - time oharoo­

teriatio curve in polar dielectrics such ae acetone, ni·t~obenzene, 

n""'propyl, iao-bu.tyl. and tso-~1 alcohol and found tba.t :hli.t:l.ally 

the cur,l'!lt··mt falle very rapidl~r and then alowly arrit finally app. 

roaf'Jles a saturation vaLue. Asuuming the existence of f.ree ioM 

in the liquid, the quantitative theory attva.noed by Qeroant t 1940) 

bas been further developed whiob lla.o aatiafnctorily ~xplained the 

observed (ltxper.imen-f;al facts ~md fiM'bles us t-o calculate rnobili t-y 

and ion density in the liquid·o. When there in no applied external 

voltage, the fre~ ionn which hava b@on aaeumed to be l'"Jreaent in 

the liquid, are movt.ng ·in a random manner end 't}le di(tlcctrl.c 

shows an intrinsic raa:iei;anoe. \~h~n the Etxtemel voltage im 

applied the posit,ive ions be~n to move towA.rda tl'le negative 
"'--~ .. 

.-.tl0etrod~ and tbn~by .foro a condeuaer. A~3 charges aocu~nulate 

on tbie oondenaer a voltage dev$lopes \vhicb oppos~s th•. 0X'ter­

nally applied vol·tage and the current ftllls. Aa more and more 

oha.rgea eoaumul.Qte in tha condo:naer, the opposing voltage 

inoreaaes though not line6rly and ctn:.•r«nt ~grad"u.Blly decreases. 

tfltiw-ttely when all the free ions have oocumula.ted on the oon­

deneer 'thtU! fome<l, a ea:turotion voltage is developed which 

makes the cur.r.ent ~pproanh the aa:turation value gradually. 

Let Ro re)lreaent the ohmio reaistan® o1 tbe liquid 

and V 
0 

the applied voltage and l~rt ·the -:inns acoumuln'te naru- the 

el~c1:rod.e thereby forciing a ce:pnoite.nce. a. I! V
0 

reprusente 

the voltage developed acroas the condenser after s time -t then 

the amount of charge re·movGd from tha liquid is OV 
0 

and the lose 

of cha-rge concentration per c.c. ia fJV
0
/aS where a rep:r.eo'.mta 

the oross-aeotitU.lBl area ~rl "a.tt tl1e diotanee betwe~u the two 
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in speoit.lc 
. ~ 

conductivity where fA :i.a tl1e mobility_ of 1.oneo f.f~noEt the rfl!-

moval of' ion reaul:te in i:'tb~. loao of co:ricluotanoe equivale.m; to 

)A c Vc__ I 0...'1-

whtJre 

Thua, 

where 

c. dYe -
dt-

A a 
0 

1/R
0 

dYe.. 

dt 

. K I a 

Integrating \YO .get 

\J -0 
Ao 
be. 

• Consequently, 

fA';;"-J ( V0 - v,_) 

bev,J (_ \10 -v,_) 

K2 ,_ vo 

V0 - Vc.. 

J:\o .:.... y 
-- c. be. ( 1.53) 

in o quati on ( 1 • 53) and after 

airnpl.ioation wa get, 

( e~t) Vo I-
-.1\t 

Vo ( e - 1) 
e At- o( Yo 

( 
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••• ( 1.54) 

l:f 'A · is asal.lnlad n.ogativa then V0 = V0 at t o 00 

which mesna that the final our.r~nt woUld then b~come eque.l to 

zero wh1 ch i a contrary to tbe ~xperimentnl observations o.a 

shown by Sen and Ghosh (1975) end other previous wo~kers. 
them ) o.?-

!J.:1tie lende" to SSe\lme tbnt Yo Ro f-A c. 

and 7\ i~·poaitive q_unntity. Hence when t baoomee 

infinity 

Yo [ \ - e ?\t J 
['- ~f e7\t] 

·sinoe the intrinsic roaiatance R
0 

of the liquid io not 

ohange:tl beoaU1!9 th*! ione nre not <lischnr.ged aa it 'has bOf!ll 

found. thnt \tb.en tbe ct.o. potential is removed the original 

conductivity is restored. We thUs have three currents 101 

It end IF where I 0 i·a 'tho ini t:tnl cul!'rent, It . the current 

at time t and IF th0 final saturatio~ currqnt. 

••• 
••• 

( 1.56} 

(1.57) 
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F;ram the above equations 1.t can be t~hown that 

·~t 
. . . ( 1. 58} 

From eqJJe.tion ( 1.5B) it ir.t thus possible to oaJ.oulate the value A 

Md bono~ f:r.om (1.54), _{1.55) and. (1.51} 1.t ia alao poaoi.ble to 

calculate also the v.nlu~ of. b. Ae f- • 6 o.~ kn.owill@ the 

interelectroae diatruwe •a•· 1 the rnobility o:f iona f- may thus 

be calculated. 

A.e vf ia the final vol:tege ac.rosa the oonthn~er and 

if it is assumed that all the free ions in "the dieleotrlc ha.ve 

SCO'ij.tn\llatGd on the eurfaoe O\f the condm1tSe~ fon'1ed then 

-nesa.. 

where '1\ is the. number of :lonm :ppr uni.t volume, s ia the 

cross aaotionnl area of' the e10ot:r.odes ana. e it-t the charge 

oarrifld by an ion. fhu.a 

Since 

mesa 
c.. 

which gives tbc; number of iona paX" co present in the liquid. 

Adamec and Calderwood ( 1975) proposed a conduction 

mechaniam in :polymer in$UlAting t<lstP.!'i.al.o. llere the conduction 

is 0UJ)poaed to btl ca:ua+'d by th(t g0nera:tion of charge carr.iera by 
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ionization ot neutral centres i.n t.he bulk of the dielect:t'lo 
. . . 

i.hH1· to therm~l a.C'ttv·a:tion ,procemr which may be · modi.fied by 

the electric 1~i.eld. ~lteree:ft-er, the c11rrie·.re fl...re t~pped in. 

neutral l1otentie11 wells end oceaotonelly ~u~p from one equi..:..· 

11 brium pO$i tion to antrther on be"ing thermally aetivated. 

Aeeuming that all di.~~etionEJ for ch<?.rge carrier movflment are 

equally probeble for. botb thermal ion:h~atiot1 and therr~l 

dE!tra.pping Pt'Ooeasee · and further. aQsum1.:ng the jumping :ln 

dl,~lcot1~lc ie 0ma11. i.e. comparabl~ to or analler thnn ·the 

range of' cou~ombie :for.oe, the mobility of the cttarg~ carriers 

he.ftt been gj,ven by 

Wfl) S~nh( eE~)· 
KT \:~KT 

wherfl!' the contribution to the curr-ent is made only by thostt 

oarrlara •~h1.oh jump over a :poi;entinl barrier W f along cmd 

ago;inst the J7iwflti direction between the two equilibrium poai-

tiona, .)) 

jump distance anrl !~ ia th(} electric field. ~he ex,p:r,esaion 

.tor conduotivii.y has been given by 

6 
Y~; 

= 6 [ 2. + Cos\, ( ~ F E / ~ K T) l [ 2. K T 
0 . 3 . eES $tnhG~~ . 

- . . ( 1.59). 

where 60 ie the conduetivity at low field str~ngth given by 

where 



- 84 -

N ie the concentratJ.on of ionizable centres, W· is the . l 

ionization energy,. ~ is the .xelative static pe:rmiti.v1ty 

or the tll&lec:rtr;tc, e is the cl.ementary charge and Ec is 

the absolute peimlit:tvity of vacuum~ In. eq,uation (1.?9) the 

firat term in brnb!kets r.epl"~aents the fi~ld. dep~ndnooe of the 

charge oarrie~ concontra.tion~ tho aocond one the field depen­

dence o:f mo'bility. Botll the terse approach to um .. ty with a 

slope tendi.ng to ze;ro at low fields, ·thus cxpressinB tho ten­

dency towards ohmic bGha.viour of the r.oo.terial at low fi.eld. 

strength, 

J?rorn the atudy o·t the published ex:parimer.tt!Jl reeul to, 

Adsmozewald. end Calderwood (1975) found that it itl poeoi'hlo 

to develop e fo1-niule. r~ln.ting the mo))ili ty of ions of the 

saturated hydrocarbon aerie.o with the number o! carbon atoms 

which ·is given by 

·o·· o3] fA 
e:x:r (a· c 35" ~ -n) exp. [ (- b 24/11 

3 4 5 )/ T J C:m,_V
1
S

1
. 

~he fornmla though strictly vralid in thf.J 1??1llge 

has been fotuld to explain the oxperimqntal reatats in cloae 

B8l"tl ement even for -n = 1. Adame a an<l Calderwood ( 1977) 

showed that their conductivity equation rep:r:e~ented by 

equation (1.59)· yioldo gn almost identical field deJ?endence 

of oonduot:tvi ty to that ot Onaa.ger ( 197:54) overr the whole r8l'lge 

of tie14 strength nterting 1~om ohroie ~~sion to breakdown of 

di.e J.eotrics" 
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Recently vJhile studyi.ng the electroviscoue effect of 

tetra-but~l ammonium'bromide in benzene e.nd Silver perchl.orste 

in benzene, ilond.a et' al (1979) found that the mean iorrl,c mobi­

lity in the solution beoomea 1.3 x 10-4 cm2 v-1 s-1 and 

4.5 x 10-4 cm2 v-1 s-1 respectively. 

Considering al~· the experir.1ental evidenceo and asaump­

tione taken by various author we may sumnariza that 

eJ the cl cesioal. purification technique of impurities in 

organic poler liquids is not auf:ficient, eo it can be 

assumed that the conduction in the organic liqutd is due to 

ionic impurities which already exist in the liquid. Due to 

the tlpplication of the electric field between the metallic 

electrodes the impurities (positive and negative ions) move 

towards tlle elcotrodea and thereby a>nduation current ia 

observed. Tha time dependence of conduction current has alao 

been observed. 

b) There are experime ntml evidences that various electro­

chemical mechanism i.e~ dissolution of' electrode gives :r:iee to 

large injection of electron in pure nitroben~ena. Most of 

the inve~tiastora have assumed that ionic carriers are :r.eapon­

si ble fo.Y the it'3leotrieal conduction. 
. . . 

· e) The electron emisaion from the cathode may be one of the 

causes for self' conduction in di0lectric li.quids. The mole­

cular losa or· capture of an electron at tbe electrodes leading 

to the· production ot. radical cation or anion may be valid 

incase of non-dissocia:ted liquids. '!his· ia sui table to 

describe the so called P.leotronic aorductivity of :nitroben-
. . 

zene, since the nitrobenzene anion haa b~en.detected by 

electron spin resonance during condu.Qtiol'i by space charge 
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injection in highly pure nitro~en~ene with platinum electrodes. 

dJ In mo~t liqUids a. number of. electro-active epec1.ea are 

alwa.ye present ( impur1 tios such a.a oxygen, water and various 

organia compound) and consequently simultaneous different 

electro-chemical reaction oan give rise to complicated beha­

viour cliar.e.oterimtic of residual injeation into an impure 

liquid. 

e) Diaeociation of molec:mlas into ions as a result of the 

appl;,ication of electric field may produce the eleotrl.Qal 

conduction in tbe dielectrics. This is specially t~e in high 

:fields. 

f) Ion:i.zing in:O.ucnce of radioactive impurities present 

11-aturally or arti.ficinlly in both the wall.s of the ~ea$el or 

in the air may also be responsible for the eleetrioel conduc­

tion j_n liquids,. 

g) It has been experimentally observed that there is an 

ionizing effect of cosmic raye or cosmic ray cascades or 

showers upon the :formation o:r ion pairs in liquids:. 

Thus it may be concluded that though ·the mechanism 

of' formation of ione may be attributed to various causea, 

the free ions are defin.i.tely p:rosEt~t specially in. organic 

polar liquids. Bewral theories of. conduction nec~1enism in 

polar liquids have been postulated and ~ gene~a~ review ·of 

the ~.ork done in thio field· ha.e boon presented here~ 
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ln tim previous section a review of tbe work thnt has 

boen cEmried out oo tn'l! Mgart\ing the va»ioue propertiea ot 

polm'" M(} 120l1P01m:' dieleet:rioo han been preeentedo The object 

of the preetent work io to «t:'&tend 'theae inveetigattone so aa 

to collect n&w data apeoially i.n case of poler moluculoe an<f 

propound a theory. to explain the ~eeulta so that tho general 

· prot~rtiee ot those dielectrics CBn be better understood. 

~he computation of .di.pole moment t:eo1n solution data ot 
polar molecules :!.:n nonpolar solvents is most oo.nvenient since 

in thiG moe· the dipole-dipole interaction i.e mo~e or lese 

absent and moreo~ror the value evmlunt~d by this mt)thod eomes 

in rfi)a$0nable agreement with that obt~.ined from .gaseous atato. 

But De bye• e eq.uation wllicb '·e the main basio equation for the 

evaluation of dipole momant from oolut1on data when applied 

to aame· eolute and solvent ~ate~ in different c~noentr.ntions 

i ~ :to,mtl to give <lit :ter(int values of )A • Tllia 1e due to 

the faot t!1et Debye•a equation :t.s valid at 1.nfin·lte dilution 

only in B rest~icted senae nnd p&rtly due to the tact that the 

compu:t~tion ot fA dep~rtds upon the theory ot extrapolt~tion ot 

di ffe:rent ;physical q,uantitieo eucb as dielectric constffllltt 

J:efr.a.oti.ve inde:s:. density· ot tbe solution etc. einoe the extra­

polation nurve is :not e. straight line •. Keeping this ·in v·iew an 

uttempt has been made in the prEUlent work to deeoribt~ several 

extrapolation techniques based purely f~om ~athemati~1 etend 

point whiclt enabl~H! uo to calculate the value of dipolo 

mom~nt of polar solute wh$!1 diseolved itt nonpolar solvents. 
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It ha.fil been poi.nted out that the meesurement or eleot­

rical conduotiv:!ty o:f' dielectric liqui;tta enables us- to obtain 

eome defini:ta i:n:tor!riation ;ooga.rdi.ng the degree of di~socintion 

and the preaanoe of tree iona $11(1 electrons in liquids. From 

the review ot the work 1 t is notad that diel~ctries specially 

polar dieleo'trice are not perf.eot- insulo:toxse but even after 

repeated pt"Ooeosae ot purifioB.tion ohow a finite oonduoti vl ty 

which may be 8$Cribed to the presence of free ions. ~hough 

several th~oriea o£ conduction mechanism in polar liquid 

have been poetulated, 1 t baa been tound that all o'bservel3 

experimental reettli<e oe.nnot be ox:plninetl aatiafaotorlly. !t 

1 f.! tbue thougllt worthwhil~ to ea-rry out the measu:~t~1lont of 

oonduativi ty both in. th<! d.,o,. field and: in radio f:t•EHtuency 

field with a vi~w to obtnin a clear idea of eond\totion meoha~ 

nism in. pole dielcctrioa. The messurem'int in the radio :fre­

quency li'egion will provide ua with data for botl;l th$ conduc­

tion and d.inpla.eement our."rGnta. wbi cll when measured incase of 

polar molaoule· .in nonpoler ~olvente will help ua not only to 

estimate the deaeity ot free ions but aleo the value of' re­

lsxation ta:rtH9t a useful parBnJetfl'r in underatandirtg the ·nature 

of a.ctivation enor3Y, :tntermoleoula.r field and atruoture ot 

tbe molGculu conoarned. 

Tho oaae of opal.aaeent binaey liquid ~~'"ure ie an 

e~ple where tbo polar atld nonpolar dieloctrioe interact 

to protfuoo a. etat·e o:f matter wboee property requirf.ila a 

thorou~ investigation. Among other p:r.-opert1es it has been 

observed· tb.at viscosity of the a!Jtt~o ri.oos abruptly nee11 

th~ critical ternperatu:re whi cll can be 111~11 e~lain~d by the 
. - . 
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tbfJOry itdVaneed by ru.ma.n ( 1962) ~ !t is nlso Ol)oerved from the 

re-view tha.t n.lthough i:txm?.n'u tbeoJi7 has hatln utilized. to sx­

plnin the anomnloue i.nore~~a~ in viaco~ty near th~ criti.anl 

ttlm1wratu~ no nttempt has been made to find ~fh~ther. the 

internal friQtional tcrrm int:r."odua~d by JN.mrut c!'la.ngea for e. 

particular volute i.n iU~:ffEl.rent nonpolar ~olvents. It will be 

thus i.nterE~at1.rag to obflervs the nature of. ver1ati()n of ~ , 

tlm !ri.ctiono.J .. coaf1tiQ'!,~nt whioh my throw sot'!e linht in the, 

mole oola~ eonfieul"a.tion. 

Further very little 't!iork baa been reported ~xper:lmen­

tally regarding the ohangEl ot di t:tlfiOtrio constant ot a. pola~ 

l1qu:i,d in a. au:per:lmpoeed .-ntr.gnet:2.o f.iel.d. ~he object of tht;, 

present work is to observe the .ot.f.eot o:t rad.i.~l rmagnetic fiald 

on the d:t.elac.rtx-io coneifant of. polar liquj,(l~ and to explein the 

experl mental rerillul tg by a S<Ui teble: theory. CoQsi.t'teri ng t=J.ll the 

espeete mentioned abov~, :lt. is prorloaecl to undertake tbe 

following :tinea of inveot:i.gat:tone ~.n th~ prament work. 

It is well knovm tuat tlebte' a equation :for caloulation 

of dipole moment of. pol·ar soluttll in nonpolar solvents is wlid 

at inf5.nite dilution only in a reatrict~<l rumse. ~hin is 

partly due to tho faot that th~ asea~ption conc~:l'ning the 

vslidi ty of D~by~ equetion is armroxtmate an<l partly by the .·· 

:1.naoouraoy of tho extrapolation .P'l'(H'ledur~ ~h:f.ch becomes 

complicated by tha fact tll~t 'the extrapolation .curVf9 ia 
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not a straight line. Therefore aovernl attempts haYe been made 

to imp.rove the procaso of extra.polation by different e.uthora. 

But alra~oat f:ill the exi t~tl:t'lB: p:eooedurea for compu.t1ng tb" elect­

rio dipo1e moment o'! a·p~ltAr eolute in nonpolw solvent involve 

oitber. numt3ricol qomp11o6ltiona or pe:raonrn.l judgernonta rogord1ng 

extrapolation and curve titting. Tbe object of the prcsqnt work 

1a to de~oribe -Btl extra.pola.tio:n techniqu~ baa-ed solely on ma.the­

matlaal pountla l.>y asm.un:tng that 

where a• s and b 1 a are ~onstants, E 1:a. and "n, :t are the 

dieleo1~ric constant· and :ra~fra.o·U.ve 1ndf.cee of the aolution ot 

weight fraction W ~ o·t the solute. Though the above method 

baaed on the extrapolation of dielectric constant and ref'rl!c,. 

tive indices of tbe solution applied in Dobye' s equa:tion, a 

much olmpler method based on Guggel'iheim• e equation { di-aouaaed 

in ·details i:n aeotion A) hno also 'bean rliecuseed and. it is 

found that a ei:ngla extr~a.polation upon eome phyei cal ·parameters 

is enough to :rind the val1.-le of dipol" mome.nt o! polar liquid 

when d'le!!!olved in nonpolar .eolvents. 

It has beatl dif3rJuoned in -~eotion A that though 

Guggenheim' e tlquat:t.on fo.!" the 0valuation ol: dipole moment is 

eimple atill it ie leea accurate when th<;re is considerable 

contraction or dislntation o:f the volume of the solution. A 

method to oote:r:mine the dipole moment of polar solute dir0otly 

:f'rotn Dabye' e equation has boen described taking into considera­

tion tho correction for atom1o polarization. 
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b. ttel§~.f;~i1.QD _t_t}>~e; ,o.;! .nolf\r; nq_l.eml.J..ru:wtl~,~~a(llv.eJL'tn n..onPP.lK 

.wtl,Vtm1f!,, .. b:z: .. mdi&.J:t:~QUfU!Q:( ,gqn<l,'!S~i--Jt~j~~W.G.aro!J::,f'~ltla.. 

~he exp~rilr!ental doterr~in~t1on fJf radio frequemy eon­

dttctivity o:t polar liqo.ids and it5 varia:tion with temperature 

tmd .e.lso when the polar 11 quid is diaaol wd in nenpo:tar sol vA.nt 

ie a useful tool which provides t'he deter.minatio!! ot dipole 

moment and the ti:me. of r~lnxa:tion 4l! thG polar mole¢ulea. Deter­

m.nntion of di:pol~ moment can tJi ve an insight il'l.-to the prope:r­

t1ee like distinguishi.ng functional groups wh(!ree.s the relaxa­

tion time gtverJ us informBt1o:n regardi':ng -the activation erutrgy, 

intermolecular field and the ot:i:>u!l1ml?e of tbe mol.eou.te concerned. 

fhe time of relaxation ie usually ~valusted by ~enuring tho 

di.ttleo'trio constant and tbe loss fa.etor either in tho microwave 

or in th.e ~adie freQ;ttenoY, r.eeion where the bnsic asmunpticm is 

thnt the Mdium -is a perf.eet dielactr1o. Tho expressions for 
I 

the re.al part ot the dielectritl constant { E ) and loss 

f E" . tactnr \ J e:ocord:t.ng •iJo De'bye tlt'fl 

I 
E. 

II 
E 

E.Oo + 

(Eo- Eeo) W'l' 
I + W ,_'I' "l-

where the aymbola have their ue11$l !id.anif1oano:e. It bae b~en 

uhown by Murphy and· !itorgan thet the radio !freq;u.~·ncy conduoti v1 ty 

o~ & polar dielectric io a cmnplex quantity and is related \tith 

the real. Q11d imaginary pr4rt of dielectric oonstnn·t by the 
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( E.o - .E. oo) W 1-ry· 

I + W ")..'I "l-

E - E.0o J 
\: W~'Y~ 

But wbl9n e. polar solute is diaaolve,d in :nonpolar solvents. the 
· . l II 

expreaa:ton to-r K anti. · K are given br 

I 
K 

,_ "l- . i-

Ll1\. f N 'I d ,-;..}A. . (E,2. + 2.)( Eaa,;2_ + ~) 
2. 7 M It K T · I + 4 7\.."l--f ')_.'I "l-

l'f: is thus evident the.t the meaSYu:reme:nt ot the .radio ft-equencf 

conductivity of polar l.!Q.uid o:r: polar liquid d:tosolvad in 

ru'lnpola:r solvent~ enmbl$5 uo t~ ealculate th4J rel9xati on ti.me 

end off~ra an tal ternati ve m~thod to dielsemc oonatant tnea­

suremtt~nt. Agairt 'the r~l•xati()n time is given sooording to 

. , 
where ~ ia the coeff:!ci~nt of mtaoroscopic vinoord ty and a 

ie~ the radius of tho rota'tl1ng unit. Tb11a the ee~aurement of 'Y 

will enBbla uo to obtain intomation. rega1:ding the :natu~ of 

the intermolecular field and ott>uotu~e of the molecule. 
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In th~ deduction of f~urph;y o.&J Morgan it 1e assumed 

howeveli' that no free eleot:I'.."'nie or ionic oonduo'f~1on is prooe.nt 

and the total ourr~nt to the di aplaceoont aurrent. But :1 t i.a 

evident from tb.e nviaw o:! th• work that there is ample ot 

evidence for tho e:rll!tanoe ·of ~ee 'ions end e1~ct.rons specially 

i:n polar dielootrioSJ. So U.tlder too applioation of rt~dio frequoney 

field in polar qielsotr:!cs, displacement ottL"rent ie not only the 

contributing f.a.otol'., the total beQt deve.loP«'d i e due to th.& 

combined etfeot of diaplaoement ourrent and oonduation cu~ent. 

Thua tbe rmdio :trequl'-noy conductivity .meaaure~el'lt proVides ue 

the i:tl.formation o:t both .. diepla.eement and conduction cul1rent in 

a di~leotrl.o liquid. The purpoaa o:f the t'roosant work is to 

allow that measur~metlt o.f radio frequency concluoti Vi ty n.ot 

only enables us to compt1te the relaxation time at. infinite 

dilutiQl'l wh~n the rn~asurem~nt ia carried out by dieGolving 

pola.r Bolute in non:Polru:o solvents but alao to est1m~to th~ 

ionic oonoent~ation Which mea$urea the imp~~footion that 

exiete in real diel~ctrida. 

c. n.olamt.toJl'ti,il!.~n!J._t!o:t.i~:tl •. enmg ,to:r: "'vi.§Q.\lai:tx 

.tma..:ta.,li.2.~C"Jl~-q.o,Jlctuo~i, v!.,t;y , rn9.B·f!'l:t:Prm.e.ut.a.,, 

l t has b!len a.esumed by !furphy and Morgan that no troe 

, elaotrons or ion conduction tak<:;s plmce in a diel.eotrio and 

only displacement current pr~vaila. From the Qxpre~~~on of 

radio fxoequenoy conductiVity ae deduced by Uurphy 

and aeauming 'I' -4 ~ 10.3 
we got 

I 
\<. 

(Eo- Eoo) WCJ-~?;, ( ~ / K T) 

\6 ~'l) '1-W,_o..6 

K'l-T '-+ 

and Horgan 



- 94 -

As in moet common dieleotrice 'I' ., 1o-11s and fl'~Jql.leno~' of 

the applied vol~;age are in the 'I'Cadio f.requency- re«ion, W"l-'Y'l.<< 1 

and hence 
I 

K :::! 

Thus it the measurement o.t radio ~t"equenoy comtuctivity ia 

'm&Jle rat srooually highar and hi(Jher tentwera.tu!?e 'than 0.9 (E()- E:Oo) 
nnd ~ / K -r are both deQ:reata. ng fUn ati on of tempe-

. rattnte. Jet should decmeaoe with ino1msae o!f' temperature. 'The 

experimental re$\llts .,.f.!ll thus indicate whether 'tb0 assumption 

ot the absence o1 frao ions or electrons in the li(iU1d cnu ba 

~egarded as valid. 

In recent yee:rs oonaidern.ble evidence hae a.coumulated 
····~~ ! 

which clearly i.ndicatea the .Presence of tree iotls and eleo·t:t:"ons 

in 'the dielectric and ·the:r~ i ~~ a md.a difference in the number 

denei ty of irma in polar and nonpolar dieleotriea. Daeed on the 

expe~inwntal resu.lte P..nd a$~uro1ng the exiatence of fro~ ions :ln 

11qu1dt 8on and Ghoeh '1·974) d~ih1eed the ·eXJ~roeaion o't radio 

froqr.1enc:y couduotivi ~J which ie g:bren by 

l{' $ A + B I"" 
where A • 7\.. f '}...-(Eo- E.oo) I' ana :a • -n e1-I b 1\_0... 

wher.a • a• is the l?ndiua of ·the :!:"otating uni'tt ~ is the 

ooe:f:ficiont of viacoa1.ty, 'T' is the l!'ela.mtion ti~e, ana 
E 0 end E. 00 are 'the ~tntic .and high frequency die1eetric 

constant. f is the f':ra~u.enoy ~f' tbu &Pl?lied 1:'iel4. Thuo the 

·mf!Hl~aur.~ment of radio ~eqnency eonQ.uotivity o.f polar l:J.quid 

. at different t$m:pe:rn.ture enables u.s to calculate the 

( 
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rela.xatim1. time and the nurobe:v of "'~ee charge cn~:!ers i.rt 

polar liquids. ~hough the mlmber o:r f:y;e., ions ie very Drnall, 

it gives a mea&ure o£ the impe~tec·tion in pure liquid diel~ctrica. 

ilaseler and Riehl ( 1965) have s'lij?;ge st~td tbat incase of. 

organi~ 'liquide the vnriation of conductivity wi"th tern:perature 

can be repre~entetl o;y the equation 

where lJ. E
0 

ia the activation energy for conductivity wh:i.ch 

is charaote~:!etio .for Gttoh liquid,. !Pron ·tba bole theory of 

viacorJ1ty as ·proposed by 1~yl'i.nan the variation of viscosity 

with temr~rature can be repreaented by the equation 

A E'\9 
\<.. T 

) 

.where b.. E ~ ie the activation energy !or vieoono· flow. 

Accordirag to th~ ·tnttrompt!lon ot hole theo:tey ~ E \9 should 

be eqn.P..l to the energy or va:poriS3at1on of the liquid but 

actually the eXl)ft:t-il!l~ntal :re.eul ts indioate that 1 t is slJlaller 

than the enflreY Cf vo.porization and variea from liqu.i.d to 

liquid by n taetor which veriea :from 3 to 4. Regarding the 

pllya1.cal signit!oance of the term D. J~ ~ , no definite 

and clenr picture ia o.t premont available, o:nly an attempt 

bas been mda by Sen and Ghosh ( 1978) to oorre1ate 'the ac-ti.­

vation energy for viecoai ty \d th the characte~iotic ancr{f3 

o~ activation for conductivity. At! it haa been experimtmtally 

ehown that 'the aoti vat ion energy :t.c:c vie*oaity wries. with 
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fre quancy t tbia must have aome bearing on the exper:tmente:l 
. ' 

reeulta of And:trade tmd Dodd ( 1946) where it has ba~n totmd 

that viacQaity dec~esueo u_pto a oot-tain tre~ueney fl1hich they 

termed ae -eri tioa.l frequency • 

Tbua the information that the aoti vatidn ener~ for 

electrical· conductivity tmcl th.'lt for visOQ$ity are re'latod 

to one another. both b$11lg functions of frequency and gra­

dually deoreae~e nlmoet lituu~ly \rl th the in~reaae of tre­

quenoy may help to dG'\relop a th~JQry whose orl~fP.n lies with 

$One pr000£Ja closely conneotod with the charge d.istt>ibution 

i.n moleoulea. fbe natur.e of tho inter.nal frictional fo~o$ 

whi cb bns bee.n tBkon to be anal.ogous to v.iaooua force in 

De bye's ~xpreoaion. l."or l!!'elamtion tim<J can be ~oviewed in 

the li~ht ot·the present experinmntal results. 

It i.e fur.ther kncwm that :in cane of d.o •. field the 

product o! the equivalent·eon~.lotivity and viacosity ot the 

liquid is e. oonatant and the fo1.'mule.tion ia known aa Walden's 

l!Ule. It will 'btt h:rt~re~ting to eea wlmthe:r n similar rela­

tionship .as o'beerved by Sen .and Ghoah (1974) can be estab­

liehed in gene~l tn ease ot polo.r dieleotrioa witb r~gard 

to radio frequenoy eonduati vi ty o.nd vi f!oosi ty. 

d. ~q'bi.l1;.tx Jlllil ~@! i.qn. .. i!!!l!'l~i.,tr fhort~ .• meag.Hr.~ra,.en.t o.f 

nronqr,~\ ..Y.ar.i.a'\li,q.!] J!.f. ,eU;tt;e.lJ! ,~!1 Jaq:J.~.'t; .. t\~.§..:\_f2Ct~ 

lt bae be~n a general obt.10rvation that when a d .c. 

electric fi~ld io sppi!~d to s dieleotr.ie 1 th& current dec­

reases rapidly vrl.th time init-ially and then slQwly to a. 

ce:rtErl.:n minitmlm value .• The decay of curront i$ auppoeed to be 
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due to removal or accumulation of iona near the electrodes. The 

observed. exp~ri!!l~..ntal taot~, obviously aua~est that in diel(!ot­

rics, free ions do cndatc A general i~heory regarding the mecha­

nism .o:f the di!H.')rease of OU?:rent w1 th time haa been.' provided by 

Sen and Ghoeb { 1975) wbiob. hn.a se:tisfacto:r•ily explained the 

ob $erved ex~'rimentel facta and enable a us to ca.leulat<1l the 

mobility and density .of' iona. The object of the ]!resent work 

is to obearve tho genertl1 valic11 v of' the theory by extendi.ng 

1;he observation to other t>Olar molecules and ·thereby prova the 
1 

existence of free ions and el~otl:7'ons e:pcoially in case of polar 

dielaotrice. 

e. !i~i.~ .,;t~gye~ngx,_..,.q_~q~!,vi.,t;t ,.o:t ,p..:gn,.luc~nt .. ~runx, 

Jjguid .,!!1i~!!t!!.~ 

lt 1a w~ll known that in tho region of critical opales­

cence of two binary liqu.id mirlurea. an a.br.upt change o! DOme 

physical properties ot the t!lixtu.r.e occur. 2hough there ie 

£Jotne eontradiotol!'y Qpinion about the changq of dielectric 

eo.n.etant ·near thf) e~«?i tical regi<:m, the ehange in tho CO$:t'fi­

o1ent of viscosity, ultrasonic absorpt'ion and radio frequency 

conduoti vi ty ooetu~a aa tb.tl ori tical tcr:rpora:ture is approsohad. 

In ca.ae of li-ght sca:tterin~ it has been obaerved that the 

depolnrl~tion faotor in ca~e of opales~ent binary oixture is 

di!'fertlnt from unity although in the case ot' olear solu:tion 

the value is unity~ It haa been s-t.Iggested by Krishnan ( 1935} 

that in ooee of olear solution the scm:bteri.ng is due to single 

molecmleswhereas in caao of o;paloeaant bi.nary mixturaa the 

scattering is due to cluster ot molecules. However, no 
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definite information r~gn.l:"dine the compooition and eime of 

the Qlttet~ra can be obtairted. · frtlm the dmtn on th'l light 

actt.ttering ~xpe~imenta. Sen nnd Ghosh ( 19"12) have .t1hovm frow 

:radio tr~qu~noy- conduot1 vi ty tlleaauremcn1:a that no evidtmee 

fo~ the !'ormation of eluater of molecu.les in the opnlescont 

ata.te can be obtai11Qtl. Fixr.,,an ( 1962) hovmver, provided n 

theory resardil'lg t.he increase of ·,ti.acosi ty in the region or. 

ori tioa"l opatesc~nce utilizing the prl.ncipl~ o.f Statistical 

nmchauica. The increaa~ in "'fiecosi ty 5.e e-a-plP.i.ned by Fixman 

on the assumption that i;he density nuctua:tion causes n 
'\ 

velooi ty gradient which proih.tcee a d.ietort1on in tb.Q long 

,. wavelength pari ot thG s,peQtrum of de11sity fluctuation. The 

restoration to unif()l'f.3 d~n~d;ty through diffusion disaip~'\tee 

energy and thie appears in the foro of increased via~o~ity. 

ITowever, Flxman doee not provide nny info~mation in hie 

. theory regarding the internal frietion term (3 ~ ':fhc object 

of this part o:r ir1veart1gation :!.s to nes.Gu-re the change Qf 

viacoai ~:y :from the radio froqu~ncy eondu.cti vi ty measurement 

as the mi~~ure appr.oe.chea the o~i tical s'tnge and coropBre 

the' reau.lts witb Fixi3&n's theory •. The other object is to 

observe wheth$r the intc:m:Je density fluctuation ia due to 

formati-on of ·cluster ot moleouleo in tht~ critical state and 

also to ob~Grve whether the internal friction term ~ 

changae .for a particular solute in different nonpolar 

eol .. <~ents which may throw some light on the soreening ett~at 

of' the oorrounding moleaul~e of n polar aolltte. no general 

theory whi cb cen explain all the obBervad reeul t3 b.ae been 

develop~d and it io eJq,~oted that this study may provide 
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nome 4ata wbiob \l.dll he helpfUl in developing weh a. thooey. 

I1rom the re"'1_ew of the p;re.vtcue work :tt ia ev1.dfl?n.t 

that few ·work hne be(?n performed on the ef'f.eot of magnet~~o 

fi.eld on the d~t~lcetri e GOl1stzl.llt· of :pure polar liquid a-. The 

effect ia &nu.:ua~t a'baont 1:rt preaenea of ·tmlnavel'ae magnetic 

fitSld. 1'b$ obJEJet ot. the :pr.aaent work is to inveetigt:~.te thE! 

ctume;e ot dielectric oonatant of polar lifltlid in preaen.oe 

o:ft :radial msg·netio field. In this case tho liq\tid is 

$U .. bjeoted to a msgn6tio field f':l:'om a.ll sid0s so that it 

~nay be compreaoed n:nd inf~ot a datectabl~ change in die­

lectric oonsta.n.t has been tound. ln. order to ~1l1i1ain the 

observed resulta two theories hav~ been advsnoad. one 

considering the oorrrpr~sibili~y of lio..uid and the other 

from gas.l 1{inetlcs- The r.esults indioo:te that gsa. kinetic 

equ.a:tio.n is nat actually vrslid 'beonuBe the strong interac­

tion between indiv!.dunl mol~J-oulea playa a do~ina:lt pnrt in 
-·,··--~ .. , 

caae ot liquidsq 
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