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Excess Volume and Excess Polarizabllity during Mixing of Binary

Solvents
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Refractive-index and density data are presented for 10
binary solvent mixtures comprising benzene,
chlorobenzene, bromobenzene, toluens, acetophonone,
dimethyl sulfoxide, carbon tetrachloride, and water. All of
these data were collected at 20 °C over the entire
composlition ranges of the mixtures. Previously developed
relations for the excess volume and excess polarizabiiity
of mixing were employed to analyze the binary data.

Introduction

In an earlier study (7-3), we measured the hydrodynamic
properties of binary soivent mixtures. In this study, as part of
a general program to pursue our investigation of the properties
of binary mixtures, we have undertaken an extensive investi-
gation of the measurement of refractive index at three different
wavelengths (589, 546, and 436 nm) and density at 20 °C as
a function of composition of the mixtures. The 10 binary mix-
tures studied were benzene (1)-acetophenone (2), bromo-
benzene (1)-acetophenone (2), acetophenone (1)-chloro-
benzene (2), acetophenone (1)-toluene (2), dimethy! suifoxide
(1)-bromobenzene (2), water (1)-dimethyl sulfoxide (2), benzene
(1)-chlorobenzene (2), carbon tetrachloride (1)-chlorobenzene
(2), bromobenzene (1)-benzene (2), and bromobenzene (1)}
chiorobenzene (2). These binary data were further analyzed
by using the relations developed earlier (7, 4, 5).

Experimental Part

The solvents used in this study were of reagent grade. All
of the solvents were purified by fractionating through a 6-ft
column. Further purlty of these solvents was tested by using
gas chromatography. The various physicochemical properties
of the solvents used together with mol % impurlty are pres-
ented in Table I. Double-distilied water was used throughout
the entire work. Particular care was taken in handling hygro-

1On leave of absence from Karnatak University, Dharwad, India 580003.
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scopic liquids as the slightest traces of water were found to
affect the data of pure solvents quite markedly.

The solvent mixtures were prepared by weighing appropriate
volumes of pure solvents; the volume fractions were calculated
from the weights and from densities of pure components.
Refractive indexes of pure solvents and solvent mixtures were
measured with a Bausch and Lomb precision refractometer
equipped with mercury and sodium light sources. The precision
of the instrument as quoted by the manufacturer is £0.000 03
unit. The initial calibration of the instrument was made at 20
°C by using the standard giass test piece provided by the
manufacturer. Calibration checks were made routinely with
distilled water, and occasional rechecks were made with the
glass test plece. Samples were applied to the prism of the
refractometer as quickly as possible to minimize possible
evaporation and changes in composition. all measurements
were made at 20 °C by using the sodium (589 nm) line and the
mercury green (546 nm) and blue (436 nm) lines. All densities
were measured with a precision density meter, Model DMA
02C, manufactured by Anton Paar K.G., Austria, by a procedure
described earlier (6). The data for density and refractive index
for pure solvents agreed very well (Table I) with the literature
values (77).

Results and Discussion

The experimental data for both denslity and refractive index
are presented in Tablies II-XI. In the calculation of the ex-
cess properties from these data, we have used the following
relations for the changes in volume and refractivity during mixing
(1, 4, 5)

2
AV = (E NV)A 10,0, (1)

2
ARy = (E NV))B 1,010, (@)

Here, N, V;, and ¢, represent the number of moles, the molar
volume, and the volume fraction (¢, = N,V,/3° NV;) of the ith

© 1982 American Chemical Society



Table I. Some Physicochemical Properties of Pure Solvents at 20 °C
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impurity, density, g/mL np
solvent mol % mol wt bp, °C this work lit.2 this work lit.@
benzene <0.002 78.12 80.0 0.878 66 0.878 65 1.50111 1.501 10
chlorobenzene 0.01 112.56 132.2 1.105 86 1.105 84 1.524 12 1.524 10
bromobenzene 0.015 157.02 156.1 1.495 04 1.495 04 1.55971 1.55970
acetophenone 0.025 120.16 202.2 1.02816 1.028 14 1.53719 1.53718
carbon tetrachloride 0.02 153.82 76.54 1.594 03 1.594 04 146011 1.46010
dimethyl sulfoxide <0.03 78.13 190.0 1.10145 1.10144 1.477 04 1.477 00
toluene 0.01 92.15 110.9 0.866 95 0.866 94 149612 1.496 10

@ Reference /1.

Table II. Density and Refractive-Index Data for
Acetophenone (1)-Benzene (2) Mixture at 20 °C

refractive index

density, ]

o, g/mL 589 nm 546 nm 436 nm
0.0 1.028 16 1.53719 1.536 62 1.55816
0.1004 1.013 28 1.52978 1.534 58 1.5557S§
0.1962  0.99949 1.526 85 1.53155 1.55234
0.2948 0.98515 1.52392 1.528 55 1.549 06
0.3975 0.970 06 1.52075 1.52532 1.545 44
0.4948 0.95544 1.51765 1.52218 1.541 83
0.5991 0.93997 1.514 33 1.518 78 1.53817
0.6947 0.92570 1.51127 1.51563 1.534 66
0.7977 0.91014 1.507 73 1.51206 1.53073
0.8991 0.894 75 1,504 22 1.508 55 1.526 68
1.0 0.878 66 1.50111 1.504 85 1.52258

Table III. Density and Refractive-Index Data for
Acetophenone (1)-Bromobenzene (2) Mixture at 20 °C

refractive index

density,

0, g/mL 589 nm 546 nm 436 nm
0.0 1.02816  1.53719 1.53662 1.55816
0.1019  1.07469 1.53559 1.54043 1.56197
0.2009 1.12040 1.53808 1.54288 1.564 26
0.2991 1.16581 1.54058 1.54539 1.566 73
0.4005  1.21270  1.54293 1.54776 1.568 95
0.4993  1.25850 1.54571 1.55048 1.57153
0.5996 130481 1.54833 1.55313 1.574 08
0.6961  1.34951  1.55089 1.55563 1.576 49
0.7974  1.39662  1.55358 1.55835 1.57909
0.8968 1.44308 1.55619 1.56100 1.58163
1.0 1.49504  1.55971 1.56364 1.584 20

Table IV. Density and Refractive-Index Data for
Chlorobenzene (1)~Acetophenone (2) Mixture at 20 °C

refractive index

density,

¢, g/mL 589 nm 546 nm 436 nm
0.0 1.10586 1.52412 1.52840 1.546 66
0.1048 1.09851 1.52512 1.52945 1.548 08
0.1988 1.09118 1.52609 1.53044 1.54936
0.2963 1.08336 1.52697 1.53140 1.55067
0.3957 1.07543 1.52789 1.53237 1.55199
0.4941 1.0678  1.52869 1.53325 1.55321
0.5950 1.05976 1.52961 1.534 21 1.554 48
0.6970 1.05190 1.53047 1.53512 1.55575
0.7969 1.04393 1.53134 1.536 07 1.55701
1.0 1.028 16 1.53719 1.536 62 1.55818

component. The phenomenological parameters A ;, and B ,,
represent the contact terms between two solvents, and both
are functions of composition of the mixture. They can be easily
calculated by using the following relations:

Ay = (@1p1 T b2p2 — )/ (D1020) 3
By, = [p(@101 + 202)/p — P 191 — P29l /(D102) (4)

Here, p, = 1/V,Is the density of pure component /, and p is the
Lorentz-Lorenz polarizability p = (n2 - 1)/(n + 2), with n as
refractive index. In the analysis of the data, the experimentally

Table V. Density and Refractive-Index Data for
Toluene (1)-Acetophenone (2) Mixture at 20 °C

refractive index

density,

&, g/mL 589 nm 546 nm 436 nm
0.0 0.86695 1.49612 1.50012 1.51720
0.1008 0.88370 1.50020 1.50429 1.52183
0.2025 0.90037 1.50427 1.50840 1.52640
0.3028 091614 1.50741 1.51165 1.52997
0.4051 0.93268 1.51186 1.516 18  1.53507
0.5039  0.94897 1.51565 1.52004 1.53942
0.6036 0.96463 1.51920 1.52369  1.54347
0.7002 0.98107 1.52284 1,52738 1.54767
0.8004 0.99674  1.526 27 1.53099 1.55168
0.9011 1.01243 1.52969 1.53477 1.55558
1.00 1.02816  1.53719 1.53663  1.55820

Table VI. Density and Refractive-Index Data for
Bromobenzene (1)-Dimethyl Sulfoxide (2) Mixture at 20 °C

refractive index

density,

o, g/mL 589 nm 546 nm 436 nm
0.0 1.49504 1.55971 1.56368 1.58420
0.1010 1.451 81 1.55140 1.55591 1.57562
0.2019 1.41246 1.54364 1.54809 1.566 95
0.3031 1.37336  1.53549 1.53971 1.55761
0.4054 1.33391 1.52763 1.53176 1.54874
0.5047 1.29520 1.51993 1.52382 1.53983
0.6029 1.25728 1.51199 1.51541 1.53021
0.7039 1.21748 1.50332 1.506 71 1.52096
0.8034 1.179 81 1.49514 1.49815 1.51150
0.8984 1.14320 1.48766 1.49035 1.50282
1.0 1.10145 1.47704 1.48166 1.49319

Table VII. Density and Refractive-Index Data for
Dimethyl Sulfoxide (1)-Water (2) Mixture at 20 °C

refractive index

density,

o, g/mL 589 nm 546 nm
0.0 1.10145 1.47704 1.48167
0.1022 1.103 64 1.46770 1.470 16
0.1973 1.10320 1.45595 1.45835
0.2951 1.098 47 1.442 37 1.444 57
0.3955 1.08865 1.42769 1.429 88
0.4976 1.07567 1.41219 1.414 17
0.5968 1.05997 1.395 64 1.397 27
0.6951 1.04362 1.37891 1.38058
0.7976 1.02785 1.363 64 1.364 61
0.8974 1.01288 1.34942 1.35028
1.0 0.998 23 1.334 98 1.33543

obtained values of A,; and B, were fitted to the following
quadratic equations to evaluate the coefficients from a nonlinear
least-squares method using an IBM 4341 computer:

Ap=a,+ ay)d, - ¢y + azled, - ¢4 (5
By = by + by — ¢q) + baldhy - ¢4 (6)

The coefficients for A 4, and B, are tabulated in Tables XII
and XIII, respectively. The back calculation of density and
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Table VIII. Density and Refractive-Index Data for
Chlorobenzene (1)-Benzene (2) Mixture at 20 °C

Table XII. Computer Evaluation of the Coefficients Needed
to Calculate 4 ,, from Eq 5

refractive index

density,

o, g/mL 589 nm 546 nm 436 nm
0.0 1.105 86 1.524 12 1.52840 1.546 69
0.0990 1.084 10 1.521 64 1.525 89 1.544 10
0.1964 1.061 75 1.51929 1.52355 1.541 74
0.2965 1.038 96 1.516 88 1.521 14 1.53928
0.3977 1.01597 1.514 47 1.518 69 1.536 74
0.4968  0.99347 1.51214 1.516 35 1.534 40
0.5970 0.97072 1.509 81 1.514 05 1.53202
0.6953 0.948 36 1.507 56 1.511 72 1.52968
0.7967 0.92540 1.505 16 1.50934 1.527 26
0.8981 0.90238 1.50279 1.507 00 1.524 84
1.0 0.878 66 1.50111 1.504 83 1.52260

Table IX. Density and Refractive-Index Data for
Chlorobenzene (1)-Carbon Tetrachloride (2) Mixture at 20 °C

refractive index

density,

o, g/mL 589 nm 546 nm 436 nm
0.0 1.105 86 1.524 12 1.52840 1.546 69
0.1017 1.15628 1.51879 1.52278 1.54028
0.2033  1.20562 1.51274 1.51704 1.533 86
0.3074 1,254 10 1.506 80 1.51047 1.526 16
0.4044  1.30346 1.50034 1.503 96 1.51920
0.5028 1.35130 1.494 10 1.497 46 1.511 85
0.6008 1.39957 1.48796 1.490 96 1.504 20
0.7013  1.446 54 1.481 86 1.484 51 1.497 00
0.7971  1.49502 1.474 49 1.47740 1.489 00
0.9008 1.54592 1.467 43 1.46994 1.48066
1.00 1.594 03 1.46011 1.46257 1.47230

Table X. Density and Refractive-Index Data for
Bromobenzene (1)~Benzene (2) Mixture at 20 °C
. refractive index
density,

¢, g/mL 589 nm 546 nm 436 nm
0.0 1.49504 1.559171 1.563 65 1.584 20
0.0992 1.43211 1.553 76 1.55842 1.578 74
0.1993  1.37174 1.54777 1.558 26 1.567 03
0.2995 1.31183 1.541 87 1.546 34 1.566 14
0.4003  1.24960 1.53581 1.540 35 1.55982
0.4985 1.18931 1.53012 1.534 51 1.55373
0.5994 1.12768 1.524 10 1.528 53 1.54745
0.6990 1.065 25 1.51838 1.52269 1.541 31
0.7981  1.004 35 1.51412 1.516 80 1.53507
0.8993  0.94176 1.506 56 1.51070 1.528 78
1.00 0.878 66 1.501 11 1.505 21 1.523 04

Table XI. Density and Refractive-Index Data for
Chlorobenzene (1)-Bromobenzene (2) Mixture at 20 °C

refractive index

density,

o, g/mL 589 nm 546 nm 436 nm
0.00 1.105 86 1.524 12 1.52841 1.546 67
0.0994 1.144 385 1.52763 1.53144 1.55076
0.2016 1.18418 1.53108 1.535 54 1.554 16
0.2989  1.22152 1.534 47 1.538 82 1.55780
0.3977 1.25964 1.53782 1.54229 1.56147
0.4977 1.29787 1.54133 1.545 84 1.56519
0.5987 1.33691 1.544 86 1.54941 1.569 07
0.7024  1.37668 1.548 09 1.552171 1.57254
0.8000 1.41425 1.55193 1.556 58 1.576 66
0.8995 1.45255 1.55546 1.56020 1.58052
1.00 1.495 04 1.559 71 1.563 66 1.584 19

refractive index for all mixtures using the evaluated values of
the parameters A ,, and B ,, reproduced the data within three
units in the fourth decimal place. It should be noted that for
mixtures such as dimethy! sulfoxide (1)}-bromobenzene (2) and
carbon tetrachloride (1)-chlorobenzene (2) the term B, is
greater as compared to the rest of the mixtures. A dependence
of B, on wavelength was also observed in most cases, but

mixture 10%a,  10%z, 10%,

benzene (1)-acetophenone (2) —5.83 6.07 0.34
bromobenzene (1)-acetophenone (2) 2.36 9.64 3.78
acetophenone (1)-chlorobenzene (2) -0.45 -7.39 -19.79
acetophenone (1)-toluene (2) —-4.11 -7.56 —85.43

dimethyl sulfoxide (1)- 2.19 3.03 10.90
bromobenzene (2)

water (1)-dimethyl sulfoxide (2) —89.43 521.74 256.69

benzene (1)-chlorobenzene (2) 0.86 -7.26 -0.77

carbon tetrachloride (1)~ 2.03 16.07 -11.26
chlorobenzene (2)

bromobenzene (1)-benzene (2) —11.14 19.62 2,56

bromobenzene (1)~chlorobenzene (2) 0.47 211 -0.31

Table XIII. Computer Evaluation of the Coefficients Needed To
Calculate B,, from Eq 6

wave-
length,
mixture nm 10%b, 10%p, 10%p,
benzene (1)~ 589 4,00 -19.04 9.84
acetophenone (2)
546 470 ~17.33 17.09
436 5.40 -17.16 14.05
bromobenzene (1)- 589 12.80 -16.90 33.83
acetophenone (2)
546 13.60 -16.92 38.64
436 13.90 -19.00 39,91
acetophenone (1)~ 589 13.40 14.18 5.23
chlorobenzene (2)
546 14.80 13.94 8.59
436 15.60 14.42 8.41
acetophenone (1)- 589 14.80 22.96 7.47
toluene (2)
546 15.20 24,03 12.31
436 15.00 24,22 10.83
dimethyl sulfoxide (1)~ 589 40.10 -3.30 5.44
bromobenzene (2)
546 44.30 -7.17 —5.75
436 46.30 -10.28 2,31
water (1)- 589  -96.00 6.86 28.18
dimethyl sulfoxide (2)
546 —87.00 11.04 22.98
benzene (1)~ 589 —-6.80 —10.96 -20.70
chlorobenzene (2)
546 -6.40 -8.55 -10.77
436 -5.80 -10.45 -17.51
carbon tetrachloride (1)- 589 60.90 6.22 13.58
chlorobenzene (2)
546 62.00 1.42 18.09
436 55.60 —-27.93 -21.33
bromobenzene (1)- 589 -29.10 —-8.36 13.90
benzene (2)
546 -29.10 —3.52 -3.50
436  -29.90 2.04 —14.72
bromobenzene (1)- 589 -1.20 -0.57 4.16
chlorobenzene (2)
546 0.10 0.67 5.66
436 0.10 0.33 7.84

such a dependence was not significant. Negative values of B8,
were observed for some systems such as water (1)-dimethyl
sulfoxide (2), bromobenzene (1)-benzene (2), and benzene
(1)}-chlorobenzene (2). For these latter two mixtures, the values
of B,, were almost equal to zero, indicating thereby that the
interactions between components of these mixtures are neg-
ligible. Such a behavior was also observed with the binary data
of Sumer et al. (7), who studied the mixtures benzene (1)~
xylene (2), benzene (1)-toluene (2), and xylene (1)-toluene (2)
by using the sodium yellow line at three different temperatures
{20, 30, and 40 °C). The dependence of B, on temperature
was not noticeable in their data. However, intermediate values
were observed for the rest of the systems. Similarly, negative
values were observed for the parameter A ,, in the systems,
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bromobenzene (1)-benzene (2), water (1)}-dimethyl sulfoxide (2),
acetophenone (1)-toluene (2), acetophenone (1)-chlorobenzene
(2), and benzene (1)}-acetophenone (2). For the remaining
mixtures we obtalned positive values for A ,,. However, for
bromobenzene (1)-chiorobenzene (2) mixtures, the excess-
volume parameter, A {,, was negligibly small. In the data of
Sumer et al. (7), the values of A ,, for toluene (1)-benzene (2)
were ~ 5 times larger than in our systems. Further, they also
studied the dependence of A,, on temperature, and it was
found to be decreasing with increasing temperature for all of
their systems. (A study along these lines is in progress for our
systems.) The magnitudes of the parameters A, and B,
depend strongly on the nature of reacting groups. Similar ob-
servations were made by several earlier workers (8-70).

Conclusions

Both refractive indexes and densitles were measured for 10
carefully selected binary systems. The properties such as
excess volume and excess polarizability of mixing were studied.
Obviously, it seems to be qulte clear that both of the parame-
ters A i, and B ,, are necessary to get a better insight into the
structure of liquid mixtures. Obviously, data on more systems
containing different chemieal groups are needed to arrive at
definite conclusions.
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Vapor-Liquid Equilibria in Binary Systems Containing 1,3-Dioxolane
at Isobaric Conditions. 2. Binary Mixtures of 1,3-Dioxolane with

Toluene
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Istituto Clamiclan, Universita di Bologna, 40126 Bologna, Italy

Vapor-liquid equllibrium data of binary mixtures of
1,3-dioxolane with toluene were obtained wih a
Stage—Miiller apparatus at pressures of 150, 300, 500,
650, and 740 mmHg. The values of the activity
coefficients were correlated by means of the Wilson
expression, whose parameters show a marked
dependence on the temperature. The values of the
activity coefficients lead to the conclusion that the system
ls nearly ideal in the liquid phase.

In two previous papers (7, 2) we have studied the vapor-
liquid equilibria of the following systems: (a) 1,3-dioxolane~
water (7); (b) 1,3-dioxolane—frans-1,2-dichloroethylene (2); (c)
1,3-dioxolane-trichloroethylene (2); (d) 1,3-dioxolane-tetra-
chloroethylene (2). The values of the liquid-phase activity
coefficients, evaluated from the experimental data, show that
system a is strongly nonideal, systems b and ¢ are aimost ideal,
and system d Is appreclably nonideal.

In this paper we extend our study to the system 1,3-di-
oxolane—toluene. The vapor-liquid experimental data are

' Centro di Studio per la Fisica delle macromolecole del CNR, 40126 Bologna,
Italy

correlated by means of the Wilson equation.

Experimental Section

1,3-Dioxolane (Fluka product, analytical grade, 99%) was
purified foliowing the procedure given in ref 1. The toluene
(Carlo Erba RPE product) was used without purification. The
vapor-liquid measurements were carried out with a Stage-
Miiller apparatus, described eisewhere (4), at P = 150, 300,
500, 650, and 740 mmHg.

Table I and Figure 1 collect the experimental t-x —y , values
(where tis the temperature and x, and y , are the mole frac-
tions of 1,3-dioxolane in the liquid and vapor phases, respec-
tively). The values of x; and y, were determined with an Abbe
refractometer; the refractive index—composition data of the
system 1,3-dioxolane-toluene are reported in Table II. The
experimental errors for the measured properties P, t, x,, and
y,are 2 mmHg, 0.1 °C, 0.2%, and 0.2%, respectively. The
Iterature refractive index of toluene Is n2°, = 1.4941 (3); the
toluene molar volume is obtained from the density of the pure
component at 20 °C (3). The vapor pressures of the pure
toluene and 1,3-dioxolane are expressed by the usual relation
log P° = A + B/T (P° in mmHg) obtained from the vapor-liquid
data of this work with a least-squares method. For the com-
ponent toluene A = 7.711 and B = -1851.1, whereas for

0021-9568/82/1727-0053$01.25/0 © 1982 American Chemical Society



