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 In the previous paper it has been shown 
that in the systems containing non-aromatic 
non-polar components, the increase of van 
Laar coefficient with the decrease of the con-
centration of the polar component may be due 
to its dipole moment and that a kind of 
stabilizing effect exists in the systems contain-
ing aromatic non-polar components. In order 
to confirm the fact that such a variation of 
the van Laar coefficient with concentration in 
the former group of the systems is due to the 
dipoles of the polar components and to eluci-
date the cause of the stabilization effect in 
the latter group of the systems, theoretical 
formulas based on Onsager's model of polar 
liquids are derived to explain the electrostatic 
part of the excess thermodynamic quantities 
due only to the dipole of the polar component, 
by neglecting the effect of higher multipoles 
for a binary system of polar and non-polar 
liquids, and are applied to the actual systems 
for which the heats of mixing were measured. 

Derivation of Theoretical Expressions 

 In deriving the expressions of the electro-
static part of the thermodynamic excess func-
tions due only to the dipole of the polar compo-
nent for a binary system of polar and non-polar 
liquids, the following assumptions are made 
according to Onsagerl): 

 1) The polar molecules is spherical. 
 2) The dipole is a point dipole and is 

located at the center of the molecule. 
 3) The medium surrounding the polar mole-

cule is a continuous one having macroscopic 
isotropic dielectric constant. 

 4) The polarizability of the polar molecule 
is isotropic. 
 Then further the following assumption is 

imposed: 
 5) There is no volume change on mixing.
Ifamolecule of dipole moment μ and of

polarizability a is placed at a cavity of radius

ain a medium of dielectric constant e, the

reaction field R due to the dielectric is

(1)

where g is given by

(2)

 The electrostatic work w required for the

formation of a dipoleμ in the medium is

eiven by

(3)

 Then according to Barker2), the electrostatic 

part of the free energy of mixing FEel, which 
is equal to GEel for a condensed system, for 

1 mol. of a binary mixture in which the two 

components have the same molecular size and

polarizability but different dipole momentsμ1

and uz, is given by

(4)

where NA is the Avogadro Number, x, and x2 

denote the mole fraction of the components 1 

and 2 respectively. For a binary solution in 

which one component is polar and the other 

is non-polar, the electrostatic part of the free 

energy of mixing is given by

(5)

where u denotes the dipole moment of the

polar molecule, and x2 the mole fraction of 
the polar component in the solution. 

 Then other thermodynamic functions may 

be derived from the well-known thermodynamic 

relations:

1) L. Onsager. J. Am. Chem. Soc., 58, 1486 (1936). 2) J. A. Barker, Proc. Roy. Soc., A219, 367 (1953).
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and the following expressions are obtained.

(6)

(7)

where

(8)

and

(9)

If the polarizability a of the polar molecule

is expressed by

(10)

where N is the number of polar molecules in 

a unit volume of the pure liquid and n2 is 

the refractive index of the polar liquid, and 

the molar volume of the polar molecule, VM

is taken as 4/3.πNAa3. Then g is expressed as

(11)

For 1 mol. of solution the above quantities are 

given as follows.

(12)

(13)

(14)

where A(x2) is given by

(15)

which is easily derived by taking the logarithm 

of g and differentiating it with temperature. 

In the above expressions the following nota-

tions are used:

e(xz): the dielectric constant of the solution

in which the mole fraction of the polar com-
ponent is x2, 
 n2: the refractive index of the polar liquid, 

NA: Avogadro's number, 
VM: the molar volume of the polar liquid, 

and 
T: absolute temperature. 

 The Application of the Theory to the 
Actual Systems 

 The Necessary Data for the Calculation.-In 
applying the theory to the actual systems, it 
is necessary to have the numerical values of 
the following quantities: 

 1) the thermal expansion coefficient of the 
polar liquid, 

 2) the dielectric constant of the pure polar
liquid, ε2,

3) the temperature dependence of εz, dε2/dT,

4) the refractive index of the pure polar

liquid, n2,

5) the temperature dependence of n2, dn2/d T,

6) the density of the pure polar liquid, d,

7) the dipole moments of the polar com-

ponent ln vacuum,μ,

8) the dielectric constant of the solution,

Eiz, and

9)the temperature dependence of ε12,dε12/dT.

 It is preferable to use the values of these 
constants which are determined experimentally, 
but unfortunately they are not available for 
all the systems considered in this experiment. 
In fact, for 1, 2, 4, 6 and 7 the values are 
available for all the components, but for 3 
and 5 the values are only partly available 
and for 8 and 9 none of the values are avail-
able for all the systems. For those which are 
not available in the literature, they are derived 
from the relevant values on reasonable assump-
tions or the experimental rules as described 
in the following. 
 The Derivation of the Values of the Quanti-

ties which are not Available in the Literature. 
-(1) The temperature dependence of the di-
electric constant of the polar liquid. Accord-
ing to Onsager, the dielectric constant of a
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TABLE I. PHYSICAL CONSTANTS OF THE COMPONENTS USED FOR THE CALCULATION

* Calculated according to the formula 16. 
** Kindly measured by Mrs . K. Sasaki of this Institute.

TABLE II. THE CALCULATED VALUES OF THE ELECTROSTATIC PART OF THERMODYNAMIC 

 EXCESS FUNCTIONS FOR BINARY SYSTEMS CONTAINING POLAR AND NON-AROMATIC 

NON-POLAR COMPONENTS
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TABLE II. (Continued)
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TABLE III. THE CALCULATED VALUES OF THE ELECTROSTATIC PART OF THERMODYNAMIC 

EXCESS FUNCTIONS FOR BINARY SYSTEMS CONTAINING POLAR AND AROMATIC 

 NON-POLAR COMPONENTS
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polar liquid ε2 is related to temperature as

(16)

By assuming that t-he dipole momentμof the

polar molecule is independent of temperature, 
we obtain the following expression, by taking 

the logarithm of both sides of the formula 16 

and differentiating it with the temperature:

(17)

where 1,N.•dN/dT is the thermal expansion 
coefficient of the polar liquid reversed in sign. 
All the values in the above expression are
available except dε2,/dT. Then the values of

dsz,idT can be derived by the relevant values

such asε2, n2, dn2/d T,Tand the thermal

expansion coefficient. 
(2) The temperature dependence of the re-

fractive index of the liquid. The refractive 
index n of a liquid can annroximately be ex-
pressed as (n2-1)/(n2+2).1/ρ=const. where

pis the density of the liquid. Differentiating

it with temperature, we obtain

(18)

1/ρ.dρi-dT is the thermal expansion coefTicient

of the liquid reversed in sign. Then we can 
derive the values of do/dT from the refractive 
index and the thermal expansion coefficient of 
the liquid. 

 (3) The dielectric constant of the solution, 
612. According to Onsager, the dielectric con-
stant of a binary solution of polar and non-
polar liquid is expressed as

(19)

where z,2 is the volume fraction of the polar
components.
By replacing fey in the above expression with

(20)

which is obtained from Onsager's expression 

of the dielectric constant for a pure polar 

liquid, we obtain3)

Fig. 1. Gera'Ld vs. mol. fraction. 
 1. Chlorobenzene-Cyclohexane 
 2. n-Butylchloride-Cyclohexane 
 3. Diethyl ketone-Cyclohexane 
 4. Cyclohexanone-Cyclohexane 
 5. Nitrobenzene-Cyclohexane 
 6. Benzonitrile-Cyclohexane

Fig. 2. H,1,0,1,,, vs. mol. fraction. 

1. Chlorobenzene-Cyclohexane 
 2. n-Butylchloride-Cyclohexane 

 3. Diethyl ketone-Cyclohexane 
 4. Cyclohexanone-Cyclohexane 

 5. Nitrobenzene-Cyclohexane 
 6. Benzonitrile--Cyclohexane

 3) T. Hanai, N. Koizumi and R. Goto, J. Chem. Soc. 
Japan, Pure Chem. Sec. (Nippon Kagaku Zasshi), 80, 17 
(1959).
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Fig. 3. TSEelcalcd vs. mol. fraction. 

 1. Chlorobenzene-Cyclohexane 
 2. n-Butylchloride-Cyclohexane 
 3. Diethyl ketone-Cyclohexane 

 4. Cyclohexanone-Cyclohexane 

 5. Nitrobenzene-Cyclohexane 
 6. Benzonitrile-Cyclohexane

(21)

where ei and nl are the dielectric constant and

refractive index of the non-polar liquid respec-

tively, other notation being the same as those

already described. All the values in the above

expression 21 are known except eiz and v,.

The dielectric constant of the solution eiz can

be calculated from the expression 21 for any

given values of concentration v2.

(4) The temperature dependence of sit,

dε12,/dT. It is approximated by a weighted

mean such as

(22)

de,/dT is the temperature dependence of the

dielectric constant of the non-polar liquid. If

dε1/dT is not available, it is derived by using

the following expression

(23)

TABLE IV. THE ELECTROSTATIC PART OF VAN LAAR COEFFIClENTS,  αelcalcd  CALCULATED

ACCORDING TO ONSAGER'S MODEL FOR BINARY SYSTEMS CONSISTING OF POLAR 

AND NON-AROMATIC NON-POLAR MOLECULES
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TABLE IV. (Continued)
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TABLE V. THE ELECTROSTATIC PART OF VAN LAAR COEFFIClENTS, αelc
alcd

 CALCULATED

ACCORDING TO ONSAGER'S MODEL FOR BINARY SYSTEMS CONSISTING OF POLAR 

AND AROMATIC NON-POLAR MOLECULES
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 By differentiation with temperature, we 

obtain

(24)

which can be calculated from the values of s,

and the thermal expansion coefficient of the 

non-polar liquid. 

 The values used for the calculations are 

shown in Table I.

The Results and Discussions 

 The calculation is carried out for the systems 
for which the heats of mixing were measured. 
For the systems where toluene is the non-
polar component, it is assumed that the dipole-
moment of toluene is zero. No serious dif-
ference occurs even if the finite value of its 
dipole moment is taken into account (the dif-
ference being only 4% at most). The results 
obtained are shown in Tables II and III and 
some of them are shown in Figs. 1-3. 
 As is seen from the above tables, the electro-
static part of the excess free energy and the 
excess enthalpy of mixing for the above systems 
derived on the Onsager model, are all positive 
over all the concentrations and the quantities 
for 1 mol. of mixture deviate from the parabola 
expressed by Kx2(1-x2), where K is a constant 
and x2 is the mole fraction of the polar com-
ponents. The larger the dipole moments of the 
polar components are, the larger are the devia-
tions and the larger the shift of xmax, xmax 
designating the concentration where these 
quantities are maximum. 
 The electrostatic part of the excess entropy 

of mixing for 1 mol. of the mixture shows a 
specific behavior. For the systems containing 
polar components of small dipole moments, 
they are positive over the whole concentration, 
but for those of large dipole moments, the 
values are negative over the range of larger 
values of x2, and rapidly increase and take 
very large positive values as x2 decreases. 

It is naturally expected that these values do 
not differ so much if the non-polar component, 
cyclohexane, is replaced by toluene, because of 
the similar dielectric constant, since according 
to the assumption of the theory the values are 
the function of dielectric constant only.

The calculated values of the electrostatic

part of van Laar coefficientsα εelcalcd were also

ca1cu1ated by the relation:elacalcd=HEelcalcd/vz(1-

vz).V, where V is the molar volume of the mix-

ture. They are shown in Tables IV and V.

It is seen from the results that the values

ofα εfelcalare positive and increase with the

decrease of concentration xz of polar compo-

nent, and the larger the dipole moments, the

larger the values of elacalcd as well as their
variations with concentration.

Summary 

 The electrostatic part of the excess functions 

for 21 binary systems consisting of polar and 

non-polar liquids were calculated according to 

Onsager's model. The electrostatic part of the 

excess free energy and excess enthalpy are 

positive over all the concentrations for all of 

these systems and these quantities are unsym-

metric with regard to the mole fractions•~

against the value at the point x=0.5. 

 The concentrations xmaX where these quanti-

ties have maximum values, shift to a lower 

concentration of polar component. The larger 

the dipole moment of the polar components, 

the larger the maximum values and the shifts 

are. The electrostatic part of excess entropies 

have positive values over the whole concentra-

tion for systems consisting of a polar compo-

nent of small dipole moment, but for those 

consisting of one with a larger dipole moment, 

these quantities take negative values for a high 

concentration of polar component, but take 

positive values for a low concentration range. 

The electrostatic part of van Laar coefficients is 

also calculated and these values increase with 

the decrease of concentration of polar compo-

nent. 
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