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IlJ~'ROOOOTION 

l'ila stuc:ly of· aiolactrfe rGt'lxation o:t a substal1o() is 

o~sontia.llV the qu.ont:ttat1ve enen~eter1ao.tion of it$ intera~t1on 

tli.th tbQ' ~leetrornagnetiQ fi<ll~l., L"' tb.o ~aords of Proi'"Q$SO~ C•P~ 

Smythl th:s p1onco~ workt:lt" ·in tlli$ ti()ld, tbo clio!-oetr!¢· relaxation 

!s an ef:reetive tool fm.' t-ho studsr of ml~cular onc-1 ~t:rur10l~oulat' 

motions a~d the-ir rolutiono to ool~oulet~ stl!'.Jeture .. O;.~pe, £.Jize 

ote~ i~ tb.s· liquid stat.o ·ot' 1n solutions., In olldet" to t:l:.lve a fair 

UJlderotand1ng about the pros~nt vos1t:1on or roltl~~tion ·9tUdi€ls1 ~ 

abort 'account of th:a dovelot;)r.!lont of tho tnoo~:tes or d!olectr:!e 

poln.r1r;;at1on, tlle~r us<:'Js in. th~ atlalysiS of 'the e::::tr>0!!1!:10i:1.ti\l ·do:ta, 

together with a brief l:."¢lVi¢iw o£ ·t.ho P1"ev:Lotta '\,.m:vlts t<1111 bo eivert 

in t11o i~ollot<Iing s~¢ti(}na .. Tho seop~ ond the objects of the 

presont :lnvostiguttontl ,,ntl.l be stated. lQt~r·~ 

Hhil.o etud:~,;tn~ tho diQ.1$eti~:te 1:1eoov1our of t1U£:ereht 

mater:i£~1s-; earlY ~Jo~kcrs, Dt'Udeg; tampaa, tang4 and othe:r$ obsel.'vod 
~ 

that tho d:i(illectx-i~ eonstQnt ot ocr~in dielectric mat.¢ritll.s 

doertY.lsoo abruptly ~s tba frequency of tho f~pplied ttrtold was 

it'let'oossa-.. This abrup-t clim:Uxutton or tho d:telGet~1e constant at 

b!.gh.er ft(;')quoncios of tile f1e_ld ~hl£1 termed ~ ~oma.lous· dispcrsiork' 

ot :th~ cU.aloatrie constant., The first au.ccesaf!...tl e~pluntltion of 
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tbs phenomenon of the ~1nomalous dispersion "1as put fo~~mrd by 

De'by~S; w£ao pointed out that the cht·trneteris.t:t.a pt>OpEitrty .of the 

liquids rosponsiblo :FOl' ~nome.lott$ disr,u!l:t"Sion was due to tb.o pol~r!ty 

ot tho mol(}Otlles eot'l.st1tut1ng the dieloctrie~ Debye ~ltple.inod t!mt 

'Whon a dieleet:rio composed of polar rn.Qleeule$ 'Was placed in ·an 

oleetric field d:tolaotrie polurizution eomposed oi~ threo pa!"ta .­

$lsct~onto, a to:ttlie and Ol*iontution polal.·i~n t:ton occtn~fh At l01t1e:r 

.fl~iiK!Uenei$s of the field the cota:t polaritati.on rotna.Sns in 11I:lns" 

-with tho fiald, but at a bighel" frequ:~;.ule1as 1 the polar1~nt1on l~gs 

bo::13,nd tue field, as· a ~osul t ti.'le polar1za t1on becotnos eonplex. on .• 
removal or th~ field the pol~ri!3atiot'l dt.~Y~ a~onerJtio.l11; given 

bV the relation P = Po e l:.'je The tif!~e in wilicb the polat>it);ation 

decays to Ye th of the origina.l value ts called tho d1eloctr1e 

rs~tian t!m.a. 

Debye5 on nppl.yiog th.a t:~.o1ecul~r diffusion theory a!1d using 

the Lore!)t~ f:!xprea$$on f·Q~ tb.o !ntet-na-1 fioldt doottued a t~alution 

corui~eting the polartmation t~ith !'raquetley of th~ applied field, 

'-f7\ N 

3 

Ji.t..- I ) (o..o + 3i(T 1-+ iW1:: 

\!Ihel'e 0\o .is the ·~lnr polat"i:aability t r.$, f<s and f · aro the 

:-Joi~euler \:1~ight, Avogwlro*.s P..llil!bor and density reapeoti:velyt }J.-

tr"le dipol;e moment and e"* is the ¢emplex dielectrte eonstrutt, 
~ £o-€~ 

giv()n by tbe expt•oasion E : Eoe + l+ tx tho :t"ool part 

ot \:1bieb gives tho dielectric permittivity· e';:;: foe+ ~0;:~ < 1.2) 



and the ~~inaVJ part gives. the diQ!f.$etric ioaa 
~11 _ (Eo- €~) ~ 

- I+:?.,. (1.3) 
Ee>t~ CU~ tC 

where x "'" Goe. + ;2. ~ ' t--t baing tne mie~scopie rela.r..a·tio.n 

time,. TnasQ equations ( 14!'2) and ( l .• s) are ca:U.ed the l)Qbya 

.eqw,ttions of dispersion for pohi.r cU .. eleetrics., It i$ sean fl•om the 

(tqu~tion ( 1.2) tb.a t E '~ f o ~;Ls GJ ~ o · and the vs~0 o.f 6.' 

gmdually dec~eag:~s \'Ji th th~ :tnc~se 4:>:f ·.f:tt~uo.noy nttd when cu ..._,. ~ 

at 'f;ary high f1'l';<"&uell¢Y' 

o.tl~lous .d:tsp~~sionlf 

-¥-., 

Er~~ .~f;;!!~l!~~L..t.i=!.~le£,~~~e, 1:>0)&~$~g,.t4-o~ 

k G , 
:&~~tell · eons1d~roo dielectric polari~.ltion ft;om the 

IJhGnoroenolof:i<ml or mac~ose~p:i.e point c>f view .• Ho dodtteed a ~elation 

'b~th~eon a time- dependent G:1ectr!o t~:teld E(t) {JJ1d the ¢trt.respontU.ng 

elec.·tx-ie d1sPlaC$i1'10nt D( tl ,., llhen a field !:"!(u) is Sl)Plieii dtn~t1ng 

a t£"1le tnt.srvul u and tt +- du, tb.en 
-k 

D(t:) = E~ E (J:) + f f(u) f ( 1:- v) du.. 
-oe 

th~ first tem on thl?l right h~nd s1dp ot tb.G equat1Qn ('1~4) is 

the lnst~ntaJlOOU.s tl1spho01!lOnt1 wnilo the second is the ~b$01"ptivo 

tom~ Wl1ol~b. assutnsd ·toot the ~;rtta.inment of' equilibrium :le 

e"XtJonential trJ!tu t1~~1s ~ntl b~s tho decay runction 

.J ( o cA. e 1-frc 

Ditfevo~1td1f~tin€ tbo ~ll1ltions ( l.-~) and ( l.,.S) \d.tlt 1~sspoot to 

ti.Ltt1~ and eombird.ng the r~sults, tbe folltn<~inB equ~t:ton :ls 
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!•'or .u pori odie field E "' Eo exju (_ ~· cv ~ itJher$ Eo is :fJldiQJ.H.1ntlont 

o.f timo ( i) at~ CJ th@ angular troqueno:Y. · 
d. . ~E 

~t: f . "" i GJ f , D ::: e ~ E anol. d.t D = Z,U-' E (, 1.·.7) 

* fo- Eoe 
E = Eo;.+ I+ iw~ 

~o :relation bot-VtGQn tbe ttu.lcrosco.pic relaxation tima 'i-m 

obtained. by Frolicb .ut1t1 the microscopic relaxation tit·~ta 'Cp. 

TA.t~r on Pow lea 7 Qnd Ol€.lrum.8 in ~-l more r!got,ou~ oont1er obtoined 

the l1elat1on bot'wa~n 'L''"H\ f.~nd ~A 

It muy be not.ed hor~ that tuo !~orent$ el(pression for .inte~nal 

field as used b:';' Deb'1s5 'l'I~Ul later t:'l0d1fied by onsr.ager9 , 

Itir~odlO and. othe1's., 
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n:au.~~ilnll consider~ tne process :of dieleet!':l.e polnl>'1tr..Ult:1on 
the . 

fl."om"'v:.t~ poit'lt or n10leaula.~ :rato proc~ss. He assumed tlleLt tne 

mo!.~oul~1r· ¢.t1p~lo o:t~iantation involves a passage ov~r. ~- potential 

bu~~ier ~1ltb ~ certain probability of 3umping fx•om on~ ~ui1ibrium 

pos1t1Qn to another,. \'lith some simpl-ifyittg aasUt.~tions oo 

obt4ltnoa ~ re~t10ll batwoon th~ ~:larimat!on P m-xd tho 3umping 

~te Ko given by -ko-j:. 

P(k) ::: Poe 

tr1belt?e ;t il$ auell t~t Ko ;1: =- 1 

p(tJ::: ~je 

This v~lue ot ti~~ t is call$tl th~ ratn~tion time and is 

(l))ll) 

d~ltin~d ne 'C -= ~o lwttzman.n ua:lng Lol'~nt~ elltprees:ton f'or 

inte?nnl ftald obtatfioo en ~.,presaio!'i for polsrizatto11. 
N)-to/3K r E-o+ ;2. Eo 

p*-:: No(o (Eo+ 4 7\ f7 /3) + I+ icojK~ 3 Chl3) 

P, _ (E -tj E 
I - /.fl\ 

on s1t~11t!eation orr eq:n,.(l.l3) antl soparatintl real ~nd ~git:mry 

p~rts cqttt'it:totls for E' arA E'' simi1s!t to Pebye eqns,.{1.2) 

of~ ( a •. 3) arfl obtaln.oo, 

l\an~ulilt!M also postttl~tted thet the lJ~t.teeas ot mo-loeul~r 

o.riontntion re(}ui:t"es en .t:lot~:vation on~rgy tc overcome tho enorgy 

barriG~ separating the vvto ~qu1lib1?:ltzm p.osit:tans. li'01lovtng 
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or 

given by -AJ=jRT 
~,. _ j_ _ k:T e 
f'..o - - -f.v 

't: LlH/R...T -· ASjR. 
_() LJ.F/R.T h e 

'G ::: -~ T e = J<.T 

( 1•14) 

(1.15) 

content and ent~ovJ c;iiange ;to. thG process ot activL\tion~ ?he 

eq.n~ ( 1 •. J.5) can t~o t<t~itten in tho for:tr.a 
"C = ~ ef?.jRT 

lr . . 

Aeeot'ding to Itfiu~nl~Ull'l this eru.~,g;r eorrasponds to intel""r.Wloeular­

l'otantitll Ot'lergy barrier nnd it hns b>*Jn used by largo P..umbe~ 

·ot workers to· detomino the value of' f'e. 

1•3 Qo"'VJ':lJ!. ~.,9.!~tJ.~1 ... ot .. !ti!tt!t~tt:ie .... ~llf~>tti.Q.n t!mfi~~ · 
mgJ.~C.lJ!;;lJL.:Sj;rQe.t.~f' ... q 

Debye assumed that \'3hen ntl eleot~ic, f!ttlil is applied to n 

tlOlecular dipole pleeed in a. v,1scou~f mod1um.; tho torque acting 

011 tho dipole orients it in tho db:~tion o£ tbo field with an 

aragular w.locity • Tb.() toJ:!qus is counterbalai'!¢ed by the in tarnal 

.friction .q 
ot thCt d:tpolo. '!BY tna ~pplieat:ton of t&1e stok~' s fo1~ula he 

obtoincd a: :rol<l tion bct\'Joen tho int(9rnul :rrietion 'f ar.d intornal 



~1bor~ a.- ts ·the molecular ~lu::hr 

~be ®na.~~ratlon ot· D:cownian ~tlon ot 41)01~ oolaeub.J :tn the 

Uqutd sta.to, the r.clat!onahtp batwaan 
. . 

'f rr:;-;: ~ 

1t1berc ""- 1_$ tbe Do1t~tl ~On$tU:nt. 

C®b1nltl$" eqn.s-.,( 3;,:17) and < l'f', lS) the l"'oiatlonsh!p 
g 

'?::: 4 7\ ~i'nt- a.: 

k.i ( l.t;19) 

ia obtatned.. conslde~ing tb(; pitetura ot the lnt>Iacute as a -spbare1 
Deby$ constd~red. th~ into~~ viaeQatf..ty as- mact;oscopic v!$jQca!tyo 

of the mfJdiU.m oo« th• e.qn~.c:a~l9) be.¢ones· 

~- 47\ <Qo.? 
L-- kT 

,:he abOV() eq®:tiOll sbCJiilS· that f~ tho ~aUred t'elltae 02 

~Gllua.tion ttme: z nnd co.-ef£1c1ent of viscosity "Q t.lt 

~ertain' ttmpeJ."Atu:co.- tlla s!hl~ ()f 'tha r-Gta.t:b~~ ·polar moieeule$ 

-mav be: ealcula.teci_., 

Tb,a _ool.~li$Jl wotks ®.· tl;10 a.,.npl!eab11ity of lleby-~ 

aqust&on ( ~t..OO) by dh~~vet1t •$0rk¢r.tis 1:;.,~ t<~cta Of)t1eer.n~ 

!n detnttn!ntng tbQ 100lsCUlali' s:tzo ·and teating the lln~~lty 
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t:tt d1f'f~ant solvents. But soon it was :realised thnt th~ molecules 

in general, are neither sphe.r1cn'l in. shape nor the maeroseopie 

viscosity ropr.Qsent tha. :tnt:ert1al viseosit)t as required in 

Dobye equation (1,20). 

The Dobye equation Wtls ther$f'ore modified in t'Wo direet~ons 

(lJ to account fo:t;> the deViation of the molecular shnp·o from · 

sphcroeal symr;~ot:tj"' (2) to co~ela.te the internal vi$OOsitV with 

tha maeroscop:Le viscosity •. 

( :n Pot .. ritlao treate'd thG genex-al caso of' 1~1gid moleou.les 

of allipsoif:la.l si1ltpo and has st'lm4n thtl t there ~ro-uld be thl"ea 

diet1net relaxation times along tna principal axos. FOllowing 

PG:tr1n, J?ischer21 obtained. Gl"l axpress-ion tor NlaXHJtion tima 

for approxit':!tllte ellipsoidal moleculQs in wbich dipole moment 

lztes in !UlY one ot the ~$S·t given by 

"(: -;:.. 4 7\ ~ f o.-b ~ 
""'- T ( :\,~.21) 

\'there at b, c ~1.r(:l the eGm1 axes, f is a stroetu.tra facto~. 

(2) (To trJdefine internal. v:tscosit1. t I.n o:rder to tal;:e 

into aocount tha 1nt~eti()l1 bGt~asn the solvating merdium tUld 

solltte rnoleQules, modification$ of 1nto~nal v1seos1ty of D(Jbye 

eqn. ( 1.20) ~era mad.a by many workers., ot which only tho :t1oro 

ill'lportan.t ones \:till be di$-OUssed her-a ... 

t:Tirt~ ar--il his c£Yworke~s22 room eonaid.oration or solvon:t 

lo.:yQr interaction deduce& tile to1lotdl1-3 equations 

I 
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~·s ~ 
3 

f'C .u.. ::: ~ 7\ f'Y"ot ~ "('2. 
r K'T 

f,-of = [ b~ -1- (i+ ~)' r 
l\lha!~ rr, snd '~'2. ut?e tbe Ja®.n ~,.;'tcl11 of th~ ·Solvent and S6lttt~ 

moleotala. 

· 11lU23 st.\ggGst~ed that t~be 1nteroo.t:to-n betlz~en the solvent 

oriid s¢lttt.~ viOUld be bost tGprtasontoo l>Y t.t t$rm cuUed: mtttUal 

V'!$¢OSity '"?12.. file ~Uttl~l. v!seos;ltf ~12. iS l'Gl,at~ tt> 

tnt\owoaeop!c. v1seoa,$:ties ot tlla solution { ~'I'>'\ ) ;· solttont ( '"QI ) 

and solttte ( '"?.z. ) ttiv~n by the· ~alation 
(). 01'2... 

'X 2.. tY') 0 I + 'X..~ 'Q 2. ,;: ~ + '2. r;C I 'X:2 "Q 12.. C) '3-t\ "?'tt"' -::: I 't'l (5..,..,.. 

·solvent• solUte l.<lnd solttti0n re$p$at1vel.y. 612.. .is the mea.n 

d~stane~· bQ'tween ~aacont soluto Ql~ solvoot_ nwleoulo... x, .~ml·'X2_ 

~l:rs tho mote ftaot!ton of tb~ solvent and solutG .sOl(;culo, 

.For d11ute solution ot po~~ ~1eeulas i-'1 a no:n"!"'pol.ar 

oolvGnts Hili:~:$ t!?ooteat'ht ~!vas 

"(' fJ- ::- ~ 
1 

'Q R 1~ 6i 2 

k,2 1~ the l:'ad:tus of' gurat:ton, ""(>,2 mtunl ·v1seos:t.ty and, 

6'1z. is the rn~&n diaW.ncs betwean tbe ad3ueet.tt solute uv.d 

~lvel'lt mo:loottl~~ 

1.'10t' Ptt~e dipOlar· llt1Uid1. U!ll• s equation is 



D~sides modif'ica tion ot Dobye aqua tion ( 1. 20) sm"oral 

;smpirieal approaches to the problem of internal viscosity ha.v0 

been ma.de. 

24'1 S't<lrting tro'm Fiscb.or eqUI$t1on ( 1.21) H.aso - develop~J an 

e..~t~essiOtl for· mic:r.oooopie visoord.ty. in terms t>f maoroscopie 

vi$eos:tty 

( 1.-26) 

at'd are til(:) mt>l~ulat- volumo of polar solute and thtl 

no.e1: po1er solvent and A is a n.u.ttuarical paX*aneter. 

95 
ti:lg$s1""' suggastE~d tt;at f'ol' highly vttseoua medium th.a 

rol&XIltion time sboulcl be rspresentM by< 

A 

. 26 
Ral."i1W.1. .found .t.~t if the cOn$tnnt · A is ~oplucGt! by 

8/T then th(l eqn*. ( l.27) beoomos Villid over a st"~ll ter:~paratura 
range and tbe eqn. eran be w:rittan in tbe form as 

'C = _@_ "Qx. 
7 
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whore 

. " 29 
EQuations ( 1.21) m'ld ( 1,.22) ware cxtltlll1ned b~ Pitt and Smyth · 

equf.l,t.1on ( 1..,2·1) wai'o e~nminad by lfurtil0 , r-leakins31, Pitt and 

Smytn32 ~.md others'* EQuation < 1 •. 26) was tested :for bigh. viscous 

solution b.Y Kalman and smyth33, ... It was found that if one equation 

't'1as opplieablo fo~ soma moleculo ct sOt'!-e v1aoosit!es, tor other 

molecules it fails. no sin.gl.c -~A1lt'$ss1on waa fourld ·wh1~n is 

M1ppl!cuble .for all nwl~cul~s in scl:v0nt of di:tferent v;tseos~tiQS• 

It t'Jas found that !tillt s equation is bost $U1t&"J to sy$tems 

w(lere tll;G sizo.w of the solvent and the solute \ll~ra not far from 

U?.l1ty,. !,~on.kJ.ri34 foun-J that ltf t;be aiza of tho solute t;e·rc tbroe 

t!mos as larga O;S the solver:.t" tho Dobye oqua.tion ia. than epplieubla. 

l .• lJ. ~'\stri~~t~g~~ of> f!al.aa~3p!l~.:t:!W9! 
I 

In tho previous section tl-10 uppl1eab11ity of tuo Deby$ 

tWWltion ( 1•,20) WhiQll is conoelln~ with rigid spberieal moloealo 

with o singlo ~e1axat:ion tkl~ was discussM,. nut g~me1lally 

h10lOCUlO$ n~e not spheriGal :!11. shape, PnY" ba elllpso!d:ol Ot" long 

chai11. As mootionatl earlier in section ( 1 •. 3.1) , tbe ellipsoidal 

molecttles hu".rir..g di.f'f()rcnt relu~t.1on timos along three axes., 

would aivo rise to a d1stx·~buti6ri of l:"Olaxution, times. s:tm1larly 
{fr .,..,o(C2.c u..les 

in long chain t10laoulas" w:ittl flexible group a numbal' of X"Qlaxat1on 

p~ocessos J:t.ay si:mu.lt::t.neottsly c;ccu~ dtte to ·the orientation of 
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tunotion have bean devalop&d and only· til~ m()X'O ~portattt on• 

ar~ diacuss«i below. 

1-. 
1.-a.1 D~&m.!!.aJU.li~~Jl,o& Em?la~iop.,._~~ 

~ . ' 

J!rof!ich 6 considered a modal in tlnicu ~.aeh nolecule bas tvro 

oqu1l~br1um positions with opposite dipole .,riel'ltntions and bas 

g:tven an analysis to1• the continUOllS d1stribut·1on of t'alaxation 

tirf!es battf1$.en two l!m1ting 'laluet'l rc, an<l tO~?.. He a$aum~ that 

it 2JCc)d~ is tho contribution to .ats.tie dialeotrie cGnstant ot · 

the groups of dipoles baving individunl rGl.axation tJ.ao in a ranse 

ore n6$v "t tbe total oont~ibutton of all tbo <li;poles 4$ 
oG 

Eo~ 6~ ~ J lJ ('C) cf t. 

Otl simplification Fl'olieb arrived at the oxwrass1on. tor ttn1form 

distribution of potent:tAl l;tu::rier over a rangG 1.!> 6 

rc, - rr':z -= evo/7' ~ I 
r:~ 

WUQX'O l.9o 1s tilG potent.!nl OO~#it)lr b$t\'1Gen tb.e limit Y ar.tft "C2.. 

The e~ression shows that tbe distribution should d'-'ereaae wi-th 

tbo !nerease of tempol:l'tt.ture, tbs tt'u.th of which !s obsarvf..."d in 
05 R. . 

most eo.Q0S* Uigus~ :at al •. · usoo Fr~:teh•s d1etr1bution fo~ the 
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analysis ot tl1elootr1e data ot alkYl bromides. The lowe.st Cg 

wluo 'Was nttr1buted to tb.e rotation or the -'!>C!i21Jr group and tbe 

higilest "01 vnltte was attributed to rotation of the whole ooleeula. 

lt t1us observed thcrt the Debye Qquat.ions ( :1~2) tnid ( 1:;3) 

coUld l)e qonbinoo into a s1l1glc equation 

(t'- f:o~ t-"'f-/- E""- = c~o; """"-f 
which ia tho eqttt:J.tion ot~ &; c:trela. Tho plot of aieloctrie 

pormittivity e' and di~lectri.o los~ E '' should 1Je o semicircle 

·( sboun in F.f.g.l.la) for the molecules which eontoms to Dobye. 

equation as in tho casG- of isobut:,rl bromide o·r hulobei1sanes., 

Cole~cola36 observed that in Q. number or eases such plot 

ts not -semte1rou~r but are of a. cirel.G ( sllown in Fig~ 1., lb) · 

#.nterccpt1ne tb~ abscissa nt V(llu<a~s of' to atltl t:=~ witb e~nt~0 

depres-s$<1 bolow tho absoissa axis~ For the-ae oases Cole and ·Colo 

put fontard tln smpirio31 distribution runet1on , o<. given by a 
. ' 

(1.35) 

givos a moosut~ ot 
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wbera 1..9 is the distance of Eo to tho, expet•:Lvuent~1 point 011 

tne. Col.e~ole J>lot :and LL ts· the tlistanee from the· Eoe point 

to the tmmo f;J!!q?eril'tu:an.tal .potnt.~. 

In u number of: -cr.tsas 1t wo.s. observ¢d tb.at tbe plot ot E 1 

against r:/' \itas the tom. ot s sket.Jcd arc (shovm in F.ig"l •. lo) .• 

The rQSUlt in tt4ese ouses al'e bott~t~ rap:reaantad by Dabyo ~quation 

mOdified by Datridson and coleS'/ is .givEJn by 

(1.37) 

1, WU<U'l (3 ::: o 

the etttw.tion radUC$S to D~bya a..1uat1on. SkQWet:i are raprescn'lt.Qtion 

wo:ee obaetved by !(:o:psik. ~'ld cole00 1n pure hu.loetm:utas, by IU.g~lsi 
ar.-d C.~t::1orlrJ:r~s39 in At'lthroncs llttd in supe3:'· cooled tarpl:1etlY1 

solution, by Krisbnaji et a1 •• 40 in alkyltniols, Smyth alll 

·eo.-wo:rlter2 41 in di'b~nl.kanas. 

:ftlE) d1$t:t•1bution in r.lOlPCUlOG l1s.ving polol,. gronp or groups 

t:reely rotll'tHtng with rosp$ot to .~ch other and «10t1 C.tn~rying o 

1nvar:1at'it dipOl$ rr.OEent was considered 'by !1Udo4~3 &nd 1U.rkwood 

aM F"Uoss43. Tb.o dieloct~io bel¥iv1o~ in tbesG eases was eons1d$1'Gd 
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b) Cole-Cole nrc plot 

c) Dav:tdson ... cole skewed arc plot 
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lJY Buao4B as tha supel,-,>os1 t.1on or the dispersions due to 

1) orientation of ttta molaeuta Fi!.S .fl. ~1b.ole 11) o~1entation .Q-f 

tlifferer1t polnr gl'Ottps eaeh oboyiltg Debye (;)Qttation \'Jith siraglEt 
I . 1/ 

rela~tion tree. The o-q~tions COTh'1aet1ng E ar4 ~ we1~ 

exproseed by Dudo 4lS 
I l 1'71. E - €""- - ~ t 

Eo- £~ "'=- -,-_,_-(-CU~t.)~ 
i 

C'l·cu~1.· 

I + ( w 'C i) ?-

wner·o Ci 's aro tho relative vo1grlt fo.etora- tal' d1f:f:c·,rs~t 

re:tnltiltion process, sue!l tba.t /_ Ci ~ Z:/ = f • 'i'he '1:.: 's ue 
t 

tne rela~tion times d~e to di:ft~~ent orientattng units assoefutad 

with !t,!Oments )J..i 's ~nd p.- is tho to~l moment of 'the moleeule-. 

Til~ above equations ar~ vtalid tott tt~ol~eulea wn~a tbore is no 

intoraotion batwoon dif£erf3tlt or!Ghting units11 The analysis of 

c1ieleetr!c data. into u number ot d1scret;-e relaxation tim~s t1econes 

t90 diff1eult ~nd t11ore so, if' the :t?tZ~la~tion. 't:l11es. a:re too close. 

D1:tte~ant workers tmlda dif•rerant approaches tor a.nalysis: ot their 

datta ir.rto two discrete r-elamtion processes. vaughan. et ~'l., 44 

fo'lll'l{l out a me·tllod f.•o:: th~ d.etetminat:ton o:r nol.scular und 

intrumoleotllar· rela::mtion by aJ.lswn1a1g sube:rposition o!" the t~o 

Debye veeions at a pertieultll!' tta~pe~attme. 

Fong anc1 Smytn40 dweloped the double- arc method in which: 

tney groph1cnlly cnu.lyse the data :for two ove.rlapping r(bgions of 

tbo dielectric dispersion and tou.tld out tb.e molecu.inr end :tnt:ru-

·I 
I 
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Follo\~1ng Bu.do• s eq~tion ( 1,~38) and ( l 41 39) t· Borgma.M et ~1. 

put fo1!Ward the i'oll.o\'ling ·two equations for ana.lysoa· ot data lnto 

t~o d1sor-ete rel..a.,~t!on rnecbnniSm.s. 
E'- Eott 

Eo- E.ot:.. 

E '' c1 c.u 'C, 
+ r+ (w'Cf)"J-

{1.40) 

l'Jher9 rq (il1d e ~ are tt1o rQktxation t.ir:les aud Ce. al'ltl c~ 
~';... 

th~:tr rol.tative weight .:faetors ;_.. sueh thnt G -f c~ =-I and c, - -
. . C:;. - p.f 

J.Lt and }.J. ~ being tbe mon1oots comp-onent$ r~sponsiblo for 

:ce.spsot.ive rt3lax.:~tion procasoea •. Tile Bot·grtial1k1 equations: tl't'!1 widoly 

Used and have bo$n nsei by many ~orka:rs fO!• a~lysis tho du'tt:1. 

1t1to two d.:tserats l'"alaxntion processes by t~ial £:JJ.d error s.etilod. 

De:rgmann1 s two equatiOns hav . .1ng tb~es unlv'..nown Qt.lt\nt!ties 

-q ., 1)-.g and c, or C~ can not be solved Clireetly and c:liffet"ent 

-v1or!:ers solvad the equations (1.,~:!0) and (1,41) by trial and error 

rn~th.od. K~tstn.&47 suscest«t an .anaiytical m~thod for straight 

.forward calaulationa of rc, 'r!8.. una c, 

combining the two equations ot Bor~nn and simplify!ng1 aqu.ations 

t-a. 0... b =- x, f :X:~ - b x, X~ '(1 .. 42)· ' ' . 
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c, : (!?-o.x~)c~: x}-) 
x;·-x~-

w.eto obtained, 
b -whe:t•e o...-= ., 

{;: b - € <;><:.. 

and 

crh~ equt:ltion ( l!J42) is r4 f)(JU..'1t1on o·t st:t~aight line, the slop$ of 

whicb gives Xf'X ~ and the interco1't gi vas ?C, + ~z tor whien "D, 

and ~ g can bEit det~rmitted and from equat:iora ( 1.43) c 1 aon bG 

doteminG\l'- The. equations ( 1,42) end ( 1 ~43) weve $UccesstullV used 
a. a-so by diffe;rent 1.10rke11a ~ • 

J...6 He"{~m of, J2ratr.,!,ous tsor~ 
- - - -

1ij6~-l ru:s.~~lnitd _;r~~. ~~,~g .. m,~1.9c,..q_t~~~i~itll . .!nft..§~ ._ 12I9.~lt~~ •.. at~ta~t:t,gu 

~&ruu 

Various ~1orl~er.s used Cole . ....Cqle -method for th(:l analysis of 

dielectric tlnt~ 1!'~ l~1g1d a.OO non rig:td ooleculos of d:i£fere11t 

abnpss und s:tzos and reported tna structural peou.lia.rtios of ttle 
I 

molecules affected the rela:xq.tion timas to a great eX'tcnt-. 

mannelley :et al. 51 studied tno dieleetrie beooviout .. of 

tw~ttnty S('Wen -organ!.e polar w.olecules of different s~1.pes, si~as 

~\nd rigiaity. Thoso which ar\'tJ spnerici'll, confomed to 'Deb1e 

eqt.,te.tion, tor cuJ$'mv'n$t:t:1o moloeules, distributiOll of rel~tion 

times were fou..rtd t the distribution increased with. the inereasin.g 

a.s:;mmetr:;., but daereasad 111ith risit-J..g of t~perature. 
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~yth and co-....wor1~er~iS3 obsQl~ad that if' the mo1eeulur shape­

and dipole duootion or a set of mol.eeules are closely sirnlar; 

there. ex!ats n rough s!I:lila:ri ty bettiaen rc and ~ 

, B\lt ~ttllsr and Smytb53 li"eportad that if the moleonles have 

s:!.mila:r $1~e, dipole moment atlt'.l viseosity but diff'erent dipole 

d.it'OOtion thoir rGlaxut1on timos a.re widely different~ 

In a number of haloet~lO.l'lf)S C:t'loaale? ot al., &! observed that 

the' moon r()le.jmtiotl time ~nd tho dist~ibution Pal*am$to~ !E;¢raasas 

with inc:t'aase in si~c of tl'LQ molecUles. 

hl Wlt"ious a11Iilutie Gsters reported by various worksrs55• 5S 

tb.Q tuoon relaxation timas as also the distribt.ition inore&so with 

ino:roose tn size of the ester mol.ooule$:. 

(.\loohols ·tn. yarious .solvonts and obi;t:-tin~a tbs pritlc~pal l"*Ol..o.~tion 

tme and Kirkwood: g factor. !~urge Uiolocules ot trd.phenyl 

phospbino, tripbeJlY'larsina ¢tto., :were sttttl:ted by Hassel et at~ 62 

l4ho 'X'GJ.H:>rted that the largQ ~lu~t1on ti.m0 were 1n oonform1ty 

t.J!th th.oir sizos, 

lfol:'m:.lt.ion .of moleeul.a·r c~p·lelros with solvent$ t~oro r$portod 

bf val'ious \1orkers 63 - 65" in substituted phenols fron th~ lengthening 

of relaixatton times. 

The menn i:Ella!f.ation time m ~lkylo'Y!\n~les' attd alkylthiola. 

in thG 11q.u:Vl state reported by Erishr~j1. am e0•1rtOI~iter:i36 , ~0 , wtls 



found to incraaso Hith increasing. sizo of ths mleeules~ The 

moroosa 1n tho distribution. parometar in nlk?lthj,ol~ o.t bigher 

temperature 't>:S.s attributed to tha ori(Jntnt:ion of various segr;~onts­

at highor tGmper&ture .• 

In a nur.1'ber of lt2•dlsubstitut.ed ethanes in the liquid state 

Hassan et cl.6'1~70 reported thf.d~ tho mann rala:tat!Ol1 tir11a. 

!noJ.~ooses uith tuG increase 1n s1no of' the molecules. They- (llso 

point oct out thAt tbe dipala:t .. · aot1vat1ttn oner.g1 1n oocu caLla has 

got a parul1eliam with tbo lolJJoring or the onergy d1fforen~-e 

betweQn the trans o.nd gauch;o isomars !:roo· gasC!ous to tho liquid 

stute. ~ruay also obse.wvad that tas· dipolar activation Qnoreur 'tt~na 

fah"lY equal ·to tua eloet't•ostatic .poterrt!al energy diffor<9nee 

batwoeio'l tbe ·pqlur isomers in tb.e liquid stato. 

+ !401Geul.al? a.mi intramolecular relAxation pl~ooeases in 

~:rOrJatie rnoleeulos ha.v:tng polar group ·Sttch us -oa, •S..P.i; HH21 

-ocacrs, -fq(CH3>2, ....OOHgel, .... cooHs., .-.c:Ho1 ....ca2x (X = halogen$~ eN, 
S~l, F!Hg) $te. ha:vo boe~l .r~ported by ~n:; \-Jorkcrs7l~2 most~m 

dilute solution and in some eaSO$ 1n pure liquids. Tbe moleculur 

t1nd group rel::lxation times in tooso casoa wore round consistoot , 

witfil tho:tr sim~s. But th.e muon lovJer reli'J.~&tion t!h'1e of the •?IDa· 

grot1p cot1pn.red to tha ~n g~qup,. WQS Zlttri'buted to mot:1ort sit.dla.r 

to thtS invors:ton o~ nmonia. It was int-eresting to note thAt in 

the disubstitt.tted ben~enos with a1rnila.r subatituonte sueb as 
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· eas4 as -..0cna, ..c.H~u t ~a2sr1. ~NR2 ate. · ·• · 1n tne parepos1tion1 

tile 00011 re~~tion time \'tas foUnd to 'bo much small~r than tbat 

~h® tho. same subst1tu.onts al'e in the ortb.o nnd m~ta pos!ti~ns12 •79,.. 
In ~the former o-as0 the relaxation wo.s attributerJ to group 

1~tn.tion, lJllile in 'tb.e la.tter c~se$ botb. the moleoul$.1' and Sl?oup 

rotutioo 1~e:re present. 

Tho surpris!ngly lo~t rele~tion ti."'ho compUl:ed ·.to the sizes 

oi~ dirbooyl etb.er'gs 1 dip~eri1l motlmne abd benrnylotb~rr;G.;B? and 

tripbortylw.n1.na88 \ias assoc1at00 with ~~ :f"Ottl o£ intrarriolooular 

motion in thorn. 

necently, Rigasi and oo•workors89 r$ported that in the 

d:tpheeyldioxido t;pa of tlOlooule$, tho smll rala~tior1 ttse m1gbt 

be due to bu.ttl;)rf'ly tlotion of' ttto ttJo rings. 

In soma substituted ph~nol.e ~!agee am ¥JoJ.k~1r90 reported 

tb.a t boti'l; mo-l-ecular and gt~ottp rotij,tion 'HGPG ptloseJlt :' but the 

g.raup relaxation t1~1c 't:fi\U7t lengtbenoo aue to hydrogen. bona ing,. 

Ims¢an Gt ui.j/91
t
92 reportod toot while tne estQrs or 

ber1zoie neid rela.~ by mleettl.ar and gxJoup ~trtation,, tna morro,. 

carbo:sylic esters ~elax only b1 molecular reor1.cnt~tion. 

It nas i:.toan r~povtc.d in. pl.~!tulry fJminos93 and keto11es94 

that the dipolo o:rientation takes place P1!edom111e11tly by groUp 

l"o·tation~ 
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:tn tba cJ..., w d.ihnloalkanes Ga:rg und amytb ~l at1d euresn 
cnandro et al. 95 in puro liquid and dilute solution~ tne dipolo 

<>x-tentotions occtu•s by ttiJO m~cnan1.sms, the largor rGlaY.at:ton tine 

\11ll:l.S consistent to~itb. sim~ of tai) molecules and tba smr;;llcl? 

teln~.atian time ~as consistent ~~-11tu the siza of the eod group -cn2x. 

Goulol~. et al.~ 00 · reported a V'f~'tY small. 'il?el.a:r~·tion tip$ due 

to intr~unolooular motion involving ots/truns transtorm,~t1on ot 
tl.lc d1aeety1 r..oletm.la., 

'db1lo stUdYing dieleet~!o ttole}:a.tion · 1n vat<iQUS rigid 

moloottles~. Poler1 observed a saoond d1spet>sion ill tha subm:tlU.• 

meter region, in addition to the no~ool dis:v.ersien in tba Ctil• 

ra.gion due to molecu.lc~r ot')ientution-., ccmfirma:tory ovidence ot-

• z~oley absorption* 5.J'l ·other moloeulas were ~eported by man~.; 

wor¥te:cs98""'!t.02. F.r-Q1n ftlr infrared absorptiot1 in V(Jr.ious polar and 

non poltt~ molGCula$ Dav:!:~ et al.J.-00. concluded tb.u t the Foley · 

nbaot>ption migi:,.'t btti due t_() .sr. .:flttetur.iting c.lip~lo olew0nt in pola-r 

liquids, while :non .POla'l'" abso~-ption rn:tght b~ du~ to ooleculu~ 

eollisicms. t-!ulker al":td oo .. \..rO~kerslOOt:lOS i~~;;om similar stUdies in. 

various moloeules concluded that the Poley absorption oan t~ot be 
' l~ o.eeounted for by a1mpl~ rot~tionul t~oeh4nism. G<>ttlott at ul._' .~ 

f:t;om studi~s in su'bmill1mat0:V m!crow.tlVt;s ( 112 (U:!0 ) ~~!:td L"'l t~lf 

:t£1frnt-ed concluded that .fat" infr~:r~ •excess ubsorption•· a1~e 

compliea.ted.- Doth · :r>Qser.iartCQ and non ~e$o~e absorption t;.tith 



+ 

.. ,-. 

~e !nte:re;~Uon ot small group do. o.ccu~. !tt app~~~ tllat t~ 

s!tnatlon !$ .at!t:f~ not very olear.,. 

llt'ttlamtion atud:tee ot d1pt:)1a~" ·mtatures tn1tiut<.ld by 

Ala'!(a.mlrcw atld Dttld.~tt107 a;tld acnallo~eblOS were follow~ by 

.awveral work~rs. Tbe more recent .work: .of vor.a$t sntt sm:yen109., 
l.~-Q4ab$ ari4 · Qc>•workers1lt),..!t33 at~ ot!l£tt~,l14t'1.15 .sh~t'IE'#l tnnt ln. 

t~le . ~~es Qt n$lf!l!'~ssoc~tea U.JtJtt!d.s, the rehmt!.on is the 

· taau1tant ot rew.atton ilrt>tl$$ses ot !nd1vidlU)1 comt-~ttlds.. ill 

CQs~ ot ~tares flf ussociutied 11qu1ds,. tb~ .~*bl:eatlon :tnvot~u 

moleoulur oluaters: •. 

. 
In. ~leob.ols, th.s mol$.Cul~ ~il~'f.l known t() elt..i!Jt ·;tn Q h!SblY 

· n~ooe!Qted st~lte•- nol~lt~t.lon etw!!~s tn .Qleob.ola by a1±"'fe~ont 

workC~~e13G.-l23 !ndleate tb;a.t tMre axi~t tbree ·d!.st,net -·rola,_t~on 
' . 

:r$a1on$• 11la d!spe11e~on tn tn$ .iow~st f~u~ncv regt~r.s 1s 

~ssccintoo l}Jith the "J~ela~..a.tio.n ol tt'.()~ecul.at! eluste~s. Tlle 

dtspersion . in h1gnast f"t.tetiuenc~ ~eglOn arise~ due to tbe hydroxy 

gl10ttp rotation ani tlle · dispe~s1on :in tnG intel'medi[lte· tr~u.enor 
' . 

. :r;egion is ·~Ssig&ed .to the wtQtiQit Of h·:Oe ~icohol fl'WlQCUle a~lsing 

ou\ of t~cqu.e.nt b~~id.ng o~ b;tdHgen bonds~ 



q) !l&F.$b. ,£!O,lJmie:r@ .. 

l~a~~tion $tu.d.ies l!tat .. e atso u.sod .in higb polYKtWrs124•12B~. 
1~t 'is obsel:"V'ed that :tn some eases pol}~rie ebain ox1st us bent 

:fed$ ~nd 1n some otho? ct~s- as f'lo~bl$ oo!1s .. The distribut1ot'l 

pu:xriD;meter !ncr~"lse$ \fith inel'Qase tn t~apo~aturt3, eometim~DG 
i1$t~ins ~S high ~lS 0,.9., 

na~.ntion stW!ias nave b~en tt~S.d~ by d1ffat•ent \'10:Vl(~~i29...,la~ 
in vu~ious nematt!e ~na oholesto~ic 11tatt1d et"Yat€llt~ .. tu~ magnitude 

alld sign of tho di<alaet:ric anisotropy a!o f()tutcl to b~ traqusflcy 

~ilnd tem.p.aratta%'0 deparui®.nt~. Tile :vel~.ation t:tme due to. the raspectivG 

~Qi;ation of the ~ooleettlas pa:r~nd!eula:: am pa):'all$1 to tbe long 

,s.~«as n~Q fottnd to l;o ditto~cnt. ~b.o s!.gn of the ~£t.rt1sotropy ~oo 

ti>te· rela~t1on· ·tk~e play tmportant role in pt&ctieal application 

of liquid aryst.als as cU.spl.~r ~vicsa. 

!~ain~t:ton measu:rem0nt l~V~' belliW} tn..tlile in biomoloeul0$ of 

~1o ·no:tas.t J;ept·:J.des and protobls .in. wtltE)r Stjl.ut!on t.l1 ?n410 

h~quanoy region bY' vaJ:l'tous workar:s:LS4~100 and v-aJ?toua mo'leettla~ 

p(.{~(;llti!lt~~~, 1!1ere de:temin¢Cl~. the br~1tiW.Z antl fo!"m&tion o:t !~·.¢!• .o 

a.nd o~ ••. o in amino acids ;.;u1¢1 p(}ptides ~espaetiva1y, tlZ1k()s t:tla.ea 

respoctivelt as obsorvea f:tom the eonstanQy in the val~c:$ Qf 

l~ae en$rgy and .enthalpy or th!ll 11lQ1emtlea .. fhroo. eHlsporsion 
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regions (3 --l and ~ obs0we<1 :tn protein molecules¥ The · 

dlstpors!on; is ooo(lEil'ltl~ation d~pendatlt and is, attributed to bound 

·water mol.eetlles. 

. . 

1l? §SSm~, r~ .Ol!;~~., .. gf .ff!lG • .Jl!.q~~v~etiS~iOJl!1 

in ~arious . o:rgun!e pols~ molecules tn tbo 1itltllf.d st:Qto arA in 
. . 

solution \'tA$ presented in tna last a~t1onS'. It .1$ rioted tb..~t 

much i.rd'omat1orH:3 vegarding the stmntttttal parameters of tbe 

mt>lt?..enlGs a~e obtained frQm auQ!l stud1e~. It ua$ al$0 obse~v~d 

timt tnousb t!OleQula~ 8fl.d intranwlG<n!:lar mot!'Ons 1r.t aro~t!e ana 
al!phatit¢ !ilOloettlss t<titb ~ups $UOh as ~Ii~ •t-Hte, ~Cllth -oocHg, 

... c;no., •N(Cila)a and .{JH2X ( X ::::;: oolcgens, •nflat ....CH:) ~ttl }l;~W 

bean reported by ruany ~zorlcar$ ~ut such sttu1ios in organic 

molecules baving groups •SHt •OOHa, lliiri~co, .. nos, -Iioo1. -~ff2PH£CU2X 

(i, ~ halogen; •xn:I:a1 •SU) etc. a~ va1t1 i'~. It ttas tb,~~tore, 

thought worth\ihi1~ to se1~¢t tiie folletd.t~ .at~omatie and al:tphatie 

mQ;leeu.lea tn th~ liquid st$te ~md in\ $ome cnsea 1n solution tor. 

tbfSt present invest inn tions ., 

A1)$ntat1e tn()lecules : i0n~ana subst:t.tutoo mo1~culos ~d.tb. 

groups -au •. scRat •I'Ico, -r~as,, ~1so, OOaCH20M2'X (X :;;;; halogetl:r -rsn, 

Oi!ollW"g) ••. 

·A1!tpbft.tie moleeules ' 2-na1o$Ubst1tu:tod propionatee,. 

s ... h§llosubst!tntett prop:tono.te.s, 4·h~tlO!lttbst!tuted buty~nto, 

ct, w .lio{tlcya,.flOa~nes.,l,S•pl'O.paneditb.tol· e111:\ t.,~lj3~t~tbrmal()propat'l(t• 
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l.) Tb.o posa!.'bility of illterranl rotation in these noleeul.o~. 
. . ' 

2) ~o . npplJt the aetilQd of! least $qu;aros 1nst(lad ot t~.!al 

at~d erro~ .taethod ~~nlf! sra~~t~l methOds usGd btf' other tiO:rke~s 1 for 

tbe analy$1a of' th-o oxperimonta;l dGtu in ter4!s of mol~eu.lt\:r qt'ld 

intt~aBoloeular ralQmtion t~ea ~tlt'i tnoir ff1Jlative weight taetors. 

3) rro determine trw prYtantial ene:rgy bni>rier f'Or 1i:!OlOeUlal' 

Ol .. l(3i1t;~id.ont group rotation and v~.~Qous fl.o~<J:. 

4) to evalu~te tho d:tpole momant or tile mol~eules., 

5) To find ottt thG exiatenoo ot mo~eulal." eonfol.'rnat1Qt1S 

12' any, and i£ so, to point out the possible eonf'ormat1on 

particularly in aliphatic molecule$. 

6) :ro find out if ~ey,. h:tgn traque.!1Clf dispo~sio.n rsgton 

of 'Poley typet is pras~nt. 

The o,.~et•:ltriental t·~<mniqu~ .t"'r. the meaaurero~nts o:f' 

dislectrie data is giva:11: in Chapter 2. 

'?~be results and their ifit()rpl?at~t!ons a:ro ,prQeentad 1n 

{'}bo;pters 3 to 10. A summary of tbe. resu.lte und cooclusiolJS arc 

given in Chtipt~r 11. 



J.--

lit 6rJ.ytb, C\I'P. t t-!oteottlalr relaxation pl"oat;;h~~l Cbeo:1¢al.. Society 

Pub11Qation, Acoos~e PrOSSt London ( 1.9!16) • 

2~ D,mdo l?~.,, z.phys~CllQt1··• .aa, sos (:tB97). 

s. 
4. 

~mp~ 

tans 

if ein Ber\11 t 3,0.§? 007 ( lSGG) .~ 

it1a1n Ber., ~' 253 (lSOO), 

Polar moleaulcs;. chemical catalogue ~o~N,.Y-. {1929) I! 

6~t i'J'Olicll H.; 'Tb.eory Of tllelactr1cs• t· Oxford t1tli,V0:tt$1ty Pross, 

London (3.!)'!9). 

r,:. Debye o. 

'7.• Pot~tel$ J.G~, J.chet? •. Phya •• & 1 ass ( J.0&'3).., 

9~ Onooger t., .. J.Cb~,soo~t' f~t 1486 (l936).(ot. 

10. Klx-kwood J'~G·~, J.ChG'lr:l.fbys.~., 11 911 ( 1939) ; Trnn$.l"tamdt!isoe~ 1. 

~. ? ( 1.9t'.£). 

11. l'rau~ 1.1 ~ t Rev,:t,tod.Pnys,.,, J!.i• :t2 ( l1~42) ~ 

J2"" Eyring fl., .. , J.Chem.Fb1s., ~~ ooa (l.9S6)" 

13 •. f!.1l3USb1.'11a s., S6.papers !n.st,.Pbya~Gb&r.!l.,li$$• (:l'o.kyo) §, 201 

( 3.927) :; it 207 ( J2BB) ·• 

14• ]clU1ltir :f\H. t E't'gsb~,~ltt.,tJatnr\'1• t lZ' 104 (1939)., 

15 •. Hull~r ~\.It• and scbmel~er c., 1b:td,1 ?Jlt 395 (195J.).., 

lS~. ~"'1:f3chor n:. and ~ai'Jt v..c,.; pbysUt,.z.; ~Rt 345 (1939). 

J.G. Me gear P .L. , ourt$-.s A,.,J • 1 .BathrM;Lnn G~lh. and emyth c. P• , J ,Am~ 

Chen. so~., !&, 3541. ( 1952) •. 

17-. Wlliffen J).ft. and. Thompson n.u ... , T-rana,.Ftrtrad soe._, ~,. ·ll4, 

122 (1948)~ 



19. sen s.u~, irad.J,.Phys •. , lit "25 (,19G1)~ 

l9t Gbo~ .. ».It•t XnC •. J.~PbY$.!:t i§J. 594 (lOOt)* 

20,, P~rX*1n F-.f J.Phy$ •. Ba4tian. St' 497 (l9S9)~: 

~~. •. Flacilflr n .. , mrs!k.z~.• ~. 648 (3.939). 

~a •. V.11rt~ K •. and Spe:J.l~1 A~J e~t~aturf.,, at 632:t 5Sa. (195~). . ., 

as ... B111 N~l•t. Proe.noy~soo;•t·. -t ~Ol ( 1957) f Tffjhet~Fa~~so~~ t. 

Jiit 0000 (" 1959) f P~~Phts,aoc. (London) .lt'ltl49 ( ~) • 
., . . "' . -

~:. ~se· Htt:. z.t:stu~t, a!• 696 (l95S), 

25t· uisast x:.,,· Dloi~et1'le ae~x~; & 1-tot.;s.tru:<l•(!o~) Japan. ( 1961l•· 

-!if Kalman. f.>~F• and smvth C;.P.-1. Jw:Anl.Chem.a~ .. ,, Ut: ?a"3 (1960)• 
. ' ~ ·~ -· -· .. 

@?.. Bh:attacba"Vm .~~ •. ,.sir$~ n., no-v s .• n., atld t~stti$ o~s•:t: 

Jnd.•*"tl?hY$•:t· mlt· 413 (.1964); 

~,. S!m$. B¥;,: ~01' $-tB., (;).tad l~.stba G!S•·t. ma,J.,PbJ$••t.i9t 101 (J006l. 

29, P$tt D.Al $nd Stti1tb. C.~P-. 1 4f~Am·Obem•:SOQ,.:t: aslt 1061 ( ).9$.~) J 
. . 

~~Phya.cb~""' s.if _ S82· C 1959),. 

$0. Ntttt:V Q,R.·~, t· J~sc.l~tU:Jt~l1os •. 1. J,7i1,. 44! (195s) •. 

~1.: t·I~ g~.; •. , ~c~.,Ptw$.soc .• cton«on)-1 ... %it- ooa: (l9GS>• 

a2~ Pitt »•A•: ·~nd smrth c."f't~f. ~~.~ •. cnem.soc•; lUt '100 (1969)•: 

~s., KahnarE. ~d smvth~, J~tunjch~.sQC+t· lit 7SS (1009)~ 

~~~ ·t;J~\d.ft$ n.:., ~~ns,tra,a4, $®~· •• l·l~ '(19$8) .• :. ' 

~<t- H:lgus! Jif-.t: Be!tgmaM ~"•· .QM Stlftii c:;*f?•;.J:~PhY$•C~t!• . .:t' §41 

. ~ao (196\l)... . .. 

oo~ oo1e K,s. t,ltlet Qole R.S,rt. J .cnem~~s .. 1. Ja:1.· 1~ (1961)~ 

$7~ Dnvt4so~ ~;~r. &ntl Co16 B-~-·;t J*'Ch$n,PbYS.~t~J. JiJ. 1484 .( lDil)-" 

38,.. l~Ol)Stk, lC.t1• t.lnt' QOltt R,Jitt 3:;;~.Pbir.s·•"f *lt.· 'lOtS ( 1006-l•)-. 
. . -:-' , ' . ' ' . 



'.·· 

/ 

S9 •. N~~ .M., -~~as#..n• tlnd B~$1 ;&.,., Dtill.Cil®t~soc.~.(ttapan) 
. '~, 159$ ( 1914),, 

40* ~1$Ma~*': lJ -.Cb$m~Ph:V~+·t :Att· 413S ( 19?1) ~ 

4!t,. Ga:rg· Stli4:ot .tov~l1 ,1,.$, ~ntl· S~b 0•-P•t· J .• Pbys,Gb$%a1i:t 

;t!S·~· ttrktim;ut :r.,~o,. ~ iu.oss a.:~,f•·• ~~Cbem_.:t>~fJ it··~ .. (1941)~ .. 
44•· VaUgh~, N.~. atld BmYt.b cf:P~:1· J,.Phrs.ch~. , .. iftt ·98 ('t,9~l) ;c 

45t Fobg F,,K •. tu'i<l Bmf-tb. C~~p,~·f· J.PbV$*Cbem:-.f .§%1 •gaS (19$3).~ 

~G, Ber~. K,., ilobe~ti D.:~!;•' .und. smvtn c.t>J»~., . J:~ Pblr$.;Ob~~ft 

' ' ••. 006, (l900l.:_ 

~?,. Ka$tba f:l•S~~, !ml•Zf~P~~·''f: .St· SOO (l~GS)~ 

~,, Bhat~~~wa ~-, 1 .H~san A•t ROV.S:•~~ an(t_tast~ o.~:s., 

. ·i! .Pb1s.soc,Japat;t1 Dt· !?04 < 19?0) '* . 
' . -- i . 

. 49!. DU.tta »• t . Ind-•? ..,Pb1ft?·•·t· 61t 695 (iSM) • 

' . 

&o. Hasan ~ ••. D~$ At ~d.,Gna~ AJft tna.~:+PbVs., Mt· 246 (19?4). 

91'i! B$rmei1~7. ~.,J •, B~stGn, 'r1~l,t.,Jr~ ~ ~Yth e~:P• 1 J~~Chem• 

. ~o._,,' lOt 4102 (~l. , 
t?2•: !ta!1lpo2.ta_R.,t1·• ~An4 s~~ c.Pll•· J~Am,:Ohem.soc •• Dt· sos (3967).. 

. , Petro A,.J\• qnd s~ Ott:"•• !b:f44.,. lat ~J~43 ( l95?)t 

l;i3~, ~ttl.let-~!•C~ l).r!d snwth~,O~I>~t' i~Pll~t.tC!lemi.:f ~~ _1354_ (l.il56).~ 

~. cross~ev J.. .and tJ~lk~r s.,,: J .• ob•~Pbys.; ~' 4749 c I9GS) • .. .f 
i 

1\;t~- ' . •• 6315 ( l$7$)." . 

.r '~5~ rttgast R., t,· . 'iQf:& Y'•·. and 'T~$af.t" Bttll~Ph-•St;~~~ll~'l ~~ 

~ (1974). 



~-

/ 
I 
r 

-~- 29--~-

. ' . / 00~ Raj~ 'B.S~ :ar4 'l1Ui't.1 C~ll•K•·t Inct.,J.·F\ii$ and 'i'J;J)pliPb1s•~t 

J.Jj 23 '(1973). ' ' 

ibid.,, ·Ji1 .. '692., ''69?' ( i974) •. 

57. KhQnoo 'arid, SOV&Mdti~t 'J,~Filys, 'fit 1463 (lDvSl~ ~ 

sa~ 1-tuttv and sovallQdtl, Irit!tJ~,Puto an& Appl.Pb;Ya···· St?93 ( 1975). 

S9~ B1gas1 'It~;: Koab.U ::f.f• t A.v.~" _s. • Nat~ra t!• and -J:•lirlS:t a.,:· 
Euil.;ollem!soe~J~~- :SZJ. G:ts,, 6@ ·caa74l~ 

GO• H!gaat· K,...; · ~oeh!t "·ttt- AV~& · rs~, ··u.n~w t~~, ~ml !a.ka.basl. It.; 

· cnetl.let·te~e, *latnlnl ·_ass ( 19?3)~ ·· 

01~ IU.gaai tt •• ,; 'Itoshl! ~.,.: t1..vze ~., r~alromu~ -~« •. and. Talmhtu!li n., 
ChGl,'it.lGtteJ~S·f laptltlj 579 ( l973l• 

62 •. Hassel t~;w~ I· Ja.w.,i·A· ·u.rid vJa:11«tr' s. ,, .1.cl1em.l?bys. ,. ~' 3169 

. (19&7) •. ' . 

· 63~ t;tagea t;f.D~·. and_'t~aike~ s, •. cmiaa.;r:~obem,,, ·m" 2?99 (l97a)t 

';J .• o.nera~Pnvs~,,_:!£1 :s2as (1972l.~ 
e~; ttiokeX' s~t>J• nne '!<ialltev sf:' !ra,is,.F~4411,isoe~-t tJit 2698 (3.966) •. 

61~ 1'uelte11 s!l vt • .. and VJ$-lke:t ·. s~., ,, J ~,:fibrs.jcham., ,. St 1210 c 1970); 

ea. Kr1shnt\3t, if ~;cherft.l'bys., ,a,, 7: ( mM>t W.J:~p~e ana: Appl .. 

Pbirs •. :, it~ 17G ( 1971) .•. 

6'1i, lisaan tl~:l' Dns At~, and Ghatitk A:;;t '!lull~Cbem.soo.Japan,. ~~ 323 

(1971). 

ss • ., Hat;UUl A•t Dai A.~ and Gb.atak· -A:~f· J~CllE~Pb,;a''f: iaJ 0014 (,1973)., 

(,19~. Haaan A •. , Das A• ~ntl Gil,atak a~.; :sun.cnem~S()f)~Jnpan, ti1,' 

.: iaB41 3070 (19?3) -ti. 

/ 70, Hasan t""' Das t-..:•· aDd Ghatak A•t: ;;:.,c.bem"Pby:s •. t' ~' 2266 (1974),.. 



-~ 
\ 

-~ 
'· 

-,l .. 

?1.• Xramor· Y..u~• tit,Natur-tt .l§i,. 00:1 ·974: (:1~)., 

72*. Vaugban, Roodav and ~b O'•P•t t •. Cb.~.PhYS•t mt ?08· ( 1003).jf 
. ' 73• Ia.tlgG$. a,·~ Enobloon.· P., z .. r~~turf, F9it sao .('196:5).~ 

74• F.amav: n~n. and t<1atker s., • C;,utad,.3:,Cn(Sl, 1 alt· 4645: { l9G9) •· 

75., ll'Ong F•K• and :~ c.-.1.,•~• J.~Ph:rs.chem,, !l'Zt 2$6 {1963) •. 

. ?e •. G~m s•~• and ~b. c~P., J~cbsm•Ph:Y$~·~t· iG.a 373 (ll913l.-

77f: Fa~r· n.B~.,.t~untnn '*·~ -atl4~ ¥1alket s.•t- J.,PhY$•.Ch®n•t !Zt 
· 714 (1973)." . 

7Sf l!ountan -x~. and Wal.kGr S•f; Caflnd;.U .• CbQm~ .• !?E.t 3229 (l9?4) .• 

79~. !Uage$ n •. QM Krauss O.t·t z.u~tW>f't .iS!.t· 1272 ~19411). 

so •. E11oranta J.,tt~ ~00 ltnd&bt.l. P.K,tf. 'X»ans .• FUad•Soa•~t .. it; 1356 

(1911) •. 

Slf· B~ttaoliAl.7"U'a. J*t Hasan ;l'\~~ not ~.B •. and· Kastba <.l·S~.t J'~Pb:T$• 

sor.;: •. :Japa!lt _.:, 205 ( 19'10). •.. 

sa. Haaan A•. r: Das ;>\.~; nna Gbatilk A•t· Ind.J~P&us.,, j,1b GSS ( 1971) .. 

aa~ i~oreJSt F• and· ~n c,P ..• ·If J.Am;.ChOJ1l.:SG.fh :t ~' 3474 ( 1964') •. 

24.. ~r111Sam o,., Tmns.r~al'Eld.aoQ,..,, .tl:lt'· 1934. · c 1~) • 
ss. Calderwood J~B~. atlfl ~til o·,.P •. ,.,· J•l\t!1•Ch$nl.,So~~·'J :li:t. ].29$ 

(195$). 

sa.. F!seuer. ·s •. , UatU21t·t1SSt S,t~ 1S3 . ( 1900).~ 

87·., RobGrtl D,.U. t K~ltnall o. W.,. and· S'mgtb. e.P,.; J • .Am.Ctl.~.ao~•··t' 

. aa,. a.saa (looo>~.· 

sa~ diearls. n.N,. an.4 ·srlutb c •. P .• , ,. ib1t1··•· ~t: aaas < 1002>., 

ae... Kogo 7:. , .. Takai:t.as$ n. and l11gae.1 E•:t· :au.11,.Cham~soc,Japan,, · 
. .:m •. 3359 ([ 1973)'. 



/ 

90• _t-tage~ l·f~D• a~ t1-alk(llr S•:t .r.ol'lmn•P~Y$•t: lit 30Ga (1913); 

ittula.ibraa.,soc .• ,, ~j 1?48 < 1966) • . . 

91. Hasan A•t DQS A •. $nd Gbatak A •. , lnd•J~rrPbT$•·.t ~t 701 (1073)., 

99• Bs.san Aft Dn$ 4t and G~tt;lk A•t~ ibid~ ~~ 100 (1974),.. 

9St r.ra1 s .• P •. and Ctossley J,l J;Qbem-.PbYS•f· i§J .~ (1973) • 

. H. tJ:ros$1$1/1 J.. · tl)l.d!·t·· ~.,. 2544 (19?2~• 
~~ · ·9S~i suresn Chanaral· YadAv 'l~, ilnd P:ra!msh' J •·:t: Eu1l.ebtnl.~.sae. 

Japan,. ~~ i9oo (3973)~: 
98• Coulon J., Reva.el :r., Cbtlmbotlc1tl J,.·w• and Oban~y G,W~t 

notoculal* ·lfot1on :111 ·tt<iui4 •. 24• Ar.ia.soomb1e1Pi.1G3 < 1974), 

$7.~ .Po1av J.~•P•:t J.Pllr.App.sc~llies••t! 4it ·:33,1 (1955) •. 

ea.~., nampc>114 n.I.;•, t t:rt11el! a_.c.,: and .Smvth c •. P~., J .ol'l~·PllYs~, 

-~' liOO· ti959). 
1
0 

; ~ ', i , • 

99., Van Eick A,J •. antl Poley J•P•~i J .• ·PUY•App.S~.-Res~l ·p~-, 35~ (1957) .• 

100 •.. tiiil N~E~:t Ch~Phys.L$tt~v, a. 5 (1008).+ 

·· 101 .. MansmGti : Jj.a~a,PhY$:;~ ~~. 0021 ( a97lt• 
102. H&t1an .A •. , :Das A• and Gb.atak f~•·"t :IJlU •. :f .• Ph!f$••· .i:Z·t 701 (1973) 

. -
ibid. ~. 133 ( 1974). 

- . . ' 

100~ Davies n,, Parttoe G~YI·F•·t Chambarlaitl' J,.. and Qebbie !I~l"'~• 

: ·Trans .• Farad;soc•t ·a~· ~A7 (JOO..q)~ 

104• t:Ialker· s~ and 3'am·, J~Chem.Phys~,. C::it 2042 Cl97l) .• 

lO~lt Densom u,, t.m_~in G•D•t lf1~lker .S•t it/arrent :;. and i1llson R*t 

ca!lad.J •. cnem., ag,. 2610 (1.9'12) •. 

lOG,l. Gotilon .a.-, Reva1l ,.:r.L. 1 Fl~!ng ·J.~I,, Chamberlait.t and Chantey 

c.w., cn~.Phys .. TAt~ar~, .m. 211 <:t.o7a>-. -
107. Alemndrov ~~~·p· ~~ Dib!an :Y.,a·.·, zi1ur.T~Im•F1~., .fb956 < 1938). 



-~ 
\ 

10a~; soballlmna~··a., Tmns.rarad'"eoc.-,. tao· (l$46), 

100. Forest E~. a~d Smyth c.; .. , J .Pb.ys.chem., ~. 1002 ( 1965). 

1.11~. Ei!oran'tn J.K. &nd Kadabn P,X. t Trans.~ad.soc~:' 2tlt S17 

' (19'10). 

1m •. Dh~ttaebtUna a .• , Hatbur H~s• ani: Kt1~bn: p~·x., suti.A.ati-. 
' ~ . . . . .. 

' . 
Phys,.,soc., lS! BOO ( 1965). 

112, Garg s.I~. artd .!4daba P~K·• J'~Phvs.ehem., ~' 674 (1965) .• 

114·, Denny D,J .• ,, J.ctu)m.Ph:fs., .32t· 1019 (1959). 
. . . '- . .' 

• 4 • • ••• 

115• Pierre D.~ and Roger. t.:._:, I.,Cbem~Fbys,, §.§, $704 ( 1971). 

11\6~ »albert-, irhgat u~· and· s~u.tt. A.,~B.a"ebtm~.Fra~~;, DS45 (1949). 

111' Brot c.,,;.uasat .~,. ~:md- :astnscn9 K~ltosu~-Ji»,: 101 (1esa)~ · 
llB• ~!ag4t H .. :1 . tBydrog~n Bonding• t ea •. D. Hadel, l'Grt;aJnon Press, 

(LOndOn) t P .309 ( 195'7~. 

119~. Davidson· n.rl~t C&~d~.r.cbem~, ·a§, 469 (1.951).~ 

120~. Brot c .• 1 Ann. PUt$• t _ ~' 714 ( 1957) -~ 

121~: Danner :n~J,., J.Obem~Pbys •. ,. ~~: 159 (J.9S9) •.. · · 

122. Klages G-. and Roth D~a_., z.riatu~t:t Jiit: 628 ( 19S9)• 

123• Gars s.K~ :and smrth · c~.P.; I J ,Pbvs.;.belll., · i2t -:uaoo (19a/$J~ : 
H-tnk Polymer$ 
rn=-::aru,.~~-

• ' 

124~· oa~s o."t:• ana· lllchard. s.B~-~- u&n,.F&hd.soo.j ., 19? (194.6)-. 
. . . . ·. . : 

:125; e&rtils ~~~c., ~iagat t!_. ~ · Sebne14c~ · ~~tc. atd s• o •. P~t . ?rons • 

. Faraa~sO~ .. , .~a.. 213 (1946). 

126~ tockhead 'ri .• ,v. a.~d IilQrtti A.M~-~: n:~ctiera~soc.Far:.d II,. mlt 1089 

·(i972>~ .. ' 



., 

127i Scbnef4er U~Sft· Fnrnst:ikf. s. "atui.·.-Lev:t li,w.,. J.Po1y.m~~ se •• 
. ·~. 938 ( 1965)~ . 

12a_~ Deb s.R .• j tOckiiead n. Y. and r~orth At~~lt. 11 n1sc •. Fa~aa.-soo., 

· Si 244 {1970). 
' . . 

' •I '\ 

' ' 

.ttgyicl cr:t:sta&_· .. .:•••u tn• . 

129• AXman A~ 1 z.rtaturt, &iQ, 6~5. \1966)• 
' : 

~ "· . . . . ~ --

100. snaw :o.,J •. ond ;autrman J*'H .•. ,, Pbvs.-state solid, t?·~2t· 637 

/ ·(19?2).., 
. ' ~ . : ~ . 

131-. d~ Jen w.a~ ~nd Latb T.,w~·t z.z;Jaturt, -~t:· '79 < :t975)." . . . . ... ' ~ ~ . ' 

13S. Bats. u;nd· _·nol.na'tl';t ·OllGt~PbY" •• tett;~tf:lt &\t 530 ( 1915)-•. 
' • • • g •• 

133-.. Scbadt t4.- • J .CbS.PhY$~-, _..fm.-t 4319, ( 1915) ~--
~ ,' ' 

134. -Aaron t1 .• A! and !)rant. ~ .. u~.t Tra~-~Famd.S.oc,, ~'. 85 ( ~63),. 

135;,. aaron U~A •. , Gri.nt E~fl:;,, and ;rottug. s.m., J,tQl.Rel.ax,.Proeess 

(l91SG) .•. 

JJ36: ... Grant 'B.n,,, J~eh~.pnys,,, .. a§,. 1575 (l.957).,~ 
. . 


