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Some bulk quantities appropriate for the description of dielectric and refractometric measure-
ments on macroscopic systems are defined and their properties are discussed. Based on three 
molecular models (Lorentz model, Onsager model in spherical approximation, and in ellipsoidal 
approximation) model molar quantities are introduced, which depend on intrinsic properties of 
the molecule, i.e. the electric dipole moment and the polarizability. The relations will be applied 
for the evaluation of the results of dielectric and refractometric measurements on eight aro-
matic molecules. 

1. The General Model for the Evaluation 
of Permittivity Measurements 

Macroscopic systems in stationary states are com-
monly meeting a few general requirements specified 
in paper I, Sect. 1, of this series at least approxi-
mately [1]. In such cases it is possible to define 
macroscopic bulk quantities, especially partial molar 
quantities (PMQ's) without introducing any as-
sumption about the particular molecular structure 
of a considered phase. To relate a PMQ to molecular 
quantities a suitable model has to be introduced 
which allows the definition of corresponding model 
molar quantities (MMQ's). Some general relations 
between PMQ's and MMQ's have been presented in 
paper I. In this paper full details about the determi-
nation of electric dipole moments and polarizabili-
ties of isolated molecules from permittivity and 
refractometric measurements of solutions are given. 
The method is applied to a few molecules in Sect. 5. 

An isotropic phase in a uniform electric field Ea 

obtains a dielectric polarization P = SO{EET — l)£a> 
where eo is the permittivity of vacuum and SET 
is the static relative permittivity. According to 
(1.150) * the partial molar electric susceptibility Zoj 
can be introduced, wherewith the limit of £#r — 1 

* The abbreviation Eq. (I ) signifies equations of 
paper I of this series [1]. 
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for can be represented by 
E 

lim SET — l = er — 1 = 2 ZojCoJ • (1) 
JEA2->0 J= 1 

coj — noj/V is the initial concentration and uqj the 
amount of the substance A j used to generate the 
phase by mixing the substances Ai , . . . , AE, V is 
the volume of the phase. The sum on the right-
hand side of (1) has to include all initial substances. 

For the solution of a substance Ag in a mixed 
solvent consisting of the substances Ai , . . . , As, an 
average partial molar electric susceptibility Z^} of 
the solvent has been defined by (1.35) (<Z>0z,= Zol). 
Choosing as concentration variable the mass frac-
tion V)QQ of the solute, the generalized density, 
Eq. (1.60), becomes 

PwZ = -
£ r - l 

7 (5) 
_ _ 0 m I -OG 

Mr 
Z ( S ) \ 0m \ 

(2) 

where Q is the mass density of the solution and 
is the average molar mass of the solution defined 
by (1.35) with & o l = ML- The dependences of the 
PMQ's on the composition of the solution can be 
represented by power expansions, or according to 
Eqs. (1.40) and (1.44) as 

ZOG = Z*G + 2 AW1G<XGWOG > 
<XG= 1 

7 ( 5 ) _ 7 ( 5 ) * I Y A w<xa -̂Om — -̂Om i Z, wZmac w0 G • 
a c = 2 

(3) 

(4) 
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Starred quantities, as defined by (1.37), are always the limits for the pure solvent (W;OG~>0). Because of 
(1.9) the coefficients AwZG<Xg a n d AwZma,G are related as 

= — kgMG ^ W Z G 1 2 ^ W Z G 2 ^ + ^^wZGfac-l)] • (5) 

With (3) to (5) it follows from (2) 

£ r _ l E*-L FZ*G EF-L\ 
+ ( 7* I W0G e* \mg Q 

l °° l 
+ 1 7 - 2 7 77 [AWZGL + 2 AWZG2 H |- (<*G — 1) ^wZG(aG-l)] W0G • (6) MG ao = 2 ac(aG — 1) 

At least in sufficiently dilute solutions only the 
first few terms of the power expansion are signif-
icantly different from zero. A set of available data 
Dp = {(WOG, £r, @)s} can be evaluated by multiple 
regression analysis, according to (6). With suitable 
tests (F- and t-test, for example), the number of 
terms significantly different from zero can be de-
termined. Then a corresponding multiple regression 
leads to estimators for the coefficients and their 
standard deviations. From the derivatives of (6) 
one can recognize that a unique determination of 
the quantities Z*G, AwZGI , AWZG2 , is possible, 
if V)QG , £T and Q are bulk quantities (Sect. 1 [1]), 
as is usually the case. For a further evaluation some 
molecular model has to be introduced. 

Molecular models are commonly based on a sep-
arate molecular model (SMM) (Sect. 9 [1]), i.e. on 
the assumption that the dielectric polarization P of 
the phase can be represented by (1.153), or 

K _ 
P = NA^pejCEJ, (7) 

j=l 

where NA is the Avogadro constant, PEJ is the 
average electric dipole moment of a molecule and 
cEj the concentration of substance A j in the pres-
ence of the applied field and where the sum has to 
be extended over all substances Ai , . . . , AK present 
in the phase. Generally it is K ^ E ; for phases 
where no chemical reaction occurs, the equality 
commonly holds true. The assumption, introduced 
in (7), allows the definition of a model molar quan-
tity (MMQ) Cj as 

£0 £a2 ->0 \ cEa2 /M0/)d, 

With the MMQ's the electric susceptibility be-
comes 

K 
£ r - l = 2 Cjcj, (9) 

j=l 
where cj = nj/V is the concentration and nj the 
amount of the substance A j in absence of an ap-
plied field. 

For a solution of a substance AG in a mixed 
solvent Ai, . . . , As the relation between the PMQ 
ZOG and the MMQ £G is according to (1.78) and 
(1.80) 

ZOG = CG + (1 — WOG)Mg (10) 

_ • (1 - WOG) I 6GFF> \ WOG / 6CG \ 
\ dw0G ) n o L M G \ dwoG ]N<SL,&\ ' 

if any chemical reaction is excluded. is the 
average MMQ of the solvent defined by (1.80). The 
dependences of the MMQ's can according to (1.83) 
also be represented by power expansions, or 

oo 
CG = £*+2W<XG> a*) ac = l 

i f f = ÖP" + f (12) 
a« = l 

Introducing (11) and (12) into (10) and comparing 
the coefficients with those of (3) leads to 

Z o * g = £ S + (MGIM^)^ML, (13) 

AWZGZC = (AC + 1) ^WZGOLG — («G — 1) ^WJGFAC-L) 

— 2aGAM)jmac + (aG — 1) ̂ Cm(aG-l)] • 
(14) 

The subscripts of derivatives are explained at (1.6). From (13) and (14) one can recognize that for the 
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determination of the limit C* of the MMQ and of 
the coefficients Aw(Gxg the knowledge of the limit 
ZOG of the PMQ and of the coefficients AWZGAA is not 
sufficient; the values of the coefficients AM.jmac a r e 

also necessary. These values cannot be obtained 
from experimental data alone, and their determina-
tion has to be based on a molecular model. Accord-
ing to Eq. (11) it holds true 

hvlGac — 
1 / 5GG C G \ * 

aG ! \ I 
(15) 

and a similar relation follows from (12) for the 
coefficients Xw^mtxa. Assuming the MMQ C J {J = G 
or m) depends on some parameters ai, . . . , onQ as 
has been discussed at (1.73), the derivative of CJ 
with respect to WOG can be represented as 

(Jk.) _ $ ( * ) ( « 5 L ) , ( 1 6 ) 

and analogously the derivatives of higher order. If 
the parameter is a measurable bulk quantity, the 
derivative [d&xldv>OG)n0L,&, c a n be estimated from 
experimental data. As an example we consider the 
case ai = eT. The generalized density ?wy corre-
sponding to 0 = F (and choosing the concentration 
variable WOG, i e . W^TTIQ) is according to (1.57) 
equal to g - 1 , such that from (1.63) follows similar 
to (6) 

1 
Q 

+ ( a o - l ) 

(17) 

1 

Q* +( V$G 
Mg 

wog 

+ 
1 00 

1 ac = 2 
1 

+ 
00 
1 ac = 2 aG(aG - 1 ) 

[AwVG\ + 2 AWVGI + 

A wVG( OLG 'OG-

V*G is the limit of the partial molar volume of AG 
for V)QG 0. A set of available data Dp = {(V;OG , £>)s} 
allows the estimation of F*G , the coefficients A^yg^ 
and of their standard deviations, similarly as has 
been discussed at (6). From (2), (6) and (17) 
follows 

6er = - | r [ Z * ? - ( e ? - l ) F 0 * G ] , (18) 
OG /TIOL,Ö, MG 

obtained from measurements. Assuming Cm) = CmJ 

(er, a.2, 0Le) and introducing (15), (16) and (18) 
into (13) leads to 

$ = Zo*G - MWf [Zo*G - (ef - 1) v*0) 
m 

( \* _ MG ^ / ^ E V 

\ U*. M^ ^ 8a* 
I Sax \* 
\ dw0G JnoL,», ' 

(19) 

If it is assumed that C^ depends on just one param-
eter er, but not on any other bulk quantity at least 
for fixed values of temperature T and pressure p, 
then the last term on the right-hand side of (19) 
vanishes. In such a case every quantity necessary 
for the determination of C% can be obtained from 
measurements, except the derivative (öCmVösr)*«',^,-
This quantity depends on properties of the solvent 
only, but not on any property of the solute. Con-
sequently, if it is once determined, the value of the 
MMQ C* of any solute molecule in this solvent can 
be estimated from experimental data. The further 
evaluation of the MMQ C * leading to the permanent 
electric dipole moment of the solute AG has to be 
based on the same molecular model as is used for 
the determination of (öt^fVfer)*,',^-

In the assumed molecular model, any MMQ CJ is 
according to (8) governed by the average electric 
dipole moment pej of the molecule A j and there-
fore by the orientational distribution of the mol-
ecules. In a thermodynamical equilibrium state the 
orientational distribution is described by the Max-
well-Boltzmann distribution function, and hence (8) 
becomes 

• I - 3 H L - -
The integrals in (20) are over all orientations of the 
molecule, k is the Boltzmann constant and T the 
temperature, PEJ is the average total electric dipole 
moment of a molecule A j in a particular orientation 
relative to the external applied uniform electric 
field £ a . Assuming a total electric field EEJ at the 
location of the molecule A j , the quantity p s j can 
be represented as 

where all quantities on the right-hand side can be PEJ = pgj + <*gj EEJ , (21) 
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where (Agj is the permanent electric dipole moment 
and a g j is the static polarizability of an isolated 
molecule AJ in its state g. In WEJ only that part 
of the potential energy of the molecule A j has to 
be taken into account, which depends on the ex-
ternal applied field . The quantities EEJ and WEj 
can be considered as functions of some intensive 
quantities ai, . . . , ccß and these are the parameters 
of , entering into (16) for example. The number 
and the kind of the parameters <xx depend on the 
particularly chosen molecular model; usually one 
of them is the relative permittivity er of the solution, 
and then (19) relates the PMQ Z%Q to the MMQ Co-
in most of the commonly used models it is assumed 
that EEJ and WEJ and consequently also CJ at 
fixed values of T and p depend only on er. This is 
the case already discussed after (19). In the next 
section the most common molecular models shall 
be considered; they differ from each other by dif-
ferent representations of the total local electric 
field EEJ. In all such models the effects due to 
intermolecular correlations are approximated by 
some average quantities or ignored altogether [2] 

2. Introduction of Particular Molecular Models 

2.1. The Langevin-Debye Model 
In the Langevin-Debye model [3] the total elec-

tric field Eej at the location of a molecule A j is 
assumed to be equal to the external applied field Ea , 
that is 

(EEJ)LD = EA. (22) 

The part WEJ of the potential energy dependent 
on E& then becomes 

( WEJ)I,T> = — jigj EA — \ EA otgj EA 

and from (7), (8), (20) and (21) follows 

(C*)LD = (CJ)LD 
NA 

3e0 

H'gJ 
JcT + tr a g j 

(23) 

(24) 

In this model the MMQ's (CJ)LD are not dependent 
on any parameter a* but T, and for fixed T follows 
from (19) 

(C*)LD = Z*G- (25) 

Since all intermolecular interactions are neglected 
in this model, it can be used only for the evaluation 
of data of gaseous phases at sufficiently low pres-
sure. For dense phases the model clearly is incom-
plete. 

2.2. The Lorentz Model 
In the Lorentz model [3] the total electric field 

EEJ at the location of a molecule is assumed to be 
(26) 

2 _ 1 
— P-GJ EA — — 

£r + 2 X 5 5 

3 

(EEJ)L = J (fir 2 ) EA. 

and then WEJ becomes 
£r + 

(WEj) L = ~ — J 

' Ea cigj E a . (27) 

Considering the molecular model as an SMM, from 
(7), (8), (20), and (21) follows 

(fir + 2) Â A 
(CJ)L = 9fi0 

A 
kT + tr otgj (28) 

In this model the MMQ's (CJ)L depend only on er 
for fixed T; consequently the last term on the right-
hand side of (19) vanishes, 

e* / e ß p y _ g - i 
\ 6fir L * . 

and 

(C*)L = fi* + 2 -06 

e* + 2 

( f i f - 1 ) 2 

E* + 2 

(29) 

Vt 0G (30) 

The approximation of the electric field EEJ as 
given by (26) is not properly founded, as was already 
recognized by Lorentz himself. Furthermore the 
intermolecular interactions are not treated ad-
equately, in particular, the effects on the average 
dipole moments of the solvent molecules caused by 
the dipole moment of a solute molecule are not 
taken into account *. In spite of the serious de-

* According to this point of view one could even assume 
that the Lorentz model is not based on an SMM but rather 
on a lumped molecular model (LMM) [1], so that according 
to (1.90) 

AS) _ Z ( S ) * _ / • _ n F ( S ) * •rn — Ôm — V£r L> v 0m » 
i.e. the average MMQ of the solvent is independent of 
the composition of the phase. In such a model (9) would 
have to be replaced by 

£R — 1 = £* ~ 1 + (CG)LLCOG, 
where 

(CG)LL = (NjJeo) lim (6Ea(p£G)LL/8J61)N„,1 Ö,. 

The quantity />(EG)LL represents the average total electric 
dipole moment of a solute molecule together with all con-
tributions caused by the presence of a solute molecule AG 
on the molecules in its environment. The permanent elec-
tric dipole moment corresponding to (J>EG)LL> which can 
be obtained by the evaluation of data based on this LMM, 
is approximately 20% larger than the permanent electric 
dipole moment of the isoleted molecule AG • 
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ficiencies of the Lorentz model, the data obtained 
from measurements of solutions in nonpolar solvents 
and evaluated according to the SMM lead in many 
cases to a value of the dipole moment of the solute 
molecule in rather close agreement with the value 
obtained by evaluating the data on the basis of a 
more refined model as the Onsager model, for ex-
ample. This result is accidental, being caused mainly 
by the fact that for nonpolar solvents the value of 
the permittivity (erf^2) is not too different from 
the value of the square (rig)2 of the refractive index 
of many pure solutes AG*. 

2.3. The Extended Onsager Model 

In the extended Onsager model [3—7] the total 
electric field Eej at the location of a molecule A j 
is represented by [8] 

(EEJ)os = (1 - f j a g j ) " i (TJ p.gj + IEJEA) 

+ (ETJ). (31) 

The tensors f e j and f j have to be calculated on the 
basis of an appropriate model. Usually it is assumed 
that the solvent can be represented by a homogene-
ous and isotropic dielectric where the molecules A j 
are localized in cavities with a definite shape and 
size. In the most simple approximation the shape 
of the cavities is assumed to be spherical; then the 
tensor fe</ is reduced to the scalar / e , 

W = / e . ! = (32) 

If furthermore the electric dipc le moment of a mol-
ecule A j is approximated either by a point dipole 

* Intioducing the Onsager approximation, (52), and 
the spherical approximation for fG and t'eG according to 
(32) and (33) into eqs. (51) and (47) leads to the well-known 
Clausius-Mossotti formula 

[ ( 4 ) 2 - l]/[(»ö)2 + 2 ] = ^ a tr agG/9 e0 V°G, 

where n°G is the refractive index and VQQ the molar volume 
of the pure substance AG . With the same approximations 
the total electric field (EEG)os at the location of a solute 
molecule AG represented as in (31) becomes 

{EEG)Os = (EEGh3er[(n0G)2 + 2]/[2er + (n°0)2] (er + 2) 
plus terms independent of Ea , where (EEG)l is the total 
electric field in Lorentz' approximation, Equation (26). 
Hence for (wG)2 = eT the part of the total field in Onsager's 
approximation dependent on Ea is equal to the total field 
in Lorentz' approximation, which causes the accidental 
agreement of the values of dipole moments obtained with 
both methods under that particular condition. 

localized at the center of the sphere or by a homo-
geneous dipole density inside of the sphere, then 

lj = fj-l = 
2 ( f i r - l ) 

4 7r £o a^j (2 £r + 1) • 1 , (33) 

where awj is the radius of the sphere (interaction 
radius). If the shape of the cavities is assumed to 
be ellipsoidal with axes 2 ajx, 2 aJy, and 2 ajz, then 
the principal components of the tensors become 

feJX = feJ/.(e r) = 
ST 

£r — KJX (fir — 1) 
X = x,y,z, (34) 

and 

/jA = / ja(£ r) = 
<TJX 

aJx UJy aJz 
(35) 

where 

tfJA = r) 
3 KJX( 1 — ĴA) (fir — 1) 

47T£0 £r — Xj*(er— 1) 
and 

xj). = 

ajx aJy aJz 

(36) 

(37) 

. [(s + + (s + d5 _ 

(Efj) represents the fluctuation of the electric field 
at the location of molecule A j with the average 

= 0, but usually a finite average of its square 
(Etj Ei j } =j= 0 [7], 

With the total electric field as given by (31), the 
total electric dipole moment PEJ of a molecule A j 
becomes according to (9) 

(PEJ) Oe = (1 — f j agj) -1(p.gj + OCgjfejEa) 
+ nj(Eu), (38) 

where it has been assumed that the principal axes 
of the polarizability a g j coincide with those of the 
tensors f e j and f j . nj(Eij ) represents the con-
tribution to the total dipole moment caused by the 
fluctuation of the electric field. 

In the considered model the part WEJ of the 
potential energy dependent on £ a becomes [8] 

(WEj)oe = - [p g j ( l - Sjagj)"1 

+ EtJ(l - ttj agj)-1 agj] 
•iejE& + Xj(Etj). (39) 
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Using (7), (8), (20), (38) and (39) it follows for the 
MMQ's 

(CJ)0e = ~ [(1/A T) ^gJUj(l - tj ag j)-2 {lgJ 
o £0 

+ tr ( f e j (1 — ij ag</)_1 a g j } ] 
+ yj(Etj). (40) 

The quantities %j(Etj) and rjj(Efj) represent the 
contributions to WEJ and CJ, respectively, caused 
by the fluctuation of the electric field. 

In this model the MMQ's (Cj)oe depend on two 
parameters a*, if the value of T is kept fixed, namely 
on ai = £r and <X2 = {ajxajyUjz)'1, and therefore, 
the sum in the third term of the right-hand side of 
(19) is reduced to one term 

In a hard-core approximation the shape and size of 
the molecules are assumed fixed, then (0<X2/0wog)0, 
= 0 and the third term of (19) vanishes. According 
to a statistical treatment of the Onsager model [7], 
the ajx, ajy and ajz can be viewed as averages of 
the distances of closest approach of two points in 
the space occupied by two neighboring molecules, 
namely those points, where the point dipole mo-
ments, which are used for the approximate descrip-
tion of intermolecular interactions, have to be 
localized. Then the derivative (doL<2.jdv)oj)&l can be 
different from zero and the third term of (19) will 
cause a contribution to CO • Usually this contribution 
is neglected or, more often, not considered at all. 
Some preliminary experimental investigations have 
shown that this term usually is small compared to 
the other ones but not negligible. In spite of that, 
we will neglect this term also, mainly because we 
have neither enough experimental data yet nor a 
good theoretical model for the calculation of 
(8a2/ött;oG)dI-

The derivative (0£jfV<3£r)*, which is the only 
quantity on the right-hand side of (19) in the con-
sidered approximation that cannot be obtained 
from experimental data, can be calculated from (40) 
if the quantities f e j , f j and (Eu Etj) are represented 
on the basis of a suitable model [7]. The resulting 
expression is rather lengthy and not easily applied. 
For solvents, where not only the permanent dipole 
moment is zero but also the higher multipole 
moments are negligibly small, as for aliphatic hydro-
carbons for example, follows (Et jE f j ) = 0, and 

therefore the equations for CJ and (0£j/0£T)&1 are 
considerably simplified. In that case results for a 
substance AG in a solvent consisting of only a single 
substance Ai from (40) 

NA 1 . ^ 
— f*gGf*ö(l - fSag G)-2fig G (Cg)0C = 3 £o 

+ t r { f e * G ( l - f * a g G ) - 1 a g G } 

and 

(41) 

öCi\* = 

0£r /oe 
NA 

3e0 
t r j ( l - f * a g l ) - ^ y 

+ t r | f * ( l - f f a g l ) - 2 a 2 1 ^ (42) 

Assuming spherical cavities for the solvent mol-
ecules Ai with interaction radius awi , (31) is further 
simplified to 

1 
(eci \* £ * - l 

Mx 1 ^ Ö£r /ok £*(2 £* - f 1) 
(43) 

3A/a Q* e*tr{ ( l — f* ggi)~2«gi} 
+ 2jie0M1all(2e? + 1)3 

To calculate the quantity (0£i/0£r)ok in spherical 
approximation according to (43) or (0Ci/0£r)oe in 
ellipsoidal approximation according to Eq. (42), the 
principal components a g u (A = x, y, z) of the polar-
izability and the value of a%t or the values of aix/aiz, 
aiy/aiz and of a\xa\ya\z, respectively, have to be 
known. These quantities will be estimated for a few 
solvents in Section 4. 

3. The Evaluation of Refractometric Measurements 

The relative permittivity depends on the fre-
quency COE of the applied electric field, and hence 
also the MMQ CJ • If it is understood that er is the 
static relative permittivity (for sufficiently small 
COE), then a g j is the static polarizability in the above 
equations. The static polarizability can be repre-
sented by a sum of two terms 

a g J = A g j + B g J , (44) 

where A g j is the electronic polarizability due to the 
mobility of electrons in the molecule with fixed 
nuclei, and B g j is the nuclear polarizability due to 
the mobility of the nuclei of the molecule A j . At 
frequencies O)E large compared to those of vibra-
tional frequencies, the nuclei do not move any more 
and all effects are only due to the mobility of the 
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electrons. At those frequencies (21) has to be re-
placed by 

(pEJ) = (Agj)(0(EEJ)(0, (45) 

and the MMQ (CJ) A becomes similar to (8) 

A A 

(CJ)® = BM 
£0 (£»2)«,-! 

0(EaM/V)< 
8 (ElU 

(46) 
noi, 

The relative permittivity in that frequency interval 
is commonly replaced by the square of the refrac-
tive index, (er)w = w2 , since it is usually determined 
by refractive measurements. Analogous to (1) and 
(9) it is 

- 1 = 2 (ZOJ)O>C0J = 2 (CJ)WCJ (47) 
j=l j = l 

where (Zoj)m is given by (1.150) with n2 substituted 
for er. Furthermore it is usually assumed that (EEJ)W 

can be represented by equations similar to EEJ but 
£r replaced by n2 and all contributions due to the 
motions of nuclei vanishing. Since the orientational 
distribution of molecules is not influenced by (EBJ)^, 
at least as long as thermal light sources are used, 
the MMQ (CJ) M becomes, if the calculation is based 
on the Onsager model, 

(Cj)(o0e = 
A a 

3 £o 
(48) 

tr{(fej)«,[l - ( f j M A g j M - M A g j U , 
where 

and 
(W)« = hj(nl) 

(I/)® = h(nl). 

(49) 

(50) 

In the frequency interval considered (AgJ)M, 
(CJ)CO, an<i (ZOJ)CO depend on A>E. Usually it is 
assumed that with decreasing coE (but still suf-
ficiently large compared to vibrational frequencies) 
the values of (Ag,/)^, (CJ)®, N2 and (Z 0 J) M become 
constant; these limits shall be denoted AGJ, C'J, N2, 

and ZOJ, respectively. If a few values of n2 for 
different coE are known, the value of n2 can be de-
termined using an appropriate extrapolation for-
mula [5]. With a set of available data 

DP = {(W;0G, N2, G)} 

estimators for the limit Z'0G, the coefficient AwZG<Xg 

and their standard deviations can be obtained by 
multiple regression based on an equation analogous 

to Eq. (6) with n2 substituted for £r, Z'0* for Z*G 

and AWTOAC for AWZGOLG. The PMQ Z'0G is related to 
the MMQ CG by a n equation similar to Eq. (10) 
with ZQO substituted for Z0G, CG f ° r CG and 
for C(m- Their limits ZQ* and C'G are related by an 
equation similar to Eq. (19) with the same replace-
ments. The further evaluation can be performed 
similarly as was described above; one only has to 
use modified equations, where n2 is substituted for 
er, Ag j for ag j , 0 for (igJ, i'eJ = ieJ(n2) for f e j = 
W(£r) and t j = f j (n2 ) for f j = fj(£r). As an example 
we consider the limit of CG based on the Onsager 
model in ellipsoidal approximation, which becomes 
according to (41) 

(CGV = tr { f ;*( l - fo* AgG)-i Ago}. (51) 

In the frequency interval at smaller frequencies 
than vibrational frequencies analogous equations 
relate (C%)OI to BgG. But measurements in that range 
are seldom possible yet. To obtain a gc from Agc, 
one often assumes that Bgc is of the order 0.05 AgG 

to 0.15 Ago-

4. The Determination of Interaction Distances and 
Some Further Quantities 

4.1. Models and Relations 

The model used for the derivation of Eq. (35) 
usually assumes molecules in cavities with ellipsoi-
dal or spherical shape in a homogeneous and iso-
tropic dielectric without any molecular structure. 
According to this hardcore model the quantities 
2 ajx (X = x, y, z) are equal to the lengths of the 
axes of the ellipsoidal cavity or a w j equal to the 
radius of the sphere, respectively. Based on this 
model, a\.j has been approximated by Onsager [4] 

(alj)oK = 3V°0jl±7iNA. (52) 

where VQJ is the molar volume of the pure sub-
stance Aj. A further simple approximation assumes 
the axes 2ajx equal to the corresponding lengths 
(2a./A)i of the molecule A j , the estimation of (2aj/)\ 
being usually based on bond lengths, bond angles 
and van der Waals radii of the atoms. 

Equation (35) can also be derived using statistical 
methods from a model where all interactions are 
restricted to dipole-dipole interactions between point 
dipoles localized at some point inside the molecules 
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[7]. In this model aji is some average distance be-
tween the location of the point dipole in a molecule 
Aj and the location of the point dipole of a neigh-
boring molecule AN in a position at closest approach. 
According to this model one may assume ajx equal 
to (ajx)s, where 

(«JA)I < («J/Os < («JA)I + («MOI • (53) 

If the molecule AN owns a permanent dipole mo-
ment, the true value of aj = («JA)S should be more 
likely nearly equal to the upper value of the rela-
tion (53), if the dipole moment of Ajy is an induced 
moment, aj should rather be only somewhat larger 
t h a n («JA)I • 

For pure solvents Ai the quantities a\xa\ya\z or 
can be determined in favorable cases. According 

to the modified (1) and (51) it is for a pure solvent 
t r { f ; * ( l - f ; * A g l ) - i A g l } 

3 eo Mi 
= (n *2 _ 1) (54) 

NAQ* 

For molecules, where all tensors have spheroidal 

symmetry {alx = aly, Agix= Agiy, f'eix = feXy, 
f'lx = f'ly), one obtains from the modified (35) and 
(54) 

(«L «I*)2 (y'l* - 2 fe*lx Agl* - iTu Agl*) (55) 
+ y'* tf'i* g'u Agi* Agiz — afxalz 

•ly*((r'i* Agia; + a'* Agiz) 
- (2 f L * £ + fe% *2) Agi, Agi,] = 0. 

The values of cr̂ * and f* x can with sufficient ac-
curacy be calculated with estimated values of 
(aiz)i/(«ix)i and determined values of n*2 using (34), 
(36) and (37). If values of Agix and Agiz obtained 
from measurements in gaseous phases are known, 
(55) can be solved for a\xa\z. For molecules, where 
the cavity is represented by arbitrary ellipsoids with 
axes 2aix =^2aiy =f=2aiz, a similar cubic equation 
leads to a\xa\ya\z using estimated values of 
(a\z)\l(a\x)\ and {aiy)\l(a\x)\ and determined values 
of n*2. 

For molecules, where the tensors f ec and fc have 
spherical symmetry, (55) is further simplified to 

aix — aw< — 
(n*2 _ 1 ) 2 ^ tr Agi 

(n *2 l)(2?i*2-|- 1) 6 jteqM\ — ti*26tiNxQ* tr A g i ' 
(56) 

In this case knowledge of tr Ag i , measured in the 
gaseous phase, and of n*, measured in the dense 
phase, allows the determination of a\x. A few fur-
ther methods for the approximation of a\xa\ya\z 

are described previously [5, 11 — 15]; some of them 
are based on other models and cannot be applied 
to the extended Onsager model. 

For the determination of (SCi/0£r)* the static 
polarizability agi is needed according to (42). For 
molecules with spherical symmetric tensors the 
trace of the tensor agi can be determined using the 
equation 

_ 6 ( e * - l ) ( 2 e * + l ) c o J t J f i a L 
tr agl - 6e*7za\xNA(>* + (sf - 1)2M, ' 1 ' 

which follows from (9) and (40), because for such 
molecules p.gi = 0. 

For the determination of the principal components 
of agi of solvent molecules with spheroidal sym-
metry (agix = agij/), one has to have results of fur-
ther independent measurements or has to introduce 
some appropriate approximation. Assuming 

agiz <*gl z 
Agiz Agi z 

(58) 

p.gi = 0 and <£ fi En> = 0, then from (9) and (40) 
follows 

J. 71 G\x Glz 
a"ixaiz 

Agiz 

2 f*ix 0*1z 4~ /elz alx 

alxalz Agiz (59) 

— agla; G*x + tflz 
*glz yf 

Agixj alxaiz 

2 /*\x + /*iz 
Agl X 

+ r i = o , 

where y* is defined similar to y'* by (54) but with 
n*2 replaced by ef. (59) can be solved for ccgix, using 
(58) again leads to agiz. 

4.2. Evaluation of Data for a Few Solvents 

For the solvents benzene (C6Ü6), cyclohexane 
(C6H12), carbon disulfide (CS2) and carbon tetra-
chloride (CCI4), which own spheroidal or spherical 
symmetry, the optical polarizabilities Ag i , the rela-
tive permittivities £*, the refractive indices n* 
(determined with Na-D line) and the mass densities 
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Table 1. Determination of interaction distances and some further quantities for a few solvents (Ax). 

Remarks Eqs. 
used 

Ai Remarks Eqs. 
used 

CeHö C6H12 cs2 CCU 

-Mi/kg • mol-1 0.078115 0.084163 0.076139 0.153823 
(ai*)i/10-i0m 1 3.5 3.6 1.6 3.4 
(«izh/10-iOm 1 1.7 2.35 3.15 3.4 

s (37) 0.2307 0.2756 0.4132 1/3 
(*lz)l s (37) 0.5326 0.4488 0.1736 1/3 
Agls/10-40 CV-1 m2 2 13.69 13.00 6.164 11.68 
Agiz/10-40 CV-i m2 2 7.065 10.29 16.85 11.68 
tr Agi/3 • 10-40 CV-i m2 2 11.48 12.10 9.73 11.68 
Tj K 298.15 298.15 293.15 293.15 298.15 

2.273 2.015 2.641 2.238 2.228 
n*2 3 2.244 2.026 2.642 2.132 2.124 
q*Ikg • m~3 873.66 773.90 1263.05 1595.0 1584.2 
a h . a u / m 3 s (55) 26.31 36.72 21.40 
<4^10-30 m3 k (56) 33.70 39.26 29.16 38.96 38.68 
(au)i2(aiz)i/10-30m3 1 20.8 30.5 8.1 39.3 39.3 
(«wl)ok/10_30 m3 (52) 35.44 43.10 23.9 38.23 38.49 
agiz/lO-40 CV-1 m2 s (59) 13.91 12.90 6.16 
agiz/10-40 CV-1 m2 s (58) 7.18 10.21 16.84 
tr agi/3 • 10-40 CV-i m2 s (58), (59) 11.67 12.00 9.72 
tr agi/3 • 10-40 CV-i m2 k (57) 11.67 12.00 9.73 12.46 12.46 
OCl/3er)0*e s (42) 0.196 0.177 0.190 
(SCl/Ö£r)ok Q*/M\ 4, k (43) 0.191 0.174 0.188 0.183 0.183 
(6ti7S^2)oe 5, s (42) 0.193 0.178 0.190 
(eci '/dn2)*ke*IMi 4, 5, k (43) 0.189 0.176 0.188 0.176 0.176 

k: spherical approximation, s: spheroidal approximation. (1) According to molecular model. (2) According to [10]. (3) De-
termined with Na-D line (v = 16.97 • 105 m"1). (4) with tr {(1 - fi agi)"2«^} = (1 - oi* tr agi/3a^1)-2(tr agi)2/3. 
(5) with substitution of n2 for £r, le l for fei and fx' for fi. 

Q* are known. Their values are listed in Table 1. 
The optical polarizabilities Agi are usually deter-
mined with light in the visible range (or even with 
the Na-D line), hence it is assumed that the pub-
lished values of Agi correspond to the values of n * 
and can consistently be used in Eqs. (55) and (56) 
for the determination of a\xaiz and a\x = a\,x, respec-
tively. The values used for the ratios of axes 
(aiz)\l(aix)\ are estimated from bond lengths, bond 
angles and van der Waals radii of atoms. Small 
errors in these ratios are unimportant because they 
are only used for the calculation of the functions 
{xu)i> /eia a n ( i /'i*, and these functions are not too 
strongly dependent on {aiz)il(aix)i- All calculations 
are made twice, first based on spheroidal approxi-
mation and second based on spherical approxima-
tion, and thus a comparison of different approxima-
tions is possible. The results are listed in Table 1, 
where also the equations used and further informa-
tion are noted. 

For the molecule CCI4, whose tensors are of spher-
ical symmetry, the values of (aix)f = (a\x)\ («12)1, 

a ^ and (afvi)ok are nearly equal to each other. For 
the molecules CeHe and CßH^, where the tensors 
are of spheroidal symmetry, the values of a\xaiy, 
determined in spheroidal approximation, are 20 to 
30 0/0 larger than the values of (a\x)\ («i2)i, estimated 
from the molecular structure. The values of a®1? 

determined in spherical approximation, are 30 to 
60°/o larger than (aix)\ (a\z)\ and 5 to 10°/o less 
than (afvl)ok obtained from the molar volume. Much 
larger are the relative differences for CS2, where 
the values of a\xa-\_z, and (a^)ok are 150 to 250 °/o 
larger than that of (a\x)\ («iz)i • A possible explana-
tion could be sought in rather strongly excited rota-
tional states of this molecule even in the liquid 
phase. Assuming the molecule CS2 as an oblate 
spheroid, the principal axes are 

2 (aiz)i = 2 ( ^ ) 1 = 6.3 • 10~10 m 

and 2 (alz)\ = 3.2 • 10"10 m leading to 

[aix)\ («iz)i = 15.9 • 10 - 30 m3. 

Assuming the molecule as a sphere with diameter 
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2(013)1 = 6.3 • 10-10 m3 it becomes ( a ^ ) 3 ^ 31.3 • 
10~30 m3. The values obtained of afxalz, a^i and 
(«wi)ok are in the range of these values. 

The values of tr agi determined in spheroidal ap-
proximation agree very well with those in spherical 
approximation. The values of the quantity 
(ö£i/8er)* Q*!M\, needed for the determination of 
the MMQ of a solute molecule from experimental 
data according to (19), are not much different 
whether determined in spheroidal or in spherical 
approximation. An analysis of the evaluation shows 
that the 95°/o confidence limit of that quantity is 
less than 1 0 % of the given values, whereas with 
previous methods even more than 50°/o could be 
expected [6]. A comparison of the values in sphe-
roidal and spherical approximation shows that the 
latter method, which is much simpler and where 
only the value of the trace of the optical polariz-
ability, tr Agi, has to be known, is usually quite 
sufficient for the determination of (8£i/0er)* q*/Mi . 

5. The Determination of Dipole Moments 
and Polarizabilities 

5.1. The Investigated Systems and the Measuring 
Devices 

Investigated were solutions of 4,4'-(bis-dime-
thylamino) - benzophenone (Michler's ketone) 
(C17H20N2O) (I), 2,7-(bis-dimethylamino)-9,9-dime-
thylanthracene- 10-on (C20H24N2O) (II), 2,7-(bis-
dimethylamino)-fluorene-9-on (C17H18N2O) (III), 
l-dimethylamino-4-nitro-benzene (C8H10N2O2) (IV), 
1 - dimethylamino - 2,6 - dicyano - 4 - methyl - benzene 
(C11H11N3) (V), 4- amino - diphenyl (C12H13N) (VI), 
vanadyl - octaethyl - porphine (C20H12N4VO) (VII) 
and cobalt (II)-octaethyl-porphin (C20H12N4C0) 
(VIII). The small solubility of these substances (ex-
cept VI) in cyclohexane or other aliphatic hydro-
carbons prohibits the determination of the necessary 
data with sufficient accuracy in such solutions. 
Therefore benzene was chosen as solvent except for 
VI, where cyclohexane was used. All measurements 
were made at the temperature T=(298.15 ±0.01) K. 

The substances and the solvents were purified as 
usual. The permittivity measurements were per-
formed with a radio-frequency bridge DM 01 
(WTW, Weilheim),the refractometric measurements 
with a Pulfrich refractometer (Bellingham and 
Stanley, London) using the Na-D line 

( v = 16.97-105 m-i) 

or a differential refractometer [10]) 
( v = 18.08-105 m- i ) , 

and all density measurements with the device 
DMA 02 (Paar KG, Graz). 

5.2. Evaluation and Results 

For solutions of the substances I to V, VII and 
VIII in benzene and VI in cyclohexane, the mass 
densities Q, the refractive indices n and the relative 
permittivities eT have been determined for various 
values of the mass fraction VJOG • Multiple regression 
analysis of the sets of available data 

Dp = {{wqg, Q, n2, er)} 

according to (17) or (6), respectively, has shown that 
in all cases only the constant term and the term 
linear in woG is significantly different from zero. 
Linear regression leads to estimators for the PMQ's 
V*G , ZO* and Z*G', their values are listed in Table 2. 
The errors given are always 95°/o confidence limits 
based on the Student's ^-distribution ( ± h-^s, where 
s is the standard deviation of the mean and 
a = 0.025). Regression including the term square in 
WOG leads to estimators for the coefficients AwVGI, 
AW2'GI, and AWZGI, their values in Table 2 show 
that they are not significantly different from zero. 

The determination of the MMQ's and £* cor-
responding to the PMQ's ZQ* and Z*ö has to be 
based on some molecular model as has been dis-
cussed in Section 1. In the Lorentz model (SMM) 
the MMQ's (£I)L and (£I)L depend only on n2 and 
ER, respectively; hence (CG*)L and (£*)L follow from 
(30). In the Onsager model the MMQ's (£i)oe and 
(Ci)oe can depend furthermore on 0C2 = (a'\xa\ya\z)~x• 
Since a function describing the dependence of 0C2 on 
the composition of the solution is not known yet, 
this term has to be neglected, but fortunately one 
may assume that its contribution to (Ccf)oe or 
(C*)oe is small. In this approximation (19) leads to 
(£c?*)oe and (C*)oe> where the values of 

<0«/a»a)& <?*/*! and (0Ci/0Cr)&e*/ifi, 

as given in Table 1, have to be used. 
From the value of (C'G)L the trace of the polariz-

ability tr (Agc)L in Lorentz' approximation can be 
obtained with (28) easily, and assuming (agG)L = 
(Agc)L from (C*)L also the magnitude of (P.GC)L- For 
the further evaluation based on the Onsager model, 
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Table 2. Determination of electric dipole moments and polarizabilities from measurements of solutions at T = 298.15 K. 

Remarks Eqs. used AG 

I U 
Solvent 1 B B 

MG/kg • mol-1 

wog/10-4 2 
F|fG/10-6 m3 mol-1 3 
(AwVG1/2MG)/iO-2kg-im3 4 
ZqI/10-4 m3 mol-i 3,5, 6 
(AWTGI/2MG)/10-2 k g - i m3 4, 5, 6 
Z £g/10-4 m3 mol-1 3 
(AwlGil2MG)/10-Zkg-im3 4 
(CG*)L/10-4 m3 mol"1 5, 6 
(4*)oe/10-4 m3 mol-1 5, 6, 7 
(tg)L/10-4 m3 mol-1 

(£*)oe/10-4 ni3 mol-1 7 
[{aGx)v, (aGy)y, (aczhl/lO-1» m 8 
[(aGz)s; (oGy)S; (aG2)s]/10-10 m 9 
(c-Gx)s ((*Gy)s (aGz)s/10-30 m3 

(a» 0 W 10-sOm3 10 
(*G:t)s; («Gy)s; (*Gz)s 
[(AgGE)b; (AgGy)h; (Agfe)b]/10-4o CV-1 m2 11 
tr(AgG)b/3 • 10"4» CV-1 m2 11 
tr (AgG)L/3 • 10-4» CV-1 m2 5,6 
tr (AgG)ok/3 • 10"4» CV-1 m2 6, k 
[(AgGx)oe; (AgG3/)oe; (AgG2)oe]/10-4o CV-1 m2 6, e 
tr (AgG)oe/3 • 10"40 CV-1 m2 6, e 
(^gcWlO"30 Cm 6 
(/%G)ok/10-30Cm 6,k 
(/MgG)oe/10-3°Cm 6, e 

0.26836 0.30843 
4 - 8 3 3 - 1 3 

(17) 233.4 ± 5.4 273 ± 15 
(17) 0.5 ± 0.6 7 ± 10 
(6) 4.81 ±0.11 5.63 ± 0.31 
(6) 0.8 ± 2 - 1 3 ± 2 0 
(6) 39.33 ± 0.67 49.2 ± 1.5 
(6) 35 ± 80 200 ± 240 

(30) 4.251 ± 0.080 4.98 ± 0.23 
(19) 4.442 ± 0.090 5.20 ± 0.25 
(30) 28.50 ± 0.47 35.6 ± 1.1 
(19) 32.20 ± 0.54 40.3 ± 1.2 

3.0; 8.0; 4.5 2.2; 8.0; 4.5 
2.3; 8.4; 4.9 2.6; 8.4; 4.9 
94.7 107 

(52) 92.5 ± 2.1 108.2 ± 5.9 
(37) 0.606; 0.129; 0.265 0.574; 0.140; 0.286 (37) 

33.2; 39.7; 41.1 34.9; 51.6; 45.9 
38.0 45.3 

(28) 44.18 ± 0.83 51.8 ±2 .4 
(51) 43.31 ± 0.88 50.4 ± 2.4 
(51) 38.5; 46.0; 47.6 40.1; 59.3; 56.9 
(51) 44.1 52.1 
(28) 17.57 ± 0.29 19.74 ± 0.61 
(41) 16.4 ± 1.2 18.3 ± 1.4 
(41) 17.1 ± 1.5 18.6 ± 1.7 

k: spherical approximation, e: ellipsoidal approximation. 1. B = benzene, CH = cyclohexane, n*2(B) = 2.255 and ?i*2(CH) 
= 2.037 (at v = 18.08 • 105 m_1); the other data for the solvents are given in Table 1. 2. Investigated interval of mass frac-
tion WOG• 3. By linear regression according to given equation (including only the term linear in WOG)- 4. By regression includ-
ing the term square in WOG• 5. Given equation with n2 substituted for er, zero for //gG and other dashed quantities for the 
unmarked ones. 6. For substances I to IV, VII and VIII at v = 16.97 • 105 m"1, for V and VI at v = 18.08 • 105 m~i. 

some values for the lengths «GA (A = x, y, z) of the 
axes have to be introduced. The values («GA)I listed 
in Table 1 are estimated from known molecular data 
(bond length, bond angles and van der Waals radii 
of atoms), and they are the lengths of the smallest 
box into which the molecule could be introduced. 
As was discussed in Sect. 4.1, one may assume that 
the effective values («GA)S > which should be used for 
the calculation of the ^'s and the /g^'s are somewhat 
larger than (acA)i- With (52) modified by substitu-
tion of F*G f ° r FQG values (af<E)ok can be deter-
mined as given in Table 2. For the molecules II 
and IV to VIII these values are not much different 
from the values of the product (aGx)s(«G2/)s(«Gz)s> 
where (aGA)s = (aGA)i + 4 • 10 -11 m. For the mol-
ecules I and III one can assume that the contribution 
of solvent molecules at distances smaller than the 

lengths of the axes (corresponding to the length of 
the box) is not negligible and hence these lengths 
should be somewhat reduced. This assumption is 
particularly justified for the case of molecule I, 
where the calculation of (CIG?,)S is based on the re-
sults of electro-optical absorption measurements. It 
will be shown [16] that one of the benzene rings of 
molecule I is coplanar to the plane of the CO group, 
the other one is (nearly) perpendicular to it. There-
fore the value (aGx)s of molecule I (and III) is 
chosen equal to the value {aGX)s of molecule IV. 
With such reasonable and rather small adjust-
ments, values of («GA)S can be obtained, so that 
i^Gx)s iaGy)s («Gz)s is in rather good agreement with 
(a .̂G)ok for all solutes. These values are listed in 
Table 2, and all further calculations are based upon 
them. Their relative errors are assumed as 0.3. The 
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Ac 
III IV V VI VII VIII 
B B B CH B B 

0.26635 0.16618 0.18523 0.16923 0.59972 0.59171 
2 - 8 8 — 46 2 - 2 7 7 - 8 8 0.2 - 1.1 0.1 - 0 . 5 

230 ± 11 132.0 ± 5.0 176.8 ± 5.6 161.1 ±5 .1 507 ± 24 452 ± 30 
8 ± 12 - 2 ± 1.5 0 ± 4 0 ± 2 —2 ± 5 - 2 0 ± 40 

5.12 ± 0.80 2.50 ± 0.08 2.356 ± 0.011 2.027 ± 0.014 7.94 ± 0.36 7.2 ± 1.2 
60 ± 120 - 1 . 6 ±2 .4 - 1 ± 10 0 ± 0.3 - 5 ± 30 0 ± 40 

66.7 ± 2.1 64.2 ± 1.2 10.48 ± 0.56 5.77 ± 0.34 18.9 ± 1.2 6.3 ± 1.8 
300 ± 250 - 2 0 ± 50 60 ± 6 0 18 ± 2 0 0 ± 120 0 ± 100 

4.46 ± 0.57 2.249 ± 0.059 2.316 ± 0.022 1.935 ± 0.017 7.46 ± 0.27 6.77 ± 0.86 
4.68 ± 0.65 2.334 ± 0.066 2.330 ± 0.016 1.964 ± 0.015 7.62 ± 0.30 6.93 ± 0.97 
47.7 ± 1.5 45.60 ± 0.85 8.03 ± 0.39 4.72 ± 0.25 15.21 ± 0.85 6.1 ± 1.3 
54.2 ± 1.7 51.98 ± 0.96 8.87 ± 0.45 5.04 ± 0.28 16.48 ± 0.97 6.2 ± 1.4 

2.0; 7.4; 5.1 1.9; 3.1; 5.6 1.9; 5.0; 4.9 3.1; 3.1; 5.0 7.3; 7.3; 3.0 7.3; 7.3; 2.7 
2.3; 7.8; 5.1 2.3; 3.5; 6.0 2.3; 5.4; 5.3 3.4; 3.5; 5.4 7.7; 7.7; 3.4 7.7; 7.7; 3.1 
91.5 48.3 65.8 64.3 201.6 183.8 
91.3 ±4 .4 52.3 ± 2.0 70.1 ± 2.2 63.9 ± 2.0 201 ± 10 179 ± 12 

0.606; 0.143; 0.252 0.514; 0.319; 0.167 0.569; 0.213; 0.218 0.395; 0.382; 0.224 0.219; 0.219; 0.562 0.207; 0.207; 0.586 
26.7; 43.9; 42.5 9.9; 16.2; 22.4 19.9; 29.5; 27.2 26.3; 25.7; 34.5 86.4; 86.4; 52.8 86.4; 86.4; 52.8 
37.7 16.2 25.5 28.8 75.2 75.2 
46.4 ± 5.9 23.37 ± 0.61 24.00 4- 0.23 21.14 ±0.19 77.5 ± 2.8 70.4 ± 8.9 
44.9 ± 6.2 22.63 ± 0.64 23.77 ± 0.16 21.09 ± 0.16 77.1 ± 3.0 70.1 ± 9.8 

33.4; 54.9; 53.1 14.5; 23.8; 32.9 19.0; 28.2; 26.0 19.2; 18.8; 25.9 91.7; 91.7; 56.0 83.7; 83.7; 51.2 
47.1 23.7 24.4 21.3 79.8 72.9 

23.46 ± 0.74 23.50 ± 0.44 8.53 ± 0.41 6.16 ±0.33 9.91 ± 0.55 0 ± 1.0 
21.6 ± 1.7 21.8 ±1 .6 8.36 ± 0.52 6.01 ± 0.37 9.60 ± 0.76 0 ± 2.6 
22.4 ± 2.0 24.1 ± 1.9 9.02 ± 0.70 6.29 ± 0.60 9.6 ± 1.0 0 ± 2.6 

7. With Cm* = Ci and considering £1 dependent only on eT (for fixed values of T and p), i.e. neglect of the third term on 
the right-hand side of (19). 8. From bond length, bond angles and van der Waals radii of atoms (maximal length for mole-
cule in a box). 9. Values of length of axes used for further calculations. 10. Equation (52) but V*G substituted for VQQ" 
11. Estimated from group and bond polarizabilities. 

lack of a better estimation of {aax)& causes the es-
sential contribution to the error of the dipole mo-
ments (/Wgc)ok and {/j,gG)oe obtained with the Onsager 
model in spherical and ellipsoidal approximation, 
respectively. 

For the Onsager model in spherical approximation 
the tensors fe<? and ig in (40) are reduced to scalars, 
which can be calculated according to (32) and (33), 
respectively, and analogously i'eG and i'G. With these 
values and (C *)oe (51) can be solved for tr(Agc)ok-
Assuming again tr(agc)ok = tr(AgG)ok, (40) with 
the given value (C*)ok leads to (/ugG)ok, if the term 
dependent <£fG-EfG) is neglected, i.e. if (41) is used. 

To evaluate the data in ellipsoidal approximation, 
one has to assume that the principal axes of the 
polarizability tensor coincide with those assumed 
for the cavity, which is at least for Michler's ke-

tone (I) not necessarily the case. Furthermore, the 
principal components of the polarizability are 
needed, but usually they are unknown. To sur-
mount this difficulty, the principal components of 
the polarizability are calculated using known group 
and bond polarizabilities transformed to the direc-
tions of the principal axes. The values of (AgGA)b 
estimated with this method are listed in Table 2. 
Assuming (Ag^)oe = uo(AgGx)b and using the val-
ues of (XGA)S and (34) to (37) and (51), the value 
of the quantity UG can be determined from (C«*)oe 
and therefore also the components (AgGu)oe of the 
polarizability (Table 2). Assuming as above (agcA)oe 
= (AgGu)oe, (41) with the value of (C*)oe leads to 
the magnitude (//gc)oe of the permanent electric di-
pole moment of the isolated molecule in ellipsoidal 
approximation. 
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6. Discussion 
From the considered molecular models the theo-

retically best founded one is the extended Onsager 
model in ellipsoidal approximation. The confidence 
limit of the values of the permanent dipole moment 
(^gc)oe estimated with this model is of the order 
of 10°/o. This magnitude is caused mostly by the 
imperfect knowledge of the interaction axes of 
the ellipsoidal cavity assumed for the solute mol-
ecule. A further improvement of the data neces-
sitates an independent determination of those quan-
tities, which may be possible, for example, from the 
solvent dependence of electrochromic measurements 
as has been shown by Kriebel and Labhart [15]. 
The values of {jugG)ok obtained with the Onsager 

model based on spherical cavities, are usually 
somewhat smaller than {/ugG)oe- The values of 
{figG)L obtained with the Lorentz model (SMM) can 
be larger or smaller than those of (//gc)oe» but both 
values agree within their limits of error. The limita-
tion of the accuracy is usually not due to inaccurate 
measurements but due to the imperfection of the 
molecular models used for the evaluation of the 
macroscopic quantities and due to the poor knowl-
edge of the lengths «GA of the axes of the interaction 
ellipsoid. 
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