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Excess molar polarization in the binary mixture of polar solutes (acetic acid, n-tributyl phosphate) in non-
polar solvents (benzene, tetrachloromethane, p-xylene) is evaluated with the help of our proposed equation.
The results have been compared with those obtained from a previously proposed equation. It is observed
that our proposed equation is more accurate to interpret the liquid structure and molecular association
in the binary liquid mixtures.
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INTRODUCTION

Evaluation and analysis of excess molar polarization [1,2] is useful in the interpretation
of molecular association and liquid structure of the liquid mixture. Although the theo-
retical treatment suggested by Longuet-Higgins [3] is found useful in the interpretation
of liquid structure involving weak interactions, it has its own limitation of not being
applicable to hydrogen bonded systems, due to the indistinguishability of the long
range force from that of the short-range one. In view of this limitation, experimental
measurement of excess thermodynamic functions using dielectric properties of liquids
is found useful. These excess thermodynamic functions depends on the polarization
process in the liquid mixture which arises due to different alignment of molecular
dipoles in liquid mixture. Earlier many [4–6] have evaluated the excess molar polariza-
tion in the binary mixtures of polar liquids. In this paper we propose an expression for
the excess molar polarization of binary mixture of polar and nonpolar liquids to study
liquid structure.
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THEORY

Utilizing the concept of structural correlation in the statistical theory of Ramshaw [7]
and Wertheim [8], Winkelmann and Quitzsch [9] have developed an expression for the
correlation factor for the binary mixture of polar liquids.

For the binary system where one component is nonpolar, the correlation factor for
the mixture is given by [10]

gm ¼
9kT

4�N�gBXB

ð2�m þ �1BÞ
2

ð�1B þ 2Þ2ð2�m þ 1Þ

� V
�m � 1

�m
�
3XAVAð�A � 1Þ

ð2�m þ �AÞ
�
3XBVBð�1B � 1Þ

2�m þ �1B

� �
ð1Þ

where A and B represent the nonpolar and polar liquids respectively, XA and XB

denote the mole fractions of nonpolar liquid respectively, V, VA, VB denote the
molar volumes of mixture, nonpolar liquid and polar liquid respectively, "m, "A
denote the relative permittivities of mixture and nonpolar liquid respectively, �1B

is the square of the refractive index, �gB is the gas phase dipole moment of polar
liquid, k is Boltzmann constant, T is temperature in Kelvin, N is Avogadro’s number.

Winkelmann and Quitzsch [11] have developed the expression for polarization in
the binary mixture of polar liquids considering the macroscopic reaction field model
from Onsager dielectric continuum theory [12] utilizing the concept of correlation
factor.

Pm ¼
�m

�m þ 2

X
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(
þ
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2
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þ
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9kT
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�
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where A and B refer to the molecules of variety A and B, grr represents the correlation
factor between the molecules A–A and B–B molecules and gAB represents the mutual
correlation factor between molecules A and B.

Swain et al. [13] have modified Eq. (2) for the binary mixture of polar and nonpolar
liquids assuming the dipole moment of nonpolar liquid in the binary mixture becomes
zero and �1A � �A at high frequency range. Eq. (2) can be expressed as

Pm:I ¼
�m

�m þ 2
3XAVA

ð�A � 1Þ

ð2�M þ �AÞ
þ 3XBVB

ð�1B � 1Þ

ð2�m þ �1BÞ

�

þ
ð�1B þ 2Þ2ð2�m þ 1Þ

ð2�m þ �1BÞ
2

XB�
2
gBgBB4�N

9kT

)
ð3Þ

The Eq. (3) represents the polarization due to long range interaction among the similar
molecules. The third term in Eq. (3) contains the correlation factor (gBB) of pure polar
liquid. But in reality the situation is different. We have observed in Table I, the value of
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TABLE I Valuation of "m, gm, �Pm.I and �Pm.II with mole fraction of acetic acid in nonpolar solvents
at 303.16K

Mole fraction of
acetic acid XB

Relative
permittivity
of mixture �m

Correlation
factor of
mixture gm

�Pm.I in
cm3 mol�1

�Pm.II in
cm3 mol�1

(a) Acetic acidþbenzene
0.088 2.298 0.17 1.169 � 2.262
0.130 2.332 0.20 1.711 � 3.042
0.162 2.382 0.25 2.089 � 3.169
0.190 2.410 0.26 2.453 � 3.563
0.250 2.505 0.30 3.191 � 3.914
0.304 2.762 0.40 3.536 � 2.572
0.440 3.110 0.47 4.897 � 1.435
0.600 3.603 0.49 6.004 � 1.382
0.710 4.050 0.51 6.092 � 1.320

(b) Acetic acidþ tetrachloromethane
0.100 2.195 0.01 1.431 � 3.769
0.180 2.260 0.10 2.498 � 5.605
0.300 2.540 0.33 3.780 � 3.994
0.360 2.663 0.36 4.492 � 3.954
0.450 2.900 0.40 5.438 � 3.620
0.530 3.235 0.46 5.881 � 2.055
0.610 3.610 0.51 6.008 � 0.464
0.680 4.060 0.56 5.613 � 0.296

(c) Acetic acidþ p-xylene
0.086 2.450 � 0.20 0.592 � 5.485
0.106 2.430 � 0.29 1.032 � 7.245
0.157 2.435 � 0.08 1.713 � 7.779
0.220 2.539 0.13 2.407 � 8.032
0.306 2.597 0.17 3.612 � 8.502
0.373 2.832 0.33 4.088 � 5.650
0.470 3.277 0.50 4.366 � 1.060

(d) TBPþ benzene
0.076 2.873 0.82 3.594 0.632
0.124 3.334 0.93 9.089 1.972
0.180 3.805 0.98 11.047 2.606
0.248 4.385 1.05 11.940 3.457
0.331 5.081 1.13 11.412 4.199
0.435 5.750 1.18 10.551 3.911
0.569 6.436 1.21 8.882 3.624
0.748 7.283 1.28 4.525 3.012

(e) TBPþ tetrachloromethane
0.050 2.815 1.11 3.904 2.335
0.082 3.303 1.16 4.955 4.721
0.133 3.680 1.21 7.552 5.771
0.193 4.138 1.17 9.432 5.899
0.264 4.540 1.12 12.192 5.739
0.349 5.041 1.13 12.420 4.856
0.455 5.732 1.18 11.259 4.824
0.588 6.540 1.24 8.137 4.306
0.763 7.298 1.28 4.488 2.946

(f ) TBPþ p-xylene
0.060 2.744 1.23 5.005 4.226
0.080 3.000 1.18 5.771 4.320
0.109 3.190 1.12 6.685 3.844
0.150 3.360 1.00 10.434 3.475
0.218 3.750 0.99 13.475 3.506
0.300 4.150 0.97 16.421 2.498
0.450 5.050 1.05 16.899 2.628
0.570 5.680 1.09 15.873 1.678
0.700 6.400 1.15 12.472 0.912
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correlation factor of pure polar solute in nonpolar solvent does not remain constant
with the change of concentration of the polar solute. This might be due to the
short range interaction between polar and induced nonpolar molecules in the binary
mixture which in turn affect the nature of molecular orientation of dipoles and
induced dipoles. Considering this effect, we have proposed an expression for the
molar polarization in the binary mixture of polar and nonpolar liquids by substitut-
ing gm in place of gBB. Hence Eq. (3) can be modified as

Pm:II ¼
�m

�m þ 2
3XAVA

�A � 1

2�M þ A
þ 3XBVB

�1B � 1

2�m þ �1B

�

þ
4�N�2

gBXBgm

9kT

ð�1B þ 2Þ2ð2�m þ 1Þ

ð2�m þ �1BÞ
2

)
ð4Þ

When a binary mixture is formed, the expected properties such as thermodynamic
parameters, dielectric properties and refractive index do not vary linearly [14]. So the
deviation of these parameters from the linear behaviour termed as excess parameters
is considered to be very important to study the nature of cluster formation [15] in
the mixture. We intend to evaluate the excess molar polarization using the Eqs. (3)
and (4).

�Pmr ¼ Pmr �
X
i¼A,B

XiPi ð5Þ

where, r¼ I, II where �Pmr is excess molar polarization of the mixture, Pi is the molar
polarization of components of the mixture.

EXPERIMENTAL

The chemicals used were of analytical grade and of reputed make and redistilled before
use. The experimental arrangement used for measurement of relative permittivity,
refractive index, density etc. is the same as that used by Ray et al. [16] and the
reproducibility of the experimental measurements is also same.

RESULTS AND DISCUSSION

We have evaluated gm, �Pm.I cm
3mol�1 and �Pm.II cm

3mol�1 of binary mixtures of
polar solute (acetic acid, tri-butyl-phosphate) in nonpolar solvent (benzene, tetrachloro-
methane, p-xylene) at 303.16K from the experimental data using the dielectric probe.
The results of gm, �Pm.I and �Pm.II have been presented in Table I.

We have observed in Table I, the correlation factor (gm) of the binary mixtures
increases with the increase of the mole fraction of polar solute in the solution. In
case of binary mixtures containing acetic acid, the value of gm is smaller than the
mixture containing TBP. This indicates that the correlation of acetic acid molecules
is less than TBP molecules in the solution. This result confirms the experimental
results (i.e. the correlation factor of acetic acid is 0.65 and that of TBP is 1.3
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at 303.16K). Then we have made a comparative study between the excess molar
polarization �Pm.I using Eq. (3) and �Pm.II using Eq. (4). We have observed that
�Pm.I remains positive in all the mixtures, whereas �Pm.II becomes negative in
the binary mixtures of acetic acid in nonpolar solvents and becomes positive in
the binary mixtures of TBP in nonpolar solvents. The results obtained from
�Pm.II fairly agree with actual dynamic association of the polar molecules in the
nonpolar solvents. Acetic acid is a nonassociated liquid as its correlation factor
is smaller than unity and TBP is an associated liquid as its correlation factor is
greater than unity [17]. Thus acetic acid in the solution favours the formation of
�-multimers (antiparallel orientation of the molecular dipoles) and makes the
excess molar polarization negative. But TBP due to its associated character favours
the formation of �-multimers (parallel alignment of molecular dipoles) and makes
the excess molar polarization positive.

We have also observed that �Pm.I increases above the 0.5mole fraction of polar
solute and then decreases. But in case of �Pm.II, the magnitude of �Pm.II increases
in the lower concentration of polar solute and attains maximas in the region of
0.2–0.35mole fraction of polar solute in the solution and then decreases with the
increase of polar solute in the mixture. While studying the spontaneous polarization
in a binary mixture of polar–nonpolar liquids in the dielectric relaxation region,
Patapov [18] has found that in a dilute solution the effective dipole moment of
the molecules becomes five to six orders greater than the average isotropic
dipole moment of the molecules. Thus the maxima or minima of �Pm.II in the
lower concentration region of polar solute proves the correctness of our proposed
equation for excess molar polarization (�Pm.II). We have also observed that the mini-
mas of �Pm.II in the binary mixture of acetic acid in nonpolar solvents are in the
order p-xylene> tetrachloromethane>benzene. It is due to the fact [19] that –CH3

group of p-xylene, being an electron pusher interacts maximum and forms more
�-clusters (antiparallel alignment of the molecular dipoles in the mixture). The
tetrahedral structure of tetrachloromethane favours formations of �-clusters due
to the interaction between polar acetic acid and induced tetrachloromethane
molecules. Relatively less interaction in case of benzene with acetic acid is probably
due to the presence of aromatic ring in benzene molecule. Thus the minima of
excess molar polarization is least in case of binary mixture of acetic acid and
benzene. The excess molar polarization depends on the polarization effect due to
the interaction between the polar–polar molecules and polar-induced nonpolar
molecules. Thus with the increase of concentration polar acetic acid, the interaction
between the polar molecules plays the predominant roles and formation of more
�-cluster reduces the negative of the �Pm.II.

TBP is a mildly associated liquid. In solution TBP can remain in either a wood-pile
(Fig. 1(a)) or head–tail (Fig. 1(b)) arrangement [20]. In the lower concentration region
of TBP in solution, more TBP molecules in the mixtures favour the formation of a
head–tail structure which in turn form more �-clusters. Thus �Pm.II has the maxima
in the lower concentration region of TBP in solution. With the increase of mole fraction
of TBP in solution wood-pile structure of TBP results in formation �-clusters, thus
reducing the magnitude of �Pm.II. The maxima of �Pm.II in the binary mixtures of
TBP in nonpolar solvents is in the order tetrachloromethane> p-xylene>benzene.
In case of TBPþCCl4, the interaction between oxygen atom of phosphoryl group
with chlorine atom of tetrachloromethane due to its high electronegativity favours
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the formation of more head–tail arrangement of TBP in solution. In case of p-xylene,
greater delocalisation found in benzene ring through the hyperconjugative effect of
–CH3 group is a possible factor for reinforcing greater angular correlation with TBP
molecules, thus forming more �-clusters. But in the case of benzene, the situation is
different. When the concentration of TBP is less, the scarce TBP molecules are
surrounded by a cage of nonpolar aromatic benzene molecules. The isolated TBP
molecules, therefore, fail to establish correlation among themselves of their own.
Also the solvent molecules do not help in reinforcing angular correlation. Thus
maxima of �Pm.II in case of binary mixture of TBPþ benzene is least and
TBPþ tetrachloromethane is greatest. Thus our proposed equation for excess molar
polarization in the binary mixture of polar and nonpolar liquids appears to explain
satisfactorily the liquid structures in the solution.
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