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A pp li cati ons of the elect ro{opti cal K err e˜ect in ph ysical -chemical anal-
ysis of binary mi xt ures are review ed. I mpro vements in the experimental tech-

ni ques, in particula r, development of the pulsed and alternatin g electric Ùeld
based approaches, have led to signiÙcant advances in this area. H owever,
problems associated with the description of the internal Ùeld of liquid s re-

main and hamp er broader applic atio ns of the techniques. I t is shown that a
further progress in the electro{optical K err e˜ect characteri zation of chem-
ical systems relies on the development of a more general theory of optical
prop erties of condensed phase chemical mixtures that can account for non-

linear e˜ects, such as hyp erp olariz abi li ty , disp ersi on and speciÙc condition s
of the K err constant measurements.

PAC S numb ers: 31.70.D k, 78.20.Fm, 72.80.Jc

1. I n t rod uct io n

Physi cal -chemical analysis (PCA) of condensed phase chemical system s has
three m aj or purp oses [1]. PCA establ ishes the presence of an intera cti on between
di ˜erent components of a mixture, resolves the stoichi ometry of the intera cti on,
and determ ines therm odyna mic characteri stics of the resulti ng chemical pro cesses,
m ost importa ntly , equi l ibri um constants. Currentl y, PCA is among the m ost e£ -
ci ent means of determ inati on of the sto ichi om etry of com pounds form ed by chemi-
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cal intera cti on in condensed m atter [2, 3]. In tho se caseswhen a form ed com pound
cannot be isolated, PCA is the only metho d capabl e of pro duci ng com pound' s
compositi on. To a large extent, thi s fact establ ishes a place for PCA am ong other
physi cal chemical appro aches [4{ 6].

A com pari son between the experim enta l and theoreti cal ly calculated com po-
siti on{ pro perty diagram s is a standard to ol in PCA of m any- com ponent sys-
tem s [1]. Vari ous properti es of such system s can be deduced from the experi -
m enta l data and devi ati on of the experim enta l data from the theo reti cal predi c-
ti on. A hi gh sensiti vi ty of the electro{ opti cal Kerr e˜ect (EOKE) to m any typ es
of inter- m olecular intera cti ons (I MI) is a key to i ts successful appl icati on in the
inv estigati on of many-component system s [7]. Ho wever, the com plexi ty and am -
bi gui ty in the interpreta ti on of the experim ental data set up lim i ts on the typ es
of system s amenable to the EOKE analysis [8{ 13]. No ti ceabl e progress has been
m ade in the developm ent and im pro vement of EOKE m easurement techni ques,
m ainly by minim izing the e˜ect of the electri c Ùeld on a system. T echniques using
a pul sed electri c Ùeld [12{ 17] and an al terna ti ng Ùeld [18] have emerged. Sti ll , the
theo reti cal di£ cul ti es in relati ng the measured Kerr constant to m olecular concen-
tra ti ons and characteri sti cs of indi vi dual molecules are not overcome. Drawba cks
in equati ons describi ng interna l Ùelds in com plex system s as well as l imita ti ons of
the addi ti on scheme in the descripti on of system s wi th strong IMI are the pri m ary
theo reti cal obstacles.

A new appro ach to the studi es of conducti ng system s is o˜ered by the op-
ti cal Kerr e˜ect (OKE) tha t is measured by a di rect appl icati on of the electri c
Ùeld to the sampl e, avo iding the electro des [19]. W hi le OKE is sensiti ve to the
ani sotro py of the opti cal polari zabi l i ty tensor of molecules, EOKE is sensiti ve to
both perm anent and induced electri c di pole m oments [20]. Combined wi th mea-
surements of other characteri stics includi ng di electri c perm i tti vi ty, light scatteri ng
and m olecular ref racti on, OKE perm i ts determ inati on of molecular properti es, ge-
om etri es and local structures of inv estigated m edia [21]. An excel lent revi ew of
the appl icati on of OKE to pure l iquids, l iqui d crysta ls, and plastic crysta ls can
be found in R ef. [22]. R eferences [23, 24] describe the pri ncipl es and deta i ls of the
exp erimenta l procedure and setup.

OKE is analogous to the electri c Kerr e˜ect tha t is observed in stati c and
slowl y varyi ng Ùelds. The di ˜erences between the two e˜ects are essential , tho ugh.
The frequency of the opti cal electri c Ùeld is so high tha t the Ùeld does not change
ori enta ti ons of perm anent molecular di poles.Onl y induced dipole mom ents are im -
porta nt in OKE, in parti cul ar, since they determ ine the anisotro pic part of the Kerr
constant. Due to the high frequency of the appl ied electri c Ùeld, OKE is extrem ely
sui tabl e for studi es of aqueous soluti ons and other conducti ng system s. The m ag-
ni tude of OKE is only l inearl y dependent on tem perature. Theref ore, OKE can be
used to separate the l inear term and to study tem perature non- l ineari ti es of EOKE.
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2. A p pl icat io n of K er r co n st ant ( B ) in phys ical -c hemi cal an al ys i s
of b i nar y sys t em s

The measured Kerr constant of a pure substa nce can be expressed by the
fol lowi ng general form ula [25]:

B Ñ =
1

Ñn
F (n ; " )

N

N A

m K ; (1)

where the functi on F ( n; " ) describing the intra -molecul ar Ùeld is given by one of
the fol lowing expressions:

F ( n; " ) =
[ ( n 2 + 2 )( " + 2 ) ] 2

8 1
( Lo rentz Ùeld ) ; (2)

F ( n; " ) =
( n 2 + 2 ) 2 ( " + 2 )

2 7
( Zamko v Ùeld ) ; (3)

F ( n; " ) =
( n 2 + 2 )( " + 2 )

9
( Vuks Ùeld) : (4)

The m easured Kerr constant of a binary m ixture of non- intera cti ng com pounds is
determ ined thro ugh addi ti on scheme as

B Ñ 1 ; 2
=

1

Ñn 1 ;2

F ( n 1 ;2 " 1 ;2 )
N 1 ;2

N A

( x 1 mK 1 + x 2 mK 2 )

=
N 1 ;2
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B Ñ 1 n 1
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x 1

F ( n 1 ; 2 ; " 1 ;2 )

F ( n 1 ; " 1 )
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B Ñ 2 n 2

N 2

x 2

F ( n 1 ; 2 ; " 1 ;2 )

F ( n 1 ; " 1 )

Ñ

: (5)

The physi cal meaning of F ( n; " ) rem ains the sam e as for pure compounds. An
expression for F ( n; " ) tha t is appl icabl e to bi nary m ixtures has been proposed in
R ef. [26]

F ( n 1 ; 2 ; " 1 ;2 ) =

˚
n 2 + 2

3

" + 2

3

Ç 2 S

: (6)

W i th parti cul ar choicesof the power 2 S , Eq. (6) reduces to the above expressions
for the Lorentz, Zamkov, and Vuks Ùelds. In the Vuks{ Zam kov m odel and accord-
ing to the gas-phase theory of non- intera cti ng binary m ixtures the value of 2 S

equals 1. Thi s value is close to 1.2 determ ined exp erimenta l ly for the CS2 À CCl 4

bi nary m ixture [12]. The physi cal meaning of the fracti onal power rem ains uncl ear.
An opti m al form of the F ( n; " ) functi on appl icabl e to bi nary system s wi th

weak IMI has been developed in a paper [27] and is based on the interna l Ùeld
m odel of Schol te [28].

The appro ach developed in Ref. [10] considers the devi ati on of the Kerr con-
stant of a bi nary mixture Â B 1 ;2 from the addi ti ve value calcul ated wi th a binary
intera cti on potenti al . In thi s appro ach care m ust be ta ken wi th the deÙniti on of
Â B 1 ; 2 and the choice of F ( n; " ) . In parti cular, wi thi n the l imi ts of the gas phase
theo ry of non-intera cti ng binary system s, the molar Kerr constant of the binary
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m ixture mK 1 ;2 i s l inearl y dependent on the concentra ti on of ei ther of the com po-
nents. At the sam e ti m e, the concentra ti on dependence of B 1 ;2 i s not l inear. The
non- l ineari ty must be ta ken into account in the calculati ons of the devi ati ons of
the measured B 1 ;2 from the \ ideal " curve.

20 bi nary mixtures characteri zed by weak IMI ha ve been studi ed in chl o-
ro form [12]. Based on the analysis of bi nary isotherm s of Kerr constants, pos-
sible functi onal dependence of B 1 ;2 on the concentra ti on of the second com po-
nent X 2 has been considered. Fi gures 1{ 3 compare the experim enta l ly determ ined
pro perty{ com positi on data wi th tho se calcul ated by Eqs. (5, 6). The Kerr con-
stants B 1 ;2 are pl otted as f uncti ons of the m olar fracti on X 2 of the second com -
ponent of the m ixture. The power 2 S i s chosen phenom enological ly in order to
m inim ize the devi ati on between the exp erimenta l and theo reti cal data . The the-
oreti cal pro cedure is described in the ori ginal wo rk of Hellwa rt et al . [26]. Based
on the presented data i t is possible to concl ude tha t theory and exp eriment agree
wel l onl y for a l im ited num ber of weakl y intera cti ng system s. The power 2 S in the
expression for the interna l Ùeld (6) is close to 1 for binary system s dominated by

Fig. 1. B 1 ; 2 dep endence on the molar fraction of the second comp onent of the follow ing

binary systems: I | chlorof orm{acetone (2 S = 0 : ) ; I I | chlorof orm{anizole ( );

I I I | chlorof orm{dioxane ( ; I V | chlorof orm{cyclohexan e ( ).

Fig. 2. dep endence on the molar fraction of the second comp onent of the follow ing

binary systems: I | chlorof orm{pyridine; I I | chlorof orm{acetonitri le ( );

I I I | chlorof orm{nitromethan e ( ); IV | chlorof orm dimethylanil i ne;

V | chlorof orm{triethylamin e. The scale for I and I I is given in parentheses.
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Fig. 3. B 1 ; 2 dependence on the molar fraction of the second comp onent

of the follow ing binary systems: I | chlorof orm À methylf ormiate ( 2 S = 2 );

I I | chlorof orm{chloropropane ( 2S = 2) ; I I I | chlorof orm{b enzene (2 );

I V | chlorof orm{C C l .

di spersive IMI. In the presence of a signiÙcant dipole{di pole contri buti on to IMI
sati sfactory resul ts can be obta ined using the above equati ons for the interna l Ùeld
wi th . Al l other typ es of IMI, in parti cul ar tho se characteri stics of l iqui ds,
lead to a sharp di sagreement between the wel l -known expressions of the classi-
cal ori enta ti on theo ry and the experim ental data . For instance, the exp erimenta l
data for the mixtures conta ining acetoni tri le, acetone, and ni tro metha ne are best
Ùtted wi th the values equal 0.3, 0.3, and 0.6, respectivel y. Equati on (6) fai ls
to describe system s tha t form hydro gen bonds. Thi s is the case for the mixtures
of chl oroform wi th pyri di ne, dim ethyla m ine, and tri ethyl amine. In general , com -
pl ex form ati on can be ta ken into account by m odiÙcati on of the parti cle num ber
density used in the calculati on of the interna l Ùelds. However, thi s modiÙcati on
extends beyond the addi ti on scheme. Thus, addi ti on schemes using analyti c form s
of the interna l Ùeld functi on general ly fai l to describe the exp erimenta l
data even for system s wi th weak IMI. The interna l Ùeld functi on can be m odi Ùed
empi rical ly based on the devi ati ons in the com positi on{pro perty di agram between
the theo reti cal values calcul ated by the addi ti on scheme and the exp erim ental ly
determ ined m olar Kerr consta nts [29].

The molar Kerr constant is determ ined from the fol lowing equati on [12]:

(7)

where is weakl y dependent on . W i thi n a 5% error , and
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theref ore A ¤ 0 :0 2 5 and n̂ = 1 : 3 5 Ë 1 : 5 5 . The theo reti cal values of mK 1 ; 2 in a
series of chl oroform , acetone, and water binary m ixtures are calcul ated wi th the
help of the equati on

B Ñ 1 ; 2
=

N 1 ; 2

N A Ñn 1 ; 2

ê
n 2

1 ; 2 + 2

3

" 1 ;2 + 2

3

!

mK 1 ;2 : (8)

It is assumed tha t the molar Kerr constant of a binary m ixture is not addi ti ve, i .e.,
mK 1 ; 2 6= x 1 Â mK 1 + x 2 Â mK 2 , whi le N 1 ;2 = x 1 N 1 + x 2 N 2 and " 1 ;2 = x 1 " 1 + x 2 " 2

are addi ti ve. Fi gures 4 and 5 show the exp erimenta l values of B Ñ 1 ; 2
to gether wi th

the corresp ondi ng v alues of mK 1 ; 2 : the Â and Û sym bols denote the exp erimenta l
data , whi le the l ines are obta ined using Eqs. (5, 6) and (8). The dashed l ine gives
the addi ti ve mK 1 ;2 values.

In the chl oroform series the value of 2 S i s cl ose to 1, and the di spersive
IMI dom inate. The devi ati ons of the m olar Kerr constants of the mixtures f rom
the addi ti v e values are insigniÙcant. It m ay be expected tha t the addi ti vi t y in
the m olar Kerr consta nts of binary mixtures wi l l be perturb ed by an increasing
contri buti on of the dipole{di pole intera cti on. Thus, in the caseswhere the experi -
m enta l data can be described by Eq. (6) wi thi n the addi ti on scheme, the 2 S values

Fig. 4. B 1 ; 2 and dependence on the molar fraction of the second comp onent of

the follow ing binary systems: I | w ater{pyridine; I I | acetone{acetic acid. and

denote the experimental values of and , resp ectively . T he solid lines represent

calculated according to ( 5, 6) and calculated according to (8). T he broken

lines give the additive values of .
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Fig. 5. B 1 ; 2 and m K 1 ; 2 dependenc e on the molar fraction of the second comp onent

of the follow ing binary systems: acetone À nitromethane (I ); acetone- acetonitri l e (I I );

acetone{chloroprop ane (I I I ); acetone- triethylami ne (I V ). Â and Û denote the experi-

mental values of B and , respectively . The solid lines represent calcula ted

according to (5, 6) and calculated according to (8). T he broken lines give the

additiv e values of .

characteri ze IMI. The value also pro vi des a measure of addi ti vi t y. Accordi ng
to [11], im pl ies tha t the properti es of a binary m ixture are sim ple sums of
the corresp ondi ng pro perti es of the components. An absence of addi ti vi ty suggests
relati vel y strong IMI.

The fol lowing genera l descripti on of the electro { opti cal pro perti es of weakl y
intera cti ng binary system s can be proposed. Consider a m olar Kerr constant
of a binary m ixture as a functi on of the m olar fracti on of the second com ponent
chosen so as . The observed devi ati ons of the experim enta l curve
from the addi ti ve stra ight l ine can be positi ve, negati ve or a com bina ti on of both.
D i ˜erent typ es of devi ati ons can be expl ained in the fol lowi ng manner. Suppose
tha t , where and are functi ons of such
tha t and . The devi ati on is deÙned by

.
Co nsider tw o l imiti ng cases.

1. Let const and . Thi s corresponds
to a compl ete absence of compl ex form ati on between m olecules of components
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1 and 2. Polariza bi l it y of the Ùrst com ponent is independent of the presence of the
second component.

Supp ose tha t dmK Ê

2 = ¿1 Â mK Ê

1 dx 2 = ¿1 Â mK 1 dx 2 , where ¿1 i s a parameter
to be determ ined experim ental ly. Soluti on to thi s equati on wi th the condi ti on
mK Ê

2 ( x 2 = 1 ) = mK 2 has the form mK Ê

2 = mK 2 À ¿1 Â mK 1 (1 À x 2 ) . Substi tuti on of
thi s expression into the equati on for Â mK 1 ;2 gives Â mK 1 ; 2 = ¿1 Â mK 1 Âx 2 (1 À x 2 ) :

If mK Ê

2 decreases wi th increasing x 1 (or decreasing x 2 ), then ¿1 Â mK 1 > 0 and
Â mK 1 ;2 > 0 . The devi ati on Â mK 1 ;2 i s maxim al at x 2 = 0 : 5 and reaches the
value Â mK m ax

1 ;2 = ¿1 Â mK 1 =4 . Given the experim enta l value of Â mK ma x
1 ; 2 i t i s

tri vi al to estim ate ¿1 . A general shape of the mK 1 ; 2 ( x 2 ) curve is given in Fi g. 6a.
Typi cally, the experim ental curve is asym metri c due to a m inor dependence of
mK Ê

1 on x 2 . Exa m ples of the experim enta l curves of thi s typ e can be found in
the chloroform { methyl f orm iate data , where ¿1 Â mK 1 ¤ 4 0 0 , as wel l as in the
wa ter and acetone series data . In the latter case i t is the acetone mK 2 tha t is
compositi on dependent. In the water series mK 2 of the second com ponent, e.g.,
pyri din or acetic acid depends on x 2 .

C a s e 2. Let mK
2

= mK 2 = const and mK
1

= mK 1 Â f ( x 2 ) . By the analysis
sim i lar to tha t of case 1 we have dmK

1
= ¿2 Â mK

2
Âdx 2 = ¿2 Â mK 2 Âdx 2 wi th

¿2 Â mK 2 > 0 when mK
1

increases wi th increasing x 2 . Soluti on to thi s equati on
under the condi ti on mK

1
(x 2 = 0 ) = mK 1 gives mK

1
= mK 1 + ¿2 Â mK 2 Â x 2 .

The devi ati on Â mK 1 ;2 now becom es Â mK 1 ;2 = À ¿2 Â mK 2 Â x 2 (1 À x 2 ) . In thi s
case Â mK 1 ; 2 < 0 . The shape of the curve mK 1 ; 2 ( x 2 ) i s shown in Fi g. 6b. W ith
x 2 = 0 : 5 Â mK 1 ; 2 = Â mK

1 ; 2
À ¿2 Â mK 2 = 4 , and the param eter ¿2 can be easily

determ ined. Sim ilar to the case 1, the exp erim ental curve is asym m etri c, since
mK

2
slightl y depends on x 2 , and the devi ati on is maxi mal away from x 2 = 0 : 5 .

The curves of the second typ e are observed m uch m ore often tha n the curves of
the Ùrst typ e. In parti cular, most of the chl oroform m ixtures fal l into the second
category . The com positi on dependence is present in the m olar Kerr constant of
chl oroform , whi ch is more sensiti ve to the dipolar envi ronm ent.

G ene r a l case; case 3. Thi s case incl udes the possibi l i ty of com plex form a-
ti on. mK 1 = mK 1 Â f ( x 2 ) ; mK 2 = mK 2 Â f ( x 2 ) . Under the assumpti on tha t
dmK 1 = ¿2 Â mK 2 Âdx 2 , dmK 2 = ¿1 Â mK 1 Âdx 2 , equati ons of the d2 y =dx 2 = c2 y

typ e are obta ined for mK 1 and mK 2 , where c2 = ¿1 ¿2 ; x 2 = x and y i s ei-
ther mK 1 or mK 2 . The sign in front of c2 depends on the signs of mK 1 and
mK 2 . Soluti ons to these equati ons are hyp erbolic i f the sign in front of c 2 i s
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positi ve: y = c1 sinh ( cx ) + c 2 cosh(cx ) , and periodic if the sign is negati ve: y =

D 1 sin ( cx ) + D 2 cos( cx ) . W i th a proper choice of the boundary condi ti ons rel ati vel y
compl icated expressions for constants c 1 ; D 1 ; c 2 ; D 2 can be obta ined. These ex-
pressions are not tra nsparent and are di £ cul t to rela te to experim ent. The curves
correspondi ng to the general case are il lustra ted in Fi gs. 6c{ e. The curve shown in
Fi g. 6d is rare. D eterm inati on of the ¿1 ; ¿2 param eters indi vi dual ly in the ¿2 ƒ ¿1

or ¿1 ƒ ¿2 lim its is not parti cularl y useful for the qual i ta ti ve purp oses. From the
pra cti cal vi ewp oint i t is su£ cient to cl assify the exp erimenta l curves to one of the
3 cases described above.

Accordi ng to the stati sti cal theo ry of mul ti -comp onent system s due to Ki elich
[30] the devi ati ons of the experim ental ly determ ined m olar Kerr constants of binary
m ixtures from the correspondi ng addi ti ve values can be num erical ly expressed by
the fol lowing expansion:

mK =
X

i

x i Â mK i +
X

i j

x i Â x j Â mK i j +
X

i j k

x i Â x j Â x k Â mK i j k + Â Â Â ; (9)

where the m olar Kerr consta nts of al l orders are com positi on indep endent. The Ùrst
order constants mK i carry inform ati on about indi vi dual m olecul es. The second
order constants mK i j describe the intera cti on of a molecule of the i -th com pound
wi th a m olecule of com pound j . The constants mK i j k describe the thi rd order
intera cti ons of i wi th j and k , and so on. The second order consta nts mK i j depend

on bi nary correl ati on functi ons g
(2 )

i j
( §i ; §j ) ; mK i j k depend on tri pl e correlati ons

g
( 3 )

i j k
(§ i ; §j ; §k ) , where § i ; §j ; §k represent tra nslati on and rota ti on coordi nates of

m olecules i; j; k .
These m olecular correl ati ons are not needed for the descripti on of the devi -

ati ons from addi ti vi ty in the presence of weak IMI. If stronger IMI ta ke place, the
correl ati on independent descripti on becom es invali d and bi nary , tri pl e, etc. corre-
lati on param eters reÛecting the f orm and degree of IMI have to be intro duced. It
is reasonable to expect tha t the typ es of the correl ati on factors wi l l not change
for other m agneto { and electro{ opti c e˜ects. For insta nce, compari ng Kerr e˜ect
m easurements wi th tho se of the Cotto n{ Muto n e˜ect one can determ ine the Ùrst
order devi ati ons from addi ti vi ty . Then, relati onshi ps of the exp erimenta l ly deter-
m ined ¿1 and ¿2 can be used to study stro nger, nonl inear intera cti ons between
m olecules in a mixture. A more ri gorous justi Ùcati on of thi s statem ent requi res
addi ti onal exp erimenta l investi gatio n.

The general form of the B Ñ ( x 2 ) and mK (x 2 ) diagram s characteri zes IMI in
a given system . For insta nce, the presence of the two maxi ma in the B Ñ ( x 2 ) curve
of the pyri di ne{ water system , Fi g. 4, can be interpreted wi thi n the l imits of the
cl uster theory by the fol lowing associati on m echanism. Ini ti al ly wi th increasing
concentra ti on, pyri di ne m olecules do not disrupt the short- range structure of the
wa ter latti ce and associate only wi th the free wa ter m olecul es located between
the structured wa ter clusters. Thi s typ e of associati on corresp onds to the Ùrst
m axi mum on the B ( x 2 ) curve. A sharp increase of concentra ti on Ûuctua ti ons in
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the system and a l ight scatteri ng m axi mum support the ini ti al m echanism. W ith
addi ti onal increases in the molar fracti on of pyri dine the short- range water struc-
ture is disrupted. Pyri din molecules are abl e to bind to the previ ously clustered
wa ter m olecules. The overa l l anisotro py of the system is disrupted, and B (x 2 )

decays. The subsequent growth of B ( x 2 ) i s no longer related to the concentra ti on
Ûuctua ti ons, but ra ther is due to a rapid increase in the dipolar term in the Kerr
constant. The increase is observed when polar associates start decom posing into
ioni c pai rs under the inÛuence of the polar m edium . The second m axi mum on
the B ( x 2 ) curve corresponds to a m axi mum in " ( x 2 ) observed wi thi n the same
concentra ti on range.

Schemati cal ly, the associati on in the pyri dine{ water system can be expressed
as

Py + H2 Of r ee ) Py Â H 2O ;

2Py + H2 Ostr uc t ) Py 2 Â H 2O , Py + OH À + PyH + :

Thi s associati on mechani sm agrees wel l wi th the resul ts of Vuks [31] and Fi alko v
et al . [32].

4 . Ph ys ical -chem ical an al ys i s of b in ar y sys t em s in solu t io n ,
t he isom olar ser i es m et hod

PCA of bi nary system s wi th a stro ng donor{ acceptor intera cti on, f or in-
stance, in the case of H- bondi ng, can be carri ed out in a su£ ci entl y inert, typi -
cal ly nonpolar solvent. The analysis in thi s case is done by the metho d of isomolar
series [33]. The equati ons used in the isom olar series EOKE appro ach pro perly ac-
count for the changesin the concentra ti ons of soluti on com ponents due to com plex
form ati on [34]. PCA is perform ed in the polari zati on{ compositi on coordi nates.
Form al ly, both polari zati on and molar Kerr constant can be denoted by a general
addi ti ve characteri sti c symbol P : The fol lowi ng equati on holds:

P A D C = ( P S AD À P S x 0
S ) = ( ~x 0

A + ~x 0
D ) ; (10)

where the indices A; D ; S; C refer to the acceptor, donor, solvent, and compl ex,
respect ively. ~x 0

i
are the prepared molar fracti ons of the soluti on com ponents, sat-

isfyi ng k

i =1
~x 0

i = 1 . Reference [34] suggests several m etho ds for determ inati on
of the parti al pro perty P C , incl udi ng a graphi cal extra polati on and two versions
of an analyti c extra polati on in the isom olar series region. Under the assumpti ons
tha t component A i s in excessof component D and the molar fracti on of the latter
appro aches 0, the m etho ds system ati cal ly account for the changes of the num ber
of moles (pa rti cles) in the system due to the com plex form ati on. The graphi cal
extra polati on determ ines the com positi ons of the com plexes by the extrem a of the
tra di ti onal expression Â P AD C = P AD C À P A x 0

A À P D x 0
A . W i th the excess of one

of the com plex components, equati ons P AC = ( P S AC À P S ) = ~x AC + P S ; ~x AC =
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[ ~x 0
A

+ ~x 0
D

(1 À ¡ A )] = ¡ D Z , and Z = ~x 0
S

+ ~x 0
A

(1 À ¡ A ) = ¡ D are used to determ ine the
values of the \ apparentl y" addi ti ve pro perty P AC of a bi nary system . As before,
the indi ces A; D ; C ; S refer to the acceptor and donor components A; D , com -
pl ex C , and solvent S: x 0

A
; x 0

D
are the ini ti al m olar fracti ons of components A

and D in a bi nary m ixture. ~x 0
i are the m olar fracti ons of the com ponents of the

soluti on in a terti ary m ixture. ¡ A and ¡ D are the sto ichi om etri c coe£ cients of the
compl ex of a kno wn com positi on. The graphi cal extra polati on of the P C values as
functi ons of the m olar f racti on x 0

D i s carri ed out in the l im it of x 0
D ! 0 and using

the expression P C = ( P AC À P A ) ¡ D =x 0
D + P A . Polarizati on, molar Kerr constant

or another addi ti ve pro perty of the compl ex 1 P C = l im P C i s obta ined in thi s
m anner.

The graphi cal extra polati on of a pro perty P of a compl ex has the same draw-
backs as the extra polati on of P of indi vi dual com pounds. General ly, it is not as
accurate as an analyti c extra polati on. Two versions of analyti c extra polati on were
devel oped [34]. Accordi ng to the Ùrst version

1
P C = [

1
P 0

À P S ( ¡ A + ¡ D )] =x Ai +

P S (¡ A + ¡ D ) , where À
1

P 0 = l im
x

0

D
! 0

Z P S A C P S A

x 0

D

¡ D + ( ¡ A + ¡ D )P S A , and ~x 0
Ai

i s

the molar fracti on of com ponent A in the origin of the isom olar series deÙned by
D = 0 . The molar Kerr constant P ² mK C i s given by

P ² ( mK ) = K S A

M

M S A

+ £ À Ù À

2 " S A

" S A + 2
˜ À

4 n 2
S A

n 2
S A

+ 2
Û ¡ D ; (11)

where K S A = 6 Ñn S A B S A M S A =( n 2
S A + 2 ) 2 ( " S A + 2 ) 2 d S A ; M S A = M S ~x 0

S + M A ~x 0
Ai ;

M = M S A ( ¡ A + ¡ D ) + ~x 0
Ai ( M D À M A ) . The coe£ cients ˜ ; Ù ; Û ; £ enter the

expressions " S AC = " S A (1 + ˜ x D 0 ) ; d S AC = d S A (1 + Ùx 0
D ) ; n S AC = n S A (1 + Ûx 0

D ) ;
B S AC = B S A (1 + £ x 0

D
) , and reÛect the dependences of the dielectri c constant " ,

density d , ref racti ve index of l ight n , and Kerr consta nt B of the soluti on on the
ini ti al m olar f racti on x 0

D
. The latter appro aches zero, i .e., A ƒ D .

The second version of the analyti c extra polati on is based on the assump-
ti on tha t wi th a signiÙcant excess of component A in the S + A + D system and
a com plete suppression of the A m D n compl ex dissociati on, the concentra ti on de-
pendence of dielectri c permi tti vi t y, density , ref racti on index, and Kerr constants B

of a soluti on can be expressed by " S A K = " S (1 + ˜ A ~x A + ˜ C ~x C ) . As a resul t, ˜ C

i s determ ined by equati on ˜ C = ¡ A

" S

@" S A C

@~x 0

A X 0

B
0

+ ˜ A [ 1 + ( ¡ A + ¡ B À 1 ) ~x 0
S

] . Pa-

ram eters ÙC ; ÛC , and £C are determ ined sim ilarl y. Parameters ˜ A ; Ù A ; ÛA ; £A ,
characteri sti c of soluti ons of indi vi dual com ponents are obta ined by the wel l -known
appro ach [35].

The molar Kerr constant ( mK C ) of a com plex is calcul ated by the fol lowi ng
form ula due to Bri egleb [36]:

( mK C ) = mK S

M C

M S

À ÙC À

2 " S

" S + 2
˜ C +

4 n 2
S

n 2
S

+ 2
ÛC + £C ; (12)

where mK S = 6 Ñn S B S M S =( n 2
S + 2 ) 2 ( " S + 2 ) 2 d S ; M C = M A ¡ A + M D ¡ D .



488 A ppl ication of t he Elect ro{O ptical Ker r E˜e ct . . .

A pra cti cal appl icati on of the extra polati on metho ds is i l lustra ted wi th the
pyri dine { p -chl orophenol system in hepta ne [34]. The extra polated resul ts are com -
pared wi th the data of other approaches. Sati sfactory agreement in the 1 ( mK C )

values obta ined by al l metho ds is observed.
The isom olar series m etho d pro duces rel iabl e data when com plexesare ther-

m odyna micall y stable. If thi s is not the case, compl ex dissociati on should be ac-
counted for in the calcul ati on of the t P C values. Typi cal ly, the dissociati on in-
creases t P C . R eference [37] m odiÙesthe Ùrst version of analyti c extra polati on to
incl ude the possibi l i ty of dissociati on. Compl exesof the 1:1 compositi on are trea ted
in Ref. [37] expl ici tl y. The dissoci ati on of compl exes of other com positi ons can be
handl ed in a simi lar manner.

The t P C values of the 1:1 com plexes are deÙned in term s of the 1 P C values
by the fol lowing expression:

t P C = [
1

P C À (1 À ! 0 )( P A + P D )] = ! 0 ; (13)

where P A and P D are either molar polarizati ons or m olar Kerr constants of
the ori gina l components. ! 0 = l imD ! 0 [ D ] = [ D 0 ] i s the degree of com pl exing of
component D in the l imit of x D ! 0 . The values of ! 0 are calcul ated f rom
! 0 = k

p
(2 À k ) =k , where k = ~x 0

A 1
[

1
P C À ( P A + P D )] =2 Â P ; ~x 0

A 1
is the con-

centra ti on of com ponent A in the ori gin of the isom olar series. Â P is the devi ati on

Fig. 7. T he isomolar series determinatio n of the ˜ ; £ parameters for the -methylimi-

dazole (A ) { -chlorophenol (D) system in dioxane.

Fig. 8. and as functions of comp osition of the -methylimidazol e (A ) {

-chlorophenol (D) system in dioxan. T he plots illustra te determination of and

in the calculati on of of the complexes.
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of property P from addi ti vi t y. The devi ati on is calcul ated for a terti ary system
at i ts maxi mum. The values of ! 0 produce therm odyna m ic stabi l i ty constants K C

accordi ng to the equati on K C = ! 0 =(1 À ! 0 ) ~x 0
A 1

N , where N i s the tota l m olali t y
of the ini ti al soluti on in the isom olar series.

The isom olar series appro ach to the determ inati on of t P C and K C i s i l -
lustra ted by the N -m ethyli mi dazole { p -chl orophenol system in dioxa ne, Fi gs. 7
and 8. The predi cted m axi mal degree of com plex form ati on is only 60{ 63% for
thi s exampl e [37], but equals 87% in the pyri di n { p -chl orophenol system in hep-
ta ne. These results agree wi th the corresp ondi ng data obta ined by indep endent
physi cal -chemical appro aches.

5. In t er nal Ùeld of l iqu id s

An adequate descripti on of the interna l Ùeld in a condensed phase di electri c
is a prerequi site tha t is often m issing preventi ng a wi der appl icati on of EOKE
in PCA.

The avai lable models of the interna l Ùeld can be cl assiÙed into two categori es.
The Ùrst one encom passesthe appro aches tha t use the Lo rentz functi onal form of
the interna l Ùeld and vary the Ùeld contri buti on to the theo reti cal expression for
the Kerr constant. Appro aches of the second ki nd replace the Lorentz functi on by
a functi on tha t fol lows from a m ore sophi sti cated m odel of the interna l Ùeld [38].
Thus, the theory of Onsager [39] leads to the fol lowi ng expression for the molar
Kerr constant:

mK =
1

(1 À af )(1 À bg )

˚

mK 0
À

2 ¤ N

9
af È 1

Ç

; (14)

where f = 2 ( " À 1 ) = r 3 (2 " + 1 ) ; g = 2 (n 2
À 1 )= r 3 (2 n 2 + 1 ) ; r i s a characteri stic

m olecular radius, K 0 i s the gas phase m olar Kerr constant, a and b are some
constants, and È 1 is the anisotro pic term of the Kerr constant. The molar Kerr
constant in the Onsager m odel can be calcul ated kno wi ng the m olar Kerr constant
in the Lo rentz m odel and the m acroscopi c param eters of the medium (" and n )

by the f orm ula: mK ( Ons. ) = mK ( Lor. )

h
(2 " + n

2
)( " +2 )

3 " ( n 2 +2 )

i 2

. Mo re general theo ries

account for molecular asymm etry . The theo ry of Schol te [28] gives the fol lowi ng
expression for the molar Kerr constant [40]:

mK =
2 ¤ N

9

ç
1

4 5 k T

1

(1 À af )(1 À b g )

X
( bi i m i i À b j j m j j )( a i i k 2

i i
À a j j k 2

j j
)

+
1

4 5 k 2 T 2

1

(1 À af )(1 À b f )

X
( bi i m i i À b j j m j j )( ñ 2

i
k 2

i i
À ñ 2

j
k 2

j j
)

Ñ

:

Here, m i i = (2 n 2 + 1 ) = [ 3 n 2 + 3 (1 À n 2 )O i ] ; k i i = (2 " + 1 ) = [ 3 " + 3 (1 À " ) O i ] ; O i i s
the el lipsoid constant [41, 42]. Appl icati ons of the el l ipsoid m odel to soluti ons can
be found in Ref. [42].
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Equa ti ons of thi s typ e conta in param eters tha t are hard to determ ine. The
theo ri es tha t wo rk wi thi n the l im its of the Lorentz interna l Ùeld deÙned in term s
of the ( n 2 + 2 ) =3 and ( " + 2 ) =3 functi ons avoid the param eteri zati on pro blem. The
phenom enological theo ry of the Kerr e˜ect created by Zam kov [43{ 45] considers
the energy of a molecule subj ect to an electri c Ùeld and leads to the fol lowi ng
equati on for the Kerr constant

B =
¤ N 1

3

˚
n 2 + 2

3

Ç2
" + 2

3
( È 1 + È 2 ) ;

whi ch is di ˜erent from the ordi nary expression onl y by the Ùrst power of the
( " + 2 ) =3 functi on. A m ore general expression [45] incl udes the interna l Ùeld due
to Bottcher

B = ¤ N 1

n 2 + 2

n 2

" ˚

1 À

f

1 À f b

ñ 2

3 k T

Ç2
9 " 2

(2 " + 1 ) 2 (1 À f b ) 2
È 3

+
" ( " + 2 )

3 (2 " + 1 )(1 À f b)

˚

È 1 +
È 2

1 À f b

ÇÑ

;

where È 2 i s the dipolar and È 3 is the Voigt term . A simi lar result has been obta ined
by Vuks by considerati on of the Lorentz{ Lorenz equati on for the condensed media
[31, 46]. The analysis of Vuks shows tha t a stra ightf orw ard replacement of the
externa l Ùeld in the gas phase by the interna l Ùeld in the l iqui d phase is not
accepta ble and tha t the Ùrst power of the ( " + 2 ) =3 factor is requi red.

The di ˜erences in the interna l Ùeld functi ons stipul ate the changes in the
extra polati on form ula s used in the exp erimenta l determ inati on of the molar Kerr
constant [25]

1 ( mK ) 2 = mK 1

˚
M 1

M 2

À Ù À

2 " 1

" 1 + 2
˜ À

2 n 2
1 À 4

n 2
1

+ 2
Û + £

Ç

:

D i˜erenti ati on of the Vuks{ Zam kov equati on [46] leads to the fol lowing expression:

1 ( mK ) 2 = mK 1

˚
M 1

M 2

À Ù À

" 1

" 1 + 2
˜ +

4

n 2 + 2
Û + £

Ç

:

A system ati c analysis of the vari ati ons of the interna l Ùeld model obta ined wi thi n
the l imi ts of vari ous theori es as well as an assessment of the Kerr constant data
tha t fol lows from these theori es can be found in R efs. [47{ 49].

The assumpti on tha t the polarizabi l i ty ell ipsoid, di pole mom ent, and hyp er-
polari zabi li t y parameters are molecular constants independent of density , pressure,
tem perature, and solvent form s the founda ti on of the physi cal -chemical metho ds
based on m olecul ar opti cs. It is clear tha t the assumpti on holds only approxi matel y.
IMI di rectl y a˜ect molecular electroni c structure and, theref ore, change m olecu-
lar polari zabi l i t y and other m olecular pro perti es. It is necessary to Ùnd ways of
el im inatio n of the m any- body by either a calcul ati on or addi ti onal measurements.
Co ndensed phase theo ri es of the Kerr consta nt tha t account for correl ati on of
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m olecular orienta ti on form a separate category . The stati sti cal -mechani cal theory
of Bucki ngham [50{ 53] is one exam ple. Thi s theory expl icitl y consi ders IMI as well
as the dependence of molecul ar polari ty and polari zabi l it y on the Ùeld strength.
Typi cally, theori es of thi s typ e inv olve com pl icated models and pro duce parame-
ters tha t are di£ cult to determ ine. As a result, appl icati on of these theo ri es to the
calculati on of the polari zabi l i t y anisotro py is rather com pl icated.

The hyp erpolarizabi l i ty contri buti ons to the Kerr constant have been esti -
m ated in R efs. [54, 55]. An attem pt to devel op a more com plete theory of the Kerr
e˜ect in condensed media tha t accounts for the hyp erpolari zabi l i t y contri buti ons,
ori enta ti on correl ati ons, IMI, electro stri cti on and the Joule e˜ect has been carri ed
out by Pro uti ere [56]. The tra di ti onal spheri cal m odel has led to the equati on

B =
2 ¤ N 1

Ñn

˚
n 2 + 2

3

Ç 2
" + 2

3

˚

1 0 À +
2 0

1 3 5 k T
Ùñ + È 1 + È 2

Ç

:

Here, Ù and À are the spheri cally averaged Ùrst and second hyp erpolarizabi l i -
ti es. The tem perature independent term can be neglected in the investigati on of
stro ngly anisotro pic molecules, for exampl e, aromatic compounds.

R eference [7] presents a com parati ve analysis of the main appro aches to the
descripti on of the interna l Ùeld in the calcul ati on of the Kerr constant. The calcu-
lated m olar Kerr constants obta ined for the gas (mK G ) and l iqui d (mK L ) pha ses
have been inv estigated using the fol lowing theori es: the classical Langevene{Born
theo ry wi th the Lorentz Ùeld (mK L

L ), the theori es of Vuks (mK L
V ) and Zamko v

(mK L
Z ), the theo ries based on the Onsager (mK L

O ) and Schol te Ùelds (mK L
S ) as

wel l as the Ki el ich procedure inv olving a Tayl or series expansi on in the solute
concentra ti on (mK L

K ). It is found tha t mK L
S , mK L

V , mK give best results. Al l
m odels under study are ranked as fol lows: mK mK < mK mK <

mK mK < mK .
In a series of papers [57{ 62] we have developed expressions for the Kerr con-

stants of l iqui ds and molar Kerr constants of solutes tha t are based on the classical
La ngeven{ Born theo ry. The fol lowing addi ti onal factors have been accounted for:
the anisotro py of the electri c Ùeld of the probe l ight wa ve, the reacti ve Ùeld of
Onsager molecular moments intera cti ng wi th the m edium , the di ˜erences between
m olecular dipoles in the l iquid and gas phases. The expressions empl oy Onsager in-
terna l Ùelds tha t have been m odi Ùed for polar l iqui ds. Appl icati ons of the deri ved
equati ons f or the Kerr constant to real system s and tests of the modiÙed cavi ty
and reacti ve Ùeld expressions indicate tha t the appro ach has a good potenti al for
further developm ent and appl icati on of the Kerr e˜ect in PCA.

Appl icati on of the Kerr e˜ect to the physi cal -chemical analysis of binary sys-
tem s pro vi des rel iable inf orm ati on about interm olecular intera cti ons. W hen inter-
acti ons are stro ng, an extensi on of the addi ti ve appro ach and account for molecular
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correl ati ons are requi red. The experim enta l data agree wi th the stati stical theory
of the Kerr e˜ect due to Ki elich. The theo ry concl udes tha t the devi ati ons of the
m olar Kerr consta nts of bi nary m ixtures from the addi ti ve values are general ly de-
term ined by molecular correl ati ons, who se order depends on the speciÙc character
of interm olecular intera cti on.

Appl icati on of the electro{ opti cal Kerr e˜ect to the inv estigati on of binary
system s in inert solvents pro vi des both structures of donor{ accepto r com plexes,
and equi l ibri um constants for com plex form ati on.

Further progress in the physi cal -chemical appl icati ons of the electro{ opti cal
Kerr e˜ect depends on a proper descripti on of the interna l Ùelds of l iquids and
im pro vements in the theori es of opti cal properti es of m olecular aggregates.
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