1592

Kazuo AMAYA

[Vol. 34, No. 11

Thermodynamical Studies on Binary Systems Consisting of Polar and
Non-polar Liquids. V. The Anomalies in the Binary Systems of Polar
Liquid with Aromatic Non-polar Liquid

By Kazuo AMAYA

(Received March 30, 1961)

In a previous paper it has been shown that
an anomalous stabilization effect exists in
those systems consisting of polar and aromatic
non-polar components. To elucidate the
cause of these phenomena, plausible explana-
tions are proposed from the molecular view
point.

Experimental Evaluation of the Anomalous
Stabilization Effect

As is stated above, the binary systems con-
taining the aromatic non-polar molecule and
polar molecule show anomalous behavior in
the heats of mixing.

First the decrease of the van Laar coefficient
a due to the anomalous effect which was

observed in aromatic non-polar solvents but
not in non-aromatic solvents, will be estimated
on reasonable assumptions.

Consider an imaginary non-polar liquid
which is normal in nature such as cyclohexane,
and its dielectric constant is the same as that
of toluene. It may be reasonable to assume that
the electrostatic part of the imaginary heat of
mixing of the above imaginary non-polar
liquid with polar liquids, if observed, would
deviate from the theoretical values calculated
for systems containing toluene in a previous
paper, to the same extent as that of the devia-
tion of the experimental value from the calc-
ulated one in the corresponding systems con-
sisting of the same polar liquid and cyclo-
hexane, because the dielectric constant of
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toluene and cyclohexane differs only slightly.
Then the van Laar coefficient due to the electro-
static part of imaginary heat of mixing may be
estimated according to the following expression
by the use of a', and af,. for the cyclo-
hexane-polar liquid system and the atl,., for
the toluene-polar liquid system.

1 — el el 1
Qobs = Alos” X catea / Aecated ¢y
where af! = is the van Laar coefficient for an

imaginary binary system mentioned above.
The results obtained are shown in Table I.

TABLE I. VAN LAAR COEFFICIENT DUE TO STABILI-

ZATION ENERGY @gtah AND THE VALUES OF STABILI-

ZATION ENERGY 4dEg,, IN THE SYSTEMS COMPOSED
OF POLAR LIQUID AND TOLUENE

Astabh =
System Vs a¢! el _ o1 dEsap
Fobs™ 1 joul./
joul./cc. joul./ce. mol.
1.0 4.16 — 8.5 0
Chlorobenzene 0.75 5.76 —10.1 196
—Toluene 0.50 7.18 —12.1 319
0.25 8.57 —13.6 269
0 10.07 —15.2 0
1.0 5.54 — 8.6 0
Bromobenzene 0.75 7.73 —11.0 218
—Toluene 0.50 9.59 —13.1 348
0.25 11.37 —15.0 299
0 12.28 —16.0 0
1.0 23.07 —-22.0
Benzonitrile 0.75 24.44 —23.9 467
—Toluene 0.50 30.88 —30.9 812
0.25 42.52 —42.3 840
0 55.87 —53.4 0
1.0 33.60 —23.1 0
Nitrobenzene 0.75 37.00 —27.4 533
—Toluene 0.50 37.63 —29.1 762
0.25 44.13 —36.2 718
0 64.95 —51.8 0
1.0 9.95 —17.3 0
n-Butylchloride 0.75 11.60 —19.4 384
—Toluene 0.50 13.64 —21.3 565
0.25 15.75 —24.5 488
0 18.20 —26.9 0
1.0 32.29 —38.8 0
n-Butylcyanide 0.75 33.45 —40.6 808
—Toluene 0.50 37.54 —45.5 1210
0.25 45.25 —53.4 1067
0 50.26 —55.0 0
1.0 28.92 —51.4 0
Cyclohexanone 0.75 28.48 —51.0 1003
—Toluene 0.50 32.34 —55.2 1456
0.25 41.15 —64.6 1286
0 46.61 —66.6 0
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These values would be the corresponding
electrostatic part of the van Laar coefficient
for heats of mixing of toluene and the polar
liquids if toluene were normal in nature as
cyclohexane is, and do not show any anomalous
behavior. The difference between such
apparent values and the observed values may
be considered to be the contribution from the
anomalous effect. The part of the contribution
of the anomalous effect to the van Laar coef-
ficient asiap thus obtained are also shown in
the same table together with the stabilization
energy per mole of the solution. It is seen
that as.p is dependent on the concentration.

The Origin of the Anomalous
Stabilization Effect

The Anisotropy of the Aromatic Non-polar
Molecules.—If an anisotropic non-polar mole-
cule is placed in an electric field, it tends to
orient its most polarizable axis to be parallel
to the direction of the electric field. In a
region near the polar molecule, a strong electric
field is produced arouud it and hence aromatic
molecules in this region would tend to orient
their most polarizable axis along the direction
of the electric field. Then the effective dielec-
tric constant of this region increases somewhat
more than the original macroscopic value, the
extent of which depends on the anisotropy of
the non-polar molecule and the magnitude of
the dipole moment of the polar molecule.

The increase of the dielectric constant of the
non-polar liquid makes the calculated values of
the van Laar coefficient decrease as is seen
from the above results that the calculated
values of the electrostatic part of the van Laar
coefficient agl,, for tolune-polar liquid
system is an amount of 80~90% of those for
the corresponding system of cyclohexane-polar
liquid. Anisotropy constants for benzene and
toluene are reproduced for reference from the
literature :

a;=123.1

a=1032

for benzene {a:=123.1 11193
as= 635

a=1564 Z_1226

for toluene {a;=136.6 11276
as= 748 “

If we suppose that the non-polar molecules
given above orient their most polarizable axis
completely along the direction of the electric
field produced by the polar molecule, the effec-
tive dielectric constant may be increased from
2.366 of toluene to about 3.

The values calculated with the values of 3
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for the dielectric constant of non-polar liquid
indicate the maximum contribution of this
effect. In actual cases, however, the orienta-
tion of the non-polar molecule along the di-
rection of the electric field is disturbed by
thermal agitation and the effective dielectric
constant may be less than 3.

The orientational effect in the solution con-
sisting of anisotropic non-polar molecules ac-
companying the increase of effective dielectric
constant in the region of small x; would make
the values of afl,, smaller than before.

But with this consideration alone it is im-
possible to make the values of a®' negative
and also to explain the concentration de-
pendence of asiav.

The Addition Stabilizing Effect due to
Orientation of Anisotropic Non-polar Molecules
in an Electric Field.—The molecules of toluene
and benzene are somewhat anisotropic, and
when they are placed in a strong electric field,
they tend to orient their most polarizable axis
in the direction of the applied electric field.
In the gaseous state this effect results in the
increase of polarizability, and hence somewhat
stabilizes the molecules. But this effect makes
little contribution as was explained above.

In the liquid state, however, molecules
interact with each other, and if we are ad-
mitted to assume the orientation of these
molecules increases the intermolecular interac-
tion energy, these stabilizing effects may be
explained consistently.

Anisotropic non-polar molecules near a polar
molecule are in a more ordered state than
those far from the polar molecule because of
the strong dipolar field of the latter. It may
be reasonable to assume that in a region near
the dipolar molecule, anisotropic non-polar
molecules stick together more or less as they
do in their solid state and the degree or the
extent of the orientation depends on the
magnitude of the dipolar field.

Let us consider an anisotropic non-polar
molecule whose polarizabilities along three
principal axes x, y and z are ax, ay and a,
respectively.

When this molecule is placed in an electric
field F, then the electrostatic energy of the
molecule, E is expressed as

1
E= _.2.'_(51': cos? 9#: + ay cos? 6F¥ + a; cos? 6‘") F?

2
where fpx, 0y and 6y, denote the angles be-
tween the direction of the electric field and
each principal x, y and z axis respectively.

For simplicity, assuming that

dx=Aay (3)
the electrostatic energy E is given by
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E=— ; (atz OS2 Opz+ ax SIN? Opz) F?
1 2 2 (4)
=— -2--{ (a;— ax)cos? Opz+ ax}F
then
oStz

2 1
Zfo f ’cosz Oz eXp [——{(a,—ax)coszﬁpﬁax}
=/eJo 2

X (Fﬂ/kn} -§in Opadfude

fo fzrexp [ﬂl'I{fxz_ax)coSzam‘-“ﬂ'x}
=/2v 0 2
X (Fe;kr)]sin 0,240,100

fo cos® Ip, exp [;— (az—ax) (F2cos? ﬂpz;’kT)]
- Xsin0pdlpn
= 2
f ’ exp L; (arz— ax) F? cos® ap,/kTJ -sin Gpzdfp;

=/2
(5)

Putting cos®0=x, and 1/2-(a,—ax) F*/kT=a,
then the above expression becomes

1 [ x a1
2a0.2? [ == gaz? 'I
Xc=— =

1 1
f e®**dx f er**dx
(1] o

As the integration in the denominater,

eaz’dx can not be expressed in a simple

formula, the integrand is expanded in a power
series, and is integrated, and then the following
expression is obtained

a’xt  a'x®
fe“”dx=f(l+ax2—1—-i!—'+ 3 !—-{---- dx

347

a _, ax*  ax' 7)

=x+ gty oy Tyt

For extreme cases of a<l and a?l., the
following approximate formula are obtained.

For a1

1 a a
er*’dx=1+4" i s L (8)
) 10
M x i 1 1 a
SRR L ©
|24 © _%0 2a 2 4

1
= +——a-+ (10)
2a 3
Then
cos? Op= L Lago amn
€os"m= 37 90
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For a>1, cos®@,; tend to unity.

For the molecule with a,>ax=ay, cos*0p;
tends to 1/3 as a approaches to zero, and to
1 as it approaches to infinite. For the mole-
cule a,<ay=ay, cos’f,, tends to 1/3 as a
approaches to zero and to 0 as it approaches
to infinite. L

As the value of cos®#,, varies with the order
of the molecular arrangement, it may be
reasonable to define an order parameter as

s=(cos?fa—1/3)/(1—-1/3) for a.>ax (12)
and
5= (1/3—cos? ) /1/3 for a,<ax (13)

s is proportional to a for small values of a
and tends to approach to 1 for large values of
a like the Langevin function. It may reason-
ably be assumed that the stabilization energy
due to orientation of the anisotropic non-polar
molecules is proportional to s and as a result
it may be saturated in a strong electric field
corresponding to a great value of a.

Now, the order of magnitude of a for actual
cases will be considered. For the values of
(a;—az) the value=60x10-%5 cc. per molecule
of toluene is taken, and for F, if the values
of an electric field at a distance of 3A from a
point dipole of 1D is taken, the value of F is
3.7x10%e.s. u., there a for T=300°K becomes
0.05 for 1D, and 0.82 for 4D. For chloroben-
zene a is about 0.15 and for nitrobenzene this
value is about 0.8.

Now, let us consider the order of magnitude
of this effect. Since this effect is cooperative
with respect to an aromatic non-polar molecule,
it is natural that the contribution from this
effect vanishes in a limit at zero concentration
of aromatic non-polar component. Then it
may be resonable to attribute the concentra-
tion dependent part of as.n to this effect.

At infinite dilution of polar liquids, this
stabilization energy per mole of polar liquid is
from about 700 to 3200 joul.

On the other hand, heats of fusion, which
may be considered to be a measure of orienta-
tional energy for benzene and toluene are
about 9840 joul. and 6620 joul. per mole,
respectively. As one polar molecule is sur-
rounded by several of the nearest neighboring
non-polar molecules at infinite dilution, a
slight extent of ordered state in the group of
molecules is possible to introduce considerable
stabilization energy to their systems. Therefore,
the magnitude of the above values of stabilizing
energy seems to be not unreasonable as the
contribution from this effect.

The stabilization energy of toluene at an
infinite dilution of the polar molecule caused
by 1 mol. of polar molecule is plotted against
u#* in Fig. 1,
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Fig. 1. Concentration dependent part of

stabilization energy per mole of polar
components at infinite dilution in toluene
plotted against square of dipole moment
of the polar molecules.
1. Chlorobenzene 5.
2. Bromobenzene 6.
3. n-Butylchloride 7.
4. Cyclohexanone

n-Butylcyanide
Nitrobenzene
Benzonitrile

It is seen from the figure that the saturation
effect is only slightly observed as the theory
predicts. This fact makes the above explana-
tion plausible. As for a concentration inde-
pendent part of asi.an, further investigations
will be necessary.

Summary

The anomalous stabilization energy for the
systems containing polar and aromatic non-
polar liquids was evaluated on reasonable
assumptions. The van Laar coefficient due to
this stabilizing effect was found to be dependent
on the concentration. The stabilization effect
corresponding to the concentration dependent
part of the van Laar coefficient was explained
by the cooperative orientation of aromatic non-
polar molecules around the polar molecules.
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